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EXECUTIVE SUMMARY 
Monitoring data from several studies conducted in the western Washington region (Herrera 
2014a, 2015) indicate that some pollutants are exported from bioretention systems using the 
default bioretention soil media (BSM), most notably nitrogen (N), phosphorus (P), and copper 
(Cu). To address this concern, Herrera Environmental Consultants (Herrera) implemented a 
study in partnership with Kitsap County to improve BSM performance for the capture and 
retention of these pollutants. This study was funded by the Washington State Department of 
Ecology (Ecology) through the Municipal Stormwater Grants of Statewide and Regional 
Significance program (2013–2015 biennium). 

Study Design and Methodology 
Four primary tasks were performed in this study to analyze bioretention media components 
and blends for N, P, and Cu retention and capture: 

1. Conduct a survey of potential bioretention media components based on pollutant 
capture capability, cost, availability, and sustainability. Select individual media 
components from survey and project partner input. 

2. Conduct Synthetic Precipitation Leaching Protocol (SPLP Method 1312) to determine N, 
P, and Cu leaching potential. Select the media components that minimize leaching 
potential, provide adequate (>1.0 inch/hour) hydraulic conductivity and support 
plants. 

3. Combine components at various ratios, place in 8 inch (20.3 cm) diameter by 36 inch 
(91.4 cm) tall columns, flush the media blends with deionized water, and assess the 
effluent for N, P, Cu, and other stormwater pollutants of concern. Assess the hydraulic 
conductivity of the media blends during the flushing experiments using falling head 
tests in the columns and ASTM 2434. 

4. Dose the media columns with natural stormwater that is spiked (if necessary) with 
reagent grade chemicals to attain pre-determined concentrations. Assess the effluent 
concentrations of N, P, Cu, and other stormwater pollutants of concern. 

Results 
Survey and Selection of Media Components 
SPLP extractions were performed on the 26 prospective media components identified from 
the survey results. These extractions were subsequently analyzed for total nitrogen, nitrate-
nitrite, total phosphorus (TP), ortho-phosphorus (ortho-P), and total and dissolved copper 
(total and dissolved Cu). Media components were ranked from lowest to highest, lower ranks 
indicated lower leaching potential. Media components selected for the media blends in the 
column tests include: 

• Bulk aggregate:  volcanic sand (vs) and washed sand (ws). 
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• Bulk organic:  iron-coated wood chips (fe) and coconut coir pith (cp). 

• Mineral additives:  diatomaceous earth (de) and activated alumina. 

• Organic additive:  1230AW granular activated charcoal (gac), high-carbon wood ash 
(ash) and activated bone char. 

Based on best professional judgment, selected media components were combined in a series 
of media treatments designed to minimize pollutant flushing and maximize pollutant capture 
performance. Composition of each media treatment is summarized in Table 1. 

Table 1. Composition of Media Treatments Used in Flushing and Dosing Experiments. 

Media Treatment 
Namea Bulk Aggregate Bulk Organic Mineral Additive Organic Additive 

60sand/40compb 60% sand 40% compostd  NA NA 

70vs//20fe/10de 70% volcanic sand 20% iron-coated 
wood chips 

10% diatomaceous 
earth 

NA 

70vs/20fe/10ash 70% volcanic sand 20% iron-coated 
wood chips 

NA 10% high carbon 
wood ash 

70vs/20cp/10de 70% volcanic sand 20% coconut 
coir pith 

10% diatomaceous 
earth 

NA 

70vs/20cp/10gac 70% volcanic sand 20% coconut 
coir pith 

NA 10% granulated 
activated charcoalf 

70ws/20cp/10ash 70% washed sand 20% coconut 
coir pith 

NA 10% high carbon 
wood ash 

70vs/20cp/10ash 70% volcanic sand 20% coconut 
coir pith 

NA 10% high carbon 
wood ash 

90vs/10comp/p-layerc 90% volcanic sand 10% composte see footnote “c” see footnote “c” 
a Naming conventions for media treatments used throughout this document. 
b Media treatment used default BSM specifications from the 2012 Western 

Washington Stormwater Management Manual (Ecology 2014) to serve as a control. 
c Media treatment included a polishing layer consisting of volcanic sand, activated 

alumina, and bone char. 
d Cedar Grove compost 
e Land Recovery Incorporated Compost 
f 1230AW (acid wash) coconut granular activated charcoal  

ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-coated wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
NA:  not applicable 

Flushing Experiments 
Experiments were performed to evaluate potential pollutant flushing from the media 
treatments. Each of the 24 columns were flushed 19 times with deionized water over a one 
month period (once per day excluding weekends). Samples were collected on four occasions 
corresponding to the first, sixth, twelfth, and nineteenth flushing events. The total water 
volume used for flushing was 361.8 liters which is equivalent to one water year in the Seattle 
area with a bioretention surface area of 6.7 percent of the contributing area. 

The 60sand/40comp control flushed high concentrations of nitrate+nitrite, TP, ortho-P, and 
dissolved Cu. These results are consistent with previous studies (Herrera 2014a, 2015) 
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performed on this BSM and indicate the compost fraction is the predominant source of these 
pollutants. 

All the treatments generally exhibited some initial flushing of TP, ortho-P and dissolved Cu; 
however, concentrations were initially lower and rapidly declined relative to those for the 
60sand/40comp control. Flushing of TP and ortho-P from the 60sand/40comp control actually 
increased substantially before decreasing. 

The treatment containing 10 percent compost with a polishing layer (70vs/10comp/p-layer) 
also flushed elevated levels of nitrogen and phosphorus compared to treatments not 
containing compost; however, concentrations were lower than the 60sand/40comp control. 

In general, treatments containing the coco coir pith and either GAC or high carbon wood ash 
were the best performers for reducing pollutant flushing. The additive, (GAC or high carbon 
wood ash) that provides the most benefit in these blends is not known. 

Summary results for the flushing experiments are provided below in Table 2 through Table 5. 
Treatments are arranged from lowest to highest median effluent concentration. 

Table 2. Flushing Experiment Effluent Concentration  
Summary Statistics for Total Suspended Solids. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 

1 90vs/10comp/player mg/L <1.1 7.85 

2 70vs/20cp/10ash mg/L <1.1 30.3 

3 70ws/20cp/10ash mg/L <1.1 31.8 

4 70vs/20cp/10gac mg/L <1.1 32.85 

5 70vs/20fe/10de mg/L <1.1 40.2 

6 70vs/20fe/10ash mg/L <1.1 42.25 

7 60/40 mg/L <1.1 42.75 

8 70vs/20cp/10de mg/L <1.1 71.6 
Treatments are arranged from lowest to highest median effluent concentration. 

Table 3. Flushing Experiment Effluent Concentration  
Summary Statistics for Nitrate+Nitrite. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 

1 70vs/20fe/10de mg-N/L 0.014 0.012 

2 70vs/20fe/10ash mg-N/L 0.014 0.012 

3 70vs/20cp/10de mg-N/L 0.014 0.013 

4 70vs/20cp/10ash mg-N/L 0.014 0.015 

5 70vs/20cp/10gac mg-N/L 0.014 0.015 

6 70ws/20cp/10ash mg-N/L 0.014 0.015 

7 90vs/10comp/player mg-N/L 0.014 0.192 

8 60/40 mg-N/L 0.014 1.275 
Treatments are arranged from lowest to highest median effluent concentration. 
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 Table 4. Flushing Experiment Effluent Concentration  
Summary Statistics for Ortho-Phosphorus. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 
1 70vs/20cp/10gac mg-P/L <0.004 0.021 

2 70vs/20fe/10de mg-P/L <0.004 0.028 

3 70vs/20fe/10ash mg-P/L <0.004 0.029 

4 70ws/20cp/10ash mg-P/L <0.004 0.052 

5 70vs/20cp/10ash mg-P/L <0.004 0.103 

6 90vs/10comp/player mg-P/L <0.004 0.134 

7 70vs/20cp/10de mg-P/L <0.004 0.197 

8 60/40 mg-P/L <0.004 1.015 
Treatments are arranged from lowest to highest median effluent concentration. 
 

Table 5. Flushing Experiment Effluent Concentration  
Summary Statistics for Dissolved Copper. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 
1 70vs/20cp/10gac ug/L <0.5 0.5 

2 70ws/20cp/10ash ug/L <0.5 0.6 

3 90vs/10comp/player ug/L <0.5 1.0 

4 70vs/20cp/10de ug/L <0.5 1.1 

5 70vs/20cp/10ash ug/L <0.5 1.1 

6 70vs/20fe/10de ug/L <0.5 3.0 

7 70vs/20fe/10ash ug/L <0.5 3.8 

8 60/40 ug/L <0.5 9.3 
Treatments are arranged from lowest to highest median effluent concentration. 

Dosing Experiments 
Dosing experiments were performed to evaluate the pollutant capture potential of the media 
treatments. Each of the 24 columns were dosed on five occasions with natural stormwater or 
natural stormwater augmented with reagent grade chemicals to attain target concentration 
ranges. The total water volume used for flushing was 93.8 liters which is equivalent to 
approximately 26 percent of a water year in the Seattle area with a bioretention surface area 
of 6.7 percent of the contributing area. 

The 60sand/40comp control flushed high concentrations of nitrate+nitrite, TP, ortho-P, and 
dissolved Cu during the dosing phase of the experiments as well. Pollutant capture 
performance for the other treatment with compost (70vs/10comp/p-layer) was better than 
the 60sand/40comp control, but poorer than the best performers not containing compost. 

In general, treatments containing the coco coir pith and either GAC or high carbon wood ash 
were the best performers for capturing pollutants. The additive (GAC or high carbon wood 
ash) that provides the most benefit in these blends is not known. 

Summary results for the dosing experiments are provided below in Table 6 through Table 9. 
Treatments are arranged from lowest to highest median effluent concentration. Note that 
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dosing event 4 is not included in the summary statistics for dissolved Cu because influent 
concentrations were much higher (approximately 300 µg/L) compared to approximately 
8 µg/L for all other experiments. 

Table 6. Dosing Experiment Effluent Concentration  
Summary Statistics for Total Suspended Solids. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 
1 90vs/10comp/player mg/L 83.04 3.7 

2 70vs/20fe/10ash mg/L 53.12 13.3 

3 70ws/20cp/10ash mg/L 83.04 15.3 

4 60/40 mg/L 53.12 16.9 

5 70vs/20fe/10de mg/L 53.12 19.8 

6 70vs/20cp/10ash mg/L 83.04 21.45 

7 70vs/20cp/10de mg/L 53.12 26.6 

8 70vs/20cp/10gac mg/L 83.04 46.4 
Treatments are arranged from lowest to highest median effluent concentration. 

Table 7. Dosing Experiment Effluent Concentration  
Summary Statistics for Nitrate+Nitrite. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 
1 70vs/20cp/10gac mg-N/L 1.22 0.025 

2 70ws/20cp/10ash mg-N/L 1.22 0.164 

3 70vs/20cp/10ash mg-N/L 1.22 0.333 

4 70vs/20fe/10ash mg-N/L 1.12 0.409 

5 70vs/20fe/10de mg-N/L 1.12 0.707 

6 70vs/20cp/10de mg-N/L 1.12 0.984 

7 90vs/10comp/player mg-N/L 1.22 1.42 

8 60/40 mg-N/L 1.12 10.7 
Treatments are arranged from lowest to highest median effluent concentration. 

Table 8. Dosing Experiment Effluent Concentration  
Summary Statistics for Ortho-Phosphorus. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 
1 70ws/20cp/10ash mg-P/L 0.323 0.022 

2 70vs/20cp/10de mg-P/L 0.088 0.034 

3 70vs/20cp/10gac mg-P/L 0.323 0.042 

4 70vs/20cp/10ash mg-P/L 0.323 0.048 

5 70vs/20fe/10ash mg-P/L 0.088 0.080 

6 70vs/20fe/10de mg-P/L 0.088 0.108 

7 90vs/10comp/player mg-P/L 0.323 0.120 

8 60/40 mg-P/L 0.088 0.948 
Treatments are arranged from lowest to highest median effluent concentration. 
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Table 9. Dosing Experiment Effluent Concentration  
Summary Statistics for Dissolved Copper. 

Rank Treatment Units Median Influent Concentration Median Effluent Concentration 

1 70ws/20cp/10ash ug/L 8.2 1.6 

2 70vs/20cp/10gac ug/L 8.2 3.4 

5 90vs/10comp/player ug/L 8.2 3.85 

3 70vs/20cp/10ash ug/L 8.2 4.8 

4 70vs/20cp/10de ug/L 8.43 5.25 

6 60/40 ug/L 8.43 10.7 

7 70vs/20fe/10ash ug/L 8.43 19.4 

8 70vs/20fe/10de ug/L 8.43 20.4 
Treatments are arranged from lowest to highest median effluent concentration. 
 

Conclusions and Recommendations 
Based on the results from these experiments, the following major study conclusions were 
identified: 

• The 60sand/40comp control exported statistically higher concentrations of 
nitrate+nitrite, TP, ortho-P, and dissolved Cu compared to the non-compost 
treatments during the flushing and dosing phases. As a result, the capability of the 
60/40 media to treat nitrate+nitrite, TP, ortho-P, and dissolved Cu was substantially 
reduced. 

• All the treatments generally exhibited some initial flushing of TP, ortho-P and 
dissolved Cu; however, concentrations were initially lower and rapidly declined 
relative to those for the 60sand/40comp control. Flushing of TP and ortho-P from the 
60sand/40comp control actually increased substantially before decreasing. 

• Pollutant capture performance in the dosing experiments for the 70vs/10comp/p-layer 
treatment was better than the 60sand/40comp control, but significantly poorer than 
the better performers not containing compost. The 70vs/10comp/p-layer treatment 
was the best performer for TSS capture, likely due the finer texture of the polishing 
layer compared to the Type 26 drainage layer used in all other treatments. 

• In general, treatments containing the coco coir pith and either GAC or high carbon 
wood ash were the best performers with regard to pollutant flushing and pollutant 
capture. The additive (GAC or high carbon wood ash) that provides the most benefit in 
these blends is not clear. 

• Ksat rates for all the treatments tested were extremely high (ranging from 32 to 161 
inches/hour). Performance for TSS and particulate bound pollutants may be improved 
with media blends having lower Ksat rates; however, optimizing treatment 
performance based on this aspect of media design was outside the scope of this study. 
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• All media germinated plants and exhibited high water holding capacity and low organic 
matter content as anticipated. However, no clear plant growth performance pattern 
emerged for specific treatments. The plant germination tests provide a first look at 
the media to confirm there are no toxins inhibiting germination and that plants grow 
during the two week test. 

Based on these conclusions, the following recommendations are provided to further improve 
the treatment performance and develop an improved specification for BSM. 

1. Identify and optimize a preferred BSM: 

• The study results indicate the treatments containing the coco coir pith are 
generally the best performers out of all the treatments evaluated. However, 
further work is necessary to optimize the hydrologic performance of BSMs 
containing this component and the sands used in the experiments. 

• The study results also indicated that GAC and high carbon wood ash increase 
treatment performance for several pollutants; however, it is not clear which 
component provides the most benefit. Therefore, additional lab and pilot scale 
studies are recommended to obtain more data on the performance of these media 
components. 

• Results from this study suggest treatments that incorporate coir coco pith will 
germinate plants. However, more detailed studies on plant establishment and 
health are recommended to confirm the capability of these media to support 
healthy plants in a bioretention setting. 

• Ongoing research by Washington State University (WSU) has shown that stormwater 
treated through bioretention systems is significantly less toxic to Coho salmon and 
other aquatic organisms relative to untreated stormwater. To date, these studies 
have largely focused on bioretention systems using the default BSM containing 60% 
sand and 40% compost or 60% sand, 15% compost and other additives. To ensure 
bioretention systems will continue to provide protection for aquatic organisms, this 
toxicological research should be expanded to investigate alternative treatments 
identified through this study and future studies. 

2. Investigate the availability of BSM components and conduct full-scale testing 

• Once candidate treatments are identified, conduct analysis to confirm all the 
individual components are available in sufficient quantities to meet expected 
demand and assess other factors such as cost, source location, manufacturing 
processes, sustainability, and patent infringement. 

• Due to the presence of data artifacts that may be introduced through pilot scale 
studies, the preferred treatment(s) should also be subject to full-scale testing to 
confirm the expected performance. 

3. Develop necessary resources for updating the SWMMWW 
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INTRODUCTION 
The 2012 Western Washington Stormwater Management Manual (Ecology 2014) requires that 
the default bioretention soil mix (BSM) in western Washington contains a mixture of 60% sand 
and 40% compost by volume. Monitoring data from several studies conducted in the region 
(Herrera 2014a, 2015) indicate that some pollutants are exported from bioretention systems 
using the default BSM, most notably nitrogen (N), phosphorus (P), and copper (Cu). To address 
this concern, Herrera Environmental Consultants (Herrera) implemented a study to improve 
BSM performance for the capture and retention of these pollutants. This study was funded by 
the Washington State Department of Ecology (Ecology) through the Municipal Stormwater 
Grants of Statewide and Regional Significance program (2013–2015 biennium). Project 
partners included Kitsap County (the grant recipient) and an advisory group with 
representation from the following entities:  Kitsap County, Ecology, City of Seattle, City of 
Redmond, and Washington Department of Transportation. Geosyntec Consultants served as a 
technical advisor to the study and provided third party review of study deliverables. Seattle 
University provided laboratory space, faculty support and students to assist with conducting 
experiments. 

This study had four primary objectives: 

1. Select individual bioretention media components and analyze the potential of those 
components to leach N, P, and Cu. 

2. Analyze media blends developed from components identified in objective 1 for the 
ability to capture and retain N, P, Cu, and other stormwater pollutants of concern 
when exposed to flushing and dosing regimes in columns (the ability of the media 
blends to germinate vegetation was also assessed). 

3. Develop recommendations for updating current BSM media guidelines for improved 
capture and retention of N, P, and Cu based on leaching, pollutant retention, 
hydraulic considerations, cost, and sustainability criteria. 

4. Identify unresolved water quality and hydraulic performance issues from this study 
that may warrant future evaluation. 

At the onset of this study, a Quality Assurance Project Plan (QAPP) (Herrera 2014b) was 
prepared to describe the procedures that would be used to meet these study objectives. One 
revision of this QAPP (Herrera 2014c) was subsequently prepared to document modifications 
to these procedures; for reference, this later version of the QAPP is reproduced in 
Appendix A. 

This document was prepared by Herrera to summarize the results from the study and is 
organized as follows: 

Study Background describes the need for the media research. 
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Study Design and Methodology including modifications to the procedures identified in the 
original QAPP or procedures not fully documented in both versions of the QAPP. 

Results are presented and discussed in relation to the primary study objectives identified 
above and organized by contaminant type. 

Discussion of results is organized by media blends. 

Conclusion and Recommendations summarize findings and future research needs. 
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STUDY BACKGROUND 
The current Washington State, Phase I Municipal Stormwater Permit (effective August 1, 2013) 
requires the use of low impact development (LID) practices as the first option for managing 
stormwater where feasible. Bioretention is the most widely applicable and flexible Best 
Management Practice (BMP) in the suite of LID practices. Bioretention facilities are shallow 
landscaped depressions with a designed soil mix and plants adapted to the local climate and 
soil moisture conditions. Sized to receive stormwater from a small contributing area, these 
systems are designed to more closely mimic natural forested conditions where healthy soil 
structure and vegetation promote the infiltration, storage, filtration, and slow release of 
stormwater flows. When used in a typical LID application, bioretention areas are designed as 
small-scale, dispersed systems that are integrated into the site as a landscape amenity (see 
Figure 1). 

  

Figure 1. Typical Bioretention Swales (from City of Seattle and Kitsap County) 

Pursuant to the 2012 Western Washington Stormwater Management Manual (Ecology 2014), 
the default BSM used to construct bioretention facilities in western Washington should contain 
a mixture of 60% sand and 40% compost. While bioretention systems constructed with this BSM 
have been shown to provide good water quality treatment for many contaminants (e.g., 
sediment, zinc, hydrocarbons, and likely bacteria), regional research indicates N, P, and Cu 
may also be exported from these systems (Herrera 2014a, 2015). Both the compost and sand 
used in the BSM have been shown to be potential sources for these pollutants (Herrera 
2014a). 

Bioretention systems may include under-drains, especially in areas with soils that are less 
suitable for infiltration. In these cases, a portion of the treated runoff is discharged back into 
the stormwater conveyance system rather than infiltrated. Export of N, P, and Cu is of 
particular concern for bioretention installations with under-drains that discharge to receiving 
waters. In addition, export of these pollutants is also a concern for bioretention installations 
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with or without under-drains when located over shallow groundwater or in proximity to 
phosphorus and nitrogen sensitive receiving waters. 

To address this concern, this study was implemented to study new materials that may 
improve BSM performance for the capture and retention of N, P, and Cu. Because each BSM 
component has specific flow and pollutant capture characteristics that influence hydraulic 
conductivity and water quality treatment performance for specific contaminants (Pitt and 
Clark 2010), this study first analyzed each media component for leaching potential of N, P 
and Cu. Media blends comprised of those components were then tested in columns to assess 
the flushing and pollutant capture capability for multiple pollutants. More detailed 
information on the experimental design for this study is provided in the next section and the 
QAPP (Appendix A). 
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STUDY DESIGN AND METHODOLOGY 
Four primary tasks were performed in this study to analyze bioretention media components 
and blends for N, P, and Cu retention and capture: 

1. Conduct a survey of potential bioretention media components based on pollutant 
capture capability, cost, availability, and sustainability. Select individual media 
components from survey and project partner input. 

2. Conduct Synthetic Precipitation Leaching Protocol (SPLP Method 1312) to determine N, 
P, and Cu leaching potential. Select the media components that minimize leaching 
potential, provide adequate hydraulic conductivity and support plants. 

3. Combine components at various ratios, place in column arrays, flush the media blends 
with deionized water, and assess the effluent for N, P, Cu, and other stormwater 
pollutants of concern. Assess the hydraulic conductivity of the media blends during the 
flushing experiments using falling head tests in the columns and ASTM D 2434. 

4. Dose the best performing media columns with natural stormwater that is spiked (if 
necessary) with reagent grade chemicals to attain pre-determined concentrations. 
Assess the effluent concentrations of N, P, Cu, and other stormwater pollutants of 
concern. 

As discussed previously, a QAPP was prepared at the onset of this study (Herrera 2014b) to 
provide detailed descriptions of the procedures to be used for these tasks. A revised version 
of the QAPP was subsequently prepared to document modifications to these procedures 
(Herrera 2014c). For reference, this later version of the QAPP is reproduced in Appendix A. A 
summary of the changes made to the original QAPP is also provided below. In addition, 
procedures used in the study but not fully documented in either version of the QAPP are also 
summarized. 

Revisions to QAPP 
The following three changes were made to the original QAPP (Herrera 2014b) that was 
prepared for the study: 

• The water distribution system for the flushing and dosing experiments was initially 
designed to operate by gravity through orifices in the bottom of a distribution tank. To 
improve the accuracy of the distribution system, the final design included peristaltic 
pumps to deliver water during these experiments (see additional detail below on the 
related calibration regime). 

• Bacteria and particle size distribution were eliminated from the parameter list due to 
budget constraints. 
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• The initial sampling regime indicated the mixing tanks and distribution lines would be 
cleaned between dosing experiments. However, stormwater containing various 
contaminants was used for the dosing tests. Based on previous experiments with 
similar delivery systems residual contaminants in the mixing tanks and distribution 
lines from previous dosing were judged to not significantly influence concentrations of 
target contaminants in subsequent dosing. Accordingly, the tanks and distribution lines 
were not cleaned between dosing experiments and no rinsate blanks were collected. 

These changes are reflected in the revised version of the QAPP that is reproduced in 
Appendix A. 

 Summary Documentation of Procedures 
The subsections below provide a summary of the experimental design and documentation of 
procedures that were added later in the study by the Advisory group and not provided in the 
original and revised versions of the QAPP (Herrera 2014c, b) for the study. The following 
subsections include: 

• Survey and Selection of Media Components 

• Synthetic Precipitation Leaching Protocol Extraction 

• Column Array for Dosing and Flushing Experiments 

• Flushing Experiments 

• Hydraulic Conductivity Measurements 

• Plant Growth and Media Physical Properties 

• Data Analysis Procedures 

Survey and Selection of Media Components 
A rapid survey of the scientific literature was performed to identify candidate media 
components for this study in each of the following categories:  bulk aggregates (e.g., sands) 
and bulk organic materials (e.g., compost) that comprise the majority of the media blends; 
and mineral and organic additives which provide specific pollutant capture and/or hydraulic 
characteristics, and comprise less of the overall volume. The following information, when 
available, was assembled for each media component through this survey: 

• Material composition 

• Source or manufacturing process 

• Vendor 

• Source location 

• Unit cost 

• Quantity for cost estimate 

• Estimated Percentage Use in BSM (low) 

• Estimated Percentage Use in BSM (high) 

• Target pollutants 

• Treatment mechanisms 

• Performance notes 
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See Appendix K for a complete list of media candidates. 

With input from the project Advisory group, a subset of media components was subsequently 
prioritized for further analyses in this study using these criteria: 

• Treatment performance:  includes potential for both leaching and estimates of 
pollutant capture capability from the literature. 

• Sustainability:  includes availability, transportation requirements, manufacturing 
and/or extraction processes. 

• Cost:  media components with lower unit costs were prioritized in the selection 
process. Cost was considered along with the above criteria to attain the best balance 
of cost to optimum performance. See Appendix M for media blend cost per cubic yard.  

Synthetic Precipitation Leaching Protocol Extraction 
The leaching potential for N, P, and Cu for selected media components was assessed using 
Synthetic Precipitation Leaching Protocol (EPA Method 1312). The analysis was performed at 
Analytical Resources Inc. (ARI) an Ecology certified laboratory. Parameters analyzed for the 
SPLP analysis are contaminants flushed from sand and compost in previous studies (Herrera 
2014a, 2015) and consisted of:  total nitrogen, nitrate-nitrite, total phosphorus, 
ortho-phosphorus, and total and dissolved copper using two procedures: 

• Metals:  weak acid (H2SO4/HNO3) extraction using a pH recommended for western 
U.S. 

• Nutrients:  deionized water extraction. 

A 0.7 micron filter was used in the SPLP extraction procedure for copper to isolate the 
dissolved fraction. 

At least two mineral, two organic, and two amendments were selected from the SPLP analysis 
using the following criteria: 

1. Maximum extraction concentrations:  Cu ≤ 5 µg/L; N03-N02 ≤ 0.1 mg/L; and 
TP ≤ 0.1 mg/L. 

2. If none of the components initially selected meet these criteria, additional 
components will be considered for SPLP analysis. 

3. If none of the components initially or subsequently selected meet these criteria, then 
components with the lowest concentrations will be selected and proprietary and non-
proprietary components will be considered for use as a polishing layer to reduce 
effluent concentrations from the media blends comprised of the components with the 
lowest SPLP concentrations. 
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Column Array for Flushing and Dosing Experiments 
Twenty four columns for flushing and dosing experiments were constructed at the Seattle 
University Engineering Laboratory. The columns were built using polyvinyl chloride (PVC) with 
an 8 inch (20.3 cm) diameter and a height of 36 inches (91.4 cm). Each column includes a 1 
inch (2.54 cm) slotted under-drain placed at the bottom of the column (Figure 2). The inside 
of the column walls were roughened to minimize preferential flow between the media and 
the column wall. Media components meeting SPLP, cost and sustainability criteria above were 
combined into media blends (see description in Results section) and placed in the columns for 
subsequent flushing and dosing experiments. The media depth was 18 inches (45.7 cm) with a 
12-inch (30.5 cm) aggregate bedding layer placed under the media to provide a final filter 
before discharge through the under-drain pipe. 

Peristaltic pumps were installed to deliver water to the columns during the experiments. The 
peristaltic pumps were calibrated by repeated test runs to compare the volume delivered by 
each pump to a target volume. With each repeated test run, the output of the individual 
pumps was iteratively adjusted until the pump delivered the target volume within the stated 
accuracy (± 10 percent maximum error). The pumps were calibrated at the beginning and 
mid-experiment for the flushing experiments and re-calibrated to the maximum delivery rate 
for the last two dosing experiments. 

Key 
1:  200 gallon (757 liter) cone bottom HDPE mixing tank. 
2:  mixer (10 hp electric motor with 8-inch propeller). 
3:  15 gallon (189 liter) cone bottom HDPE distribution tank. 
4:  peristaltic pumps (Chem-Tech XP series, model XP080LALX). 
5:  PVC columns. 

Figure 2. Column Array for Flushing and Dosing Experiments 

1 

2 

3 

4 
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After initial calibration, the maximum error for an individual pump was 6.84 percent (mean 
error for all pumps was 3.03 percent and maximum percent difference was 6.41). After mid-
experiment calibration, the maximum error for an individual pump was 5.92 percent (mean 
error for all pumps was 2.60 percent and maximum percent difference was 7.32). Maximum 
percent error at maximum delivery rate was 1.82 percent (mean error for all pumps was 0.69 
percent and maximum percent difference was 2.46). See Appendix B for peristaltic pump 
calibration records. 

Flushing Experiments 
Media components selected from the SPLP analysis were combined, by volume, into media 
blends, placed in columns, and flushed with deionized water. Deionized water was supplied 
through a 9-inch Portable Exchange Mixed Bed Deionized Tank filter with a 200,000 ohm 
output. The filtered water was delivered directly to the distribution tank and distributed to 
each column by peristaltic pump (Figure 2). 

Approximately 13.4 liters of stormwater was applied to each column for the first two flushing 
events. This is equivalent to 1.32 inches or the 6-month, 24-hour storm in Seattle area for 
each event. Approximately 26.8 liters of stormwater was applied to each column for the last 
two high flush events (equivalent to 2.43 inches of precipitation for each event). The 
drainage to bioretention area ratio used to the flushing volume was 15 to 1 (bioretention area 
approximately 6.7 percent of the contributing area). The total volume applied to each column 
approximates the volume delivered to a bioretention area in the Seattle area for 1 water year 
(October 1 through September 30) given the above sizing factor. See QAPP in Appendix A for 
specific sizing criteria. 

After flushing, the same media columns were dosed with stormwater collected from City of 
Redmond catch basins. Collected stormwater was augmented with sediment and/or reagent 
grade salts for a sub-set of events to increase concentrations of target analytes. See Results 
section for information on influent chemistry. Approximately 13.4 liters of stormwater was 
applied to each column for the first three dosing events. This is equivalent to 1.32 inches or 
the 6-month, 24-hour storm in Seattle area for each event. Approximately 26.8 liters of 
stormwater was applied to each column for the last two high-dose events (equivalent to 2.43 
inches of precipitation for the Seattle area for each event). The drainage to bioretention area 
ratio used to the flushing volume was 15 to 1 (bioretention area approximately 6.7 percent of 
the contributing area). 

Hydraulic Conductivity 
Two methods were used to evaluate saturated hydraulic conductivity (Ksat). As described in 
the QAPP for the study (Appendix A), falling head Ksat tests were performed for every column 
at the beginning of the flushing experiments. In addition, constant head permeability tests 
were also performed by Shannon and Wilson using American Society for Testing and Materials 
(ASTM) D2434. This additional testing was performed to provide Ksat test values comparable 
to previous media analyses. 
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To achieve similar compaction within each column, media was added in 6 inch (15 cm) lifts 
and each lift compacted by dropping a 2.0 kg (4.41 lb) disc 3 times from a distance of 6 
inches (15 cm) above each lift. Media moisture was not measured, but all media was place at 
similar moisture condition. Again, hydraulics and associated measurements to necessary to 
provide detailed procedures for hydraulics experiments were beyond the scope of this 
project. 

Plant Germination and Media Physical Properties 
Plant germination, media porosity and cation exchange capacity were evaluated at Soil 
Control Lab in Watsonville California. The specific analyses performed are described in the 
following subsections. 

Plant Germination 
Plant germination tests were performed to determine if the media blends would germinate 
plants (i.e. confirm the media components do not contain growth inhibitors or toxins) and 
maintain plant health subsequent to germination. These test were performed using cucumber, 
rye, and corn following procedures from Test Methods for the Examination of Composting and 
Compost (TMECC) 05.05-A (Cucumber Bioasssay). 

Porosity 
Porosity was assessed to determine available pore space for water holding capacity in the 
media blends. To perform these tests, samples of the media blends were placed in a cylinder 
of a known volume and weight and then soaked in water until all organic matter was 
saturated and all pore spaces filled. Based on the dry weight of sample and the water in the 
cylinder, the total porosity was determined at the specific compaction for the media blend. 
Water was subsequently drained from the cylinder for two hours and collected. The water 
remaining in the sample pores was then used to approximate the water remaining at field 
capacity for the media blend. 

Cation Exchange Capacity 
The cation exchange capacity (CEC) of the media blends was evaluated as a measure of the 
media’s capability to exchange and sorb cations (primarily metals). This analysis was 
conducted using CEC peat method 973.09 AOAC 15th edition (pg 39). 

Carbon Nitrogen Ratio 
The carbon nitrogen ratio (C/N) of the media blends was analyzed to compare their carbon 
and nitrogen balance relative to values considered appropriate for typical bioretention plants 
in western Washington. This analysis was conducted using a Leco CHN analyzer and TEMECC 
04.02-D (Total Nitrogen by Combustion) and 04.01-A (Organic Carbon). 

Organic Matter 
The amount of organic matter (OM) in the media blends was tested because OM influences 
water holding capacity, CEC and media structure. This analysis was conducted using TMECC 
05.07-A (Loss on Ignition). 
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Data Analysis Procedures 
Two-factor analysis of variance (ANOVA) tests were used to compare effluent concentrations 
across the media treatments in both the flushing and dosing experiments. These tests were 
specifically performed to identify media treatments with superior performance relative to 
others in each of these experiments. 

For the flushing experiments, one factor was the media treatment and the other factor was 
the cumulative volume flushed through each column (samples were collected at the first, 
sixth, twelfth, and nineteenth flushing events; see additional detail in the Results section). 
For the dosing experiments, one factor was the media treatment and the other factor was the 
influent concentration (high and low; see additional detail in the Results section). 

Because an ANOVA test is considered a parametric procedure, there are several underlying 
assumptions that must be met when this approach is used; most notably, the data must have 
a normal distribution and each treatment group must have an equal variance. After visual 
assessment using boxplot distributions, the effluent concentration data for many of the 
treatments were found to be non-normal distributions. Accordingly, the ANOVA tests for all 
parameters were performed on the ranks of the data following guidance provide in Helsel and 
Hirsh (2002). Each test indicated whether there was a significant difference in effluent 
concentration due to one or both of the factors, and the interaction of the two. Where a 
significant difference in effluent concentration was detected due to the media treatment 
factor in both the flushing and dosing experiments, follow-up Tukey multiple comparison tests 
were performed to determine which specific media treatments had different effluent 
concentrations relative to the others. Statistical significance in all these tests was assessed 
based on an alpha (α) level of 0.05. 

Graphical summaries using box plots were also prepared for both the flushing and dosing 
experiments to facilitate comparisons of effluent concentrations (flushing and dosing) and 
pollutant percent removal (dosing only). Using these box plots, the following summary 
statistics are provided: 

• The lower and upper whiskers show the minimum and maximum values of the data, 
respectively 

• The lower and upper edges of the box show the 25th and 75th percentile values of the 
data, respectively 

• The horizontal line through the box show the 50th percentile (median) of the data. 

Results from the Tukey multiple comparison tests described above are also summarized in 
these box plots using letters shown on the top of each box. Specifically, boxes with the same 
letter have effluent concentrations that are not significantly different. 
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The reduction (in percent) in pollutant concentration during each individual experiment (ΔC) 
was calculated as: 

 
 
 

where: Cin = composite influent pollutant concentration 

Ceff = composite effluent pollutant concentration for each treatment 
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RESULTS 
This section presents results from the four primary tasks that were performed for this study to 
develop improved bioretention media for N, P, and Cu retention and capture. Results are 
organized to include separate sections for each of the following study components: 

• Survey of potential media components 

• Synthetic Precipitation Leaching Protocol Results 

• Flushing Experiments Results 

• Dosing Experiment Results 

• Hydraulic Conductivity Evaluation Results 

• Plant Growth and Media Physical Properties Results 

Because total suspended solids (TSS), nitrate-nitrite, total phosphorus (TP), ortho-phosphorus 
(ortho-P), Cu (total and dissolved), and Zn (total and dissolved) are the primary pollutants of 
interest for this study, the presentation of results in this section focuses exclusively on these 
parameters. Information on this subset of parameters and all other measured analytical 
parameters is also provided in the following supporting appendices to this section where 
applicable: 

• Appendix C Quality Assurance Review Summary 

• Appendix D Quality Assurance Review Worksheets 

• Appendix E Synthetic Precipitation Leaching Protocol Results 

• Appendix F Graphical Summaries for Flushing Experiment Results 

• Appendix G Tabular Summaries for Flushing Experiment Results 

• Appendix H Graphical Summaries for Dosing Experiment Results 

• Appendix I Tabular Summaries for Dosing Experiment Results 

• Appendix J Description of Media Components for Study 

Results in Appendices F through I are organized alphabetically by parameter name as follows: 

• Alkalinity 
• Cadmium, Dissolved 
• Cadmium, Total 
• Calcium 
• Chloride 
• Copper, Dissolved 
• Copper, Total 
• Dissolved Organic Carbon 

• Hardness 
• Lead, Dissolved 
• Lead, Total 
• Magnesium 
• Nitrate + Nitrite 
• Ortho-Phosphorus 
• Potassium 
• Sodium 

• Sulfate 
• Total Kjeldahl Nitrogen 
• Total Phosphorus 
• Total Suspended Solids 
• Zinc, Dissolved 
• Zinc, Total 
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Synthetic Precipitation Leaching Protocol Results 
SPLP extractions were performed on the 26 prospective media components identified from 
the survey results described in the previous subsection. These extractions were subsequently 
analyzed for total nitrogen, nitrate-nitrite, TP, ortho-P, and total and dissolved copper. 
Appendix E provides summary tables from these analyses organized by media component (bulk 
aggregate, bulk organic, mineral additive, and organic additive) and parameter. These 
summary tables rank the observed leaching of each parameter from lowest to highest for each 
media component; lower ranks indicated lower leaching potential. The individual rankings for 
each parameter are also summed to provide an overall rank of leaching potential. 

These rankings were then used to select media components included for further testing as 
part of media blends. The components selected represented materials with the lowest or near 
lowest rankings for leaching potential; however, availability and cost also influenced 
selection. For example, rhyolite sand had a slightly better (lower) overall rank than washed 
sand; however, availability of rhyolite sand is limited for this region and cost was significantly 
higher than washed sand. 

• Media components selected for the media blends for the column tests include:  Bulk 
aggregate:  volcanic sand (vs) and washed sand (ws). 

Selection criteria:  both volcanic and washed sand ranked lowest overall for leaching 
potential and are locally available. 

• Bulk organic:  iron-coated wood chips (fe), coconut coir pith (cp), Cedar Grove 
compost, and Land Recovery Inc. compost. 

Selection criteria:  iron-coated wood chips ranked lowest for leaching potential, are 
locally available and contained iron for phosphorus capture; coconut coir pith ranked 
slightly higher than coco peat, but has very high water holding capacity and does not 
contain peat (a material potentially excavated from environmentally sensitive areas); 
Cedar Grove compost was selected for the 60sand/40comp because this is the compost 
commonly used for the current BSM specification; and Land Recovery Inc. compost was 
selected because this material is yard waste feed stock only and had not been tested 
before this study. 

• Mineral additives:  diatomaceous earth (de) and activated alumina. 

Selection criteria:  diatomaceous earth and activated alumina ranked lowest overall 
for leaching potential; diatomaceous earth has very high water holding capacity; while 
expensive, activated alumina is material with high phosphorus binding capability. 

• Organic additive:  1230AW granular activated charcoal (gac), high-carbon wood ash 
(ash) and activated bone char. 

Selection criteria:  1230AW granular activated charcoal and high carbon wood ash (PD 
100+ mesh) ranked lowest overall for leaching potential; granular activated charcoal 
824BC ranked higher for overall leaching potential, but was selected for specific 
copper binding capability. 
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Activated alumina and granular activated charcoal 824BC were selected specifically for 
phosphorus and copper binding capability as a polishing layer under media containing 90 
percent volcanic sand and 10 percent compost (see Table 10 below for media treatments). 
The polishing layer is placed under the media as the aggregate filter around the under-drain 
and as a final filter to capture phosphorus and copper leaching from the compost. 

Based on best professional judgment, selected media components were combined in a series 
of media treatments designed to minimize pollutant flushing and maximize pollutant capture 
performance. Composition of each media treatment by volume is summarized in Table 10. 

Table 10. Composition of Media Treatments Used in Flushing and Dosing Experiments. 

Media Treatment 
Namea Bulk Aggregate Bulk Organic Mineral Additive Organic Additive 

60sand/40compb 60% sand 40% compostd  NA NA 

70vs//20fe/10de 70% volcanic sand 20% iron-coated 
wood chips 

10% diatomaceous 
earth 

NA 

70vs/20fe/10ash 70% volcanic sand 20% iron-coated 
wood chips 

NA 10% high carbon fly 
ash 

70vs/20cp/10de 70% volcanic sand 20% coconut 
coir pith 

10% diatomaceous 
earth 

NA 

70vs/20cp/10gac 70% volcanic sand 20% coconut 
coir pith 

NA 10% granulated 
activated charcoalf 

70ws/20cp/10ash 70% washed sand 20% coconut 
coir pith 

NA 10% high carbon wood 
ash 

70vs/20cp/10ash 70% volcanic sand 20% coconut 
coir pith 

NA 10% high carbon wood 
ash 

90vs/10comp/p-layerc 90% volcanic sand 10% composte see footnote “c” see footnote “c” 
a Naming conventions for media treatments used throughout this document. 
b Media treatment used default BSM specifications from the 2012 Western 

Washington Stormwater Management Manual (Ecology 2014) to serve as a control. 
c Media treatment included a polishing layer consisting of volcanic sand, activated 

alumina, and bone char. 
d Cedar Grove compost 
e Land Recovery Incorporated Compost 
f 1230AW (acid wash) coconut granular activated charcoal  

ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-coated wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
NA:  not applicable 

 

Flushing Experiments Results 
Flushing experiments were performed to evaluate potential pollutant leaching from the media 
treatments. For these experiments, each of the 8 media treatments identified in Table 10 
were replicated 3 times in the 24 column array (see description above) using a random block 
design per the project QAPP (Appendix A). Each column was then flushed 19 times with 
deionized water over a one month period (once per day excluding weekends). 

Samples were collected on four occasions corresponding to the first, sixth, twelfth, and 
nineteenth flushing events. Sample collection occurred over a two day period; twelve of the 
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24 columns were sampled the first day and the remaining twelve the second day. A sample 
was also collected from an influent monitoring port each day for a total of 26 samples per 
sampling event (12 effluent samples plus 1 influent sample the first day; and 12 effluent 
samples plus 1 influent sample the second day). 

Results from the flushing experiments are presented below for the eight priority pollutants 
identified previously. Flushing experiment results for all the measured analytical parameters 
are also summarized in Appendices F and G. 

Total Suspended Solids 
Figure 3 on page 21 provides line plots showing median effluent concentrations of TSS for 
each treatment by percent water year and boxplots showing effluent concentration 
distributions across all sampled flushing events. Table 11 on page 31 also presents the raw 
data and summary statistics for TSS from each flushing event. 

TSS influent concentrations were below the reporting limit (1.1 milligrams per liter [mg/L]) 
for all sampled flushing events. In general, all treatments followed a typical flushing pattern 
of decreasing TSS concentration as flushing progressed. Two exceptions to this trend were a 
slight increase in median concentrations from the first to second flush for the 70vs/20fe/10de 
and 70vs/20fe/10ash treatments. 

Notably, the TSS concentrations for the 90vs/10comp/p-layer dropped rapidly to very low 
effluent concentrations after the first flush. Median effluent concentrations for all four 
sampling events were not considerably different across treatments except for 70vs/20cp/10de 
(significantly higher) and 90vs/10comp/p-layer (significantly lower). 

The best performing media reach the TAPE target of less than 20 mg/l TSS within ½ a year 
and include:  70ws/20cp/10ash, 70vs/20cp/10ash and the 90vs/10comp/p-layer media. Media 
that reduce TSS concentrations to under 20 mg/l within a year are:  70vs/20cp/10gac, and 
60sand/40comp. 

Nitrate+Nitrite 
Nitrate+nitrite influent concentrations varied among flushing events possibly due to 
contamination within the water delivery system (Table 12, page 33). The first two events 
were at or near the reporting limit (0.010 and 0.012 mg/L respectively) for all columns. For 
the third event, influent concentrations increased from 0.012 to 0.017 mg/L from the first 
day (first set of columns) to the second day (second set of columns). Influent concentrations 
varied during the fourth event as well with the first set of columns receiving 0.035 mg/L and 
the second 0.016 mg/L. 

For the 60sand/40comp control, the median nitrate+nitrite effluent concentration for all 
sampled events was significantly higher than all other treatments except the 
90vs/10comp/p-layer treatment (see Figure 4 and Table 12, pages 22 and 33). For the first 
sampled nitrate+nitrite flushing event, the median effluent concentration (18.6 mg/L) of the 
60sand/40comp control was 3 orders of magnitude higher than the treatments not containing 
compost (e.g. 0.02 mg/L for the 70vs/20cp/10ash treatment). While the nitrate+nitrite 
effluent concentrations in the 60sand/40comp decreased from the first to final sampled 
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flushing event, the median concentration remained significantly higher than all other 
treatments for all events (5.339 mg/L compared to 0.017 mg/L for the 70vs/20cp/10ash). 

Total Phosphorus 
TP influent concentrations were below the reporting limit (0.008 mg/L) for all flushing events 
(Table 13, page 35). The median TP effluent concentration for the 60sand/40comp control 
(1.28 mg/L) was significantly higher than all other treatments (e.g. 0.117 mg/L for 
10vs/20cp/10gac). Flushing performance varied statistically among treatments (Figure 5, 
page 23); however, the treatments containing iron-coated wood chips, and coco-coir pith 
with granular activated charcoal or high-carbon fly ash generally exhibited slightly lower 
median effluent concentrations than the other treatments (e.g. 0.277 mg/L for the 
10vs/20fe/10de and 0.117 mg/L for the 70vs/20cp/10gac). Flushing of total phosphorus from 
the 60sand/40comp treatment followed a pattern observed in other field monitoring where 
concentrations increase over time before decreasing (Herrera 2014a, 2015). Two other 
treatments (70vs/20fe/10de and 70ws/20cp/10ash) exhibited very slight increases in effluent 
concentrations from the first to second flushing events and then decreased as flushing 
progressed. Effluent concentrations for the 90vs/10comp/p-layer treatment were initially 
high (similar to the 60sand/40comp) but dropped significantly (levels similar to the non-
compost treatments) after the first sampling event. All other treatments followed a typical 
flushing pattern of decreasing effluent concentrations over time. 

Ortho Phosphorus 
Ortho-P influent concentrations were below the reporting limit (0.004 mg/L) for all flushing 
events (Table 14, page 37). The initial median ortho-P effluent concentration for the 
60sand/40comp control was significantly higher than all other treatments (0.425 mg/L 
compared to 0.057 mg/L for the 70vs/20cp/10ash) and remained higher for all flushing 
experiments. Flushing performance varied statistically among treatments (Figure 6, page 24). 
However, the treatments containing iron-coated wood chips, and coco-coir pith with granular 
activated charcoal or high-carbon fly ash generally exhibited slightly lower median effluent 
concentrations than the other treatments (e.g. 0.028 mg/L for the 10vs/20fe/10de and 0.021 
mg/L for the 70vs/20cp/10gac). 

Flushing of ortho-P from the 60sand/40comp treatment followed a pattern observed in other 
research and field monitoring where concentrations increase over time before decreasing 
(Figure 6). Two other treatments (70vs/20fe/10ash and 70ws/20cp/10ash) exhibited slight 
increases in effluent concentrations from the first to second flushing events and then 
decreased as flushing progressed. All other treatments followed a typical flushing pattern of 
decreasing effluent concentrations over time. 

Total Copper 
Total Cu influent concentrations varied slightly among flushing events (Table 15, page 39). 
The first event was below the reporting limit (0.5 micrograms per liter [µg/L]) for all 
columns. For the second, third, and fourth events influent concentrations varied from 0.5 to 
0.9 µg/L from the first day (first set of columns) to the second day (second set of columns). 

The median effluent concentration for 60sand/40comp control (16.4 µg/L) was significantly 
higher than all other treatments except the 70vs/20fe/10ash (Table 15). Flushing 
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performance varied among treatments (Figure 7, page 25); however, the treatments 
containing coco-coir, granular activated charcoal or high-carbon fly ash generally exhibited 
slightly lower effluent concentrations than the other treatments (4.4 µg/L for the 
70vs/20cp/10gac compared to 13.0 µg/L for the 70vs/20fe/10ash). 

Median effluent concentration for the 60sand/40comp control were very high (43.5 µg/L) 
compared to the best performer (70ws/20cp/10ash at 7.8 µg/L) for the initial flushing event. 
Effluent concentrations then dropped rapidly to levels 2-3 times higher than the treatments 
with the lowest concentrations. Two treatments (70vs/20fe/10ash and 70ws/20cp/10ash) 
exhibited slight increases in effluent concentrations from the first to second flushing events 
and then decreased as flushing progressed. All other treatments followed a typical flushing 
pattern of decreasing effluent concentrations over time. 

Dissolved Copper 
Dissolved Cu influent concentrations were below the reporting limit (0.5 µg/L) for all flushing 
events (Table 16, page 41). The initial median effluent concentration (38.4 µg/L) for the 
60sand/40comp control was approximately 5 to 50 times higher than the other treatments 
(e.g. 2.2 µg/L for the 70vs/20cp/10ash). The median effluent concentration for the 
60sand/40comp then fell rapidly to approximately 3-10 times that of the other treatments 
(e.g. 11.4 µg/L compared to 1.3 µg/L for the 70vs/20cp/10ash). The median dissolved Cu 
effluent concentration for the 60sand/40comp control was significantly higher than all other 
treatments (Figure 8, page 26). Flushing performance varied considerably among treatments; 
however, the treatments containing coco-coir, granular activated charcoal or high-carbon fly 
ash generally exhibited small, but significantly, lower effluent concentrations than the other 
treatments. 

Total Zinc 
Total Zn influent concentrations were below the reporting limit (4 µg/L) for all but the first 
half of the third flushing event (5 µg/L) (Table 17, page 43). The median effluent 
concentration for the 60sand/40comp control was significantly higher (13.5 µg/L) than all 
other treatments (Figure 9, page 27). In general, all other treatment median effluent 
concentrations were similar with low concentration initially and then declining to at or below 
the reporting limit by the second sampling event. 

An unusually high effluent concentration (96 µg/L) was observed for the 70vs/20cp/10gac 
treatment during the second flushing event. Field or lab quality control data did not indicate 
there was a problem for this sample; however, the measurement lies far outside the pattern 
of all other measurements for total Zn and should be viewed with caution. 

Dissolve Zinc 
Dissolved Zn influent concentrations were below reporting limit (4 µg/L) for all flushing 
events (Table 18, page 45). The median dissolved Zn effluent concentration for the 
60sand/40comp control and 90vs/10comp/p-layer treatment were significantly higher than all 
other treatments (Figure 10, page 28). All other median effluent concentrations were not 
significantly different and near or below reporting limits from the initial to final flush. 
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Flushing Experiments Results - Plots 
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Figure 3. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Total 
Suspended Solids. 
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Figure 4. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Nitrate+Nitrite. 
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Figure 5. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Total Phosphorus. 
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Figure 6. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Ortho Phosphorus. 
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Figure 7. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Total Copper. 
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Figure 8. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Dissolved Copper. 
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Figure 9. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Total Zinc. 
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Figure 10. Flushing Experiment Effluent Concentration Trend Lines and Distributions by Media Treatment for Dissolved Zinc. 
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Flushing Experiments Results – Tables 
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Table 11. Flushing Experiment Raw Data and Summary Statistics for Total Suspended Solids. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(mg/L) Flag 

60sand/ 
40comp 
(mg/L) Flag 

70vs/20fe/ 
10de 

(mg/L) Flag 

70vs/20fe/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10de 

(mg/L) Flag 

70vs/20cp/ 
10gac 
(mg/L) Flag 

70ws/20cp/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10ash 
(mg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(mg/L) Flag 

1 13.4 0.04 6.7 1.1 U 61.6  35  50.8  145  102  76.4  72.4  17  

     79.4  40.2  53.3  142  80.2  63  60.8  59.2  

     38.2  23.7  86.9  116  91.1  67.2  62.8  53.4  

6 13.4 0.26 6.7 1.1 U 52  42.7  65.8  100  41.2  60  39.7  6  

     68.4  44.8  53.3  91.7  49.3  50.2  46.3  9.8  

     48  41.6  68.9  111  39.6  90.2  62.7  7.2  

12 26.8 0.55 6.7 1.1 U 42.4  78.9  28.8  51.5  19.8  13.4  20.9  8.8  

     43.1  40.2  33.7  42.3  26.1  7.8  14.5  8.5  

     36.3  41.9  31.8  46  23.9  11.4  12.5  3.9  

19 26.8 0.99 6.7 1.1 U 14.6  37.8  29.8  10.5  12.2  9.6  11.7  2.6  

     16.5  25.8  28.6  20.2  16.8  9.4  11.9  2.3  

     17.1  32.8  26.3  25.2  14.4  9.3  12.3  3.4  

Min       1.1   14.6   23.7   26.3   10.5   12.2   7.8   11.7   2.3   

Max    1.1  79.4  78.9  86.9  145.0  102.0  90.2  72.4  59.2  

Mean    1.1  43.1  40.5  46.5  75.1  43.1  39.0  35.7  15.2  

Median       1.1   42.8   40.2   42.3   71.6   32.9   31.8   30.3   7.9   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
Add convention for non-detect 
L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 12. Flushing Experiment Raw Data and Summary Statistics for Nitrate-Nitrite. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(mg/L) Flag 

60sand/ 
40comp 
(mg/L) Flag 

70vs/20fe/ 
10de 

(mg/L) Flag 

70vs/20fe/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10de 

(mg/L) Flag 

70vs/20cp/ 
10gac 
(mg/L) Flag 

70ws/20cp/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10ash 
(mg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(mg/L) Flag 

1 13.4 0.04 6.7 0.010 U 19.8  0.05 U 0.02 U 0.01 U 0.01 U 0.01 U 0.01 U 1.17  

     18.6  0.05 U 0.01 U 0.02 U 0.01 U 0.01 U 0.02 U 1.27  

     16.1  0.01 U 0.05 U 0.01 U 0.025  0.012  0.01 U 1.3  

6 13.4 0.26 6.7 0.012 J 1.11  0.01 U 0.01 U 0.012 J 0.01 U 0.015 J 0.01 J 0.07 J 

     1.43  0.01 U 0.01 U 0.014 J 0.012 J 0.014 J 0.01 U 0.182 J 

     1.06  0.012 J 0.012 J 0.013 J 0.01 U 0.012 J 0.01 U 0.094 J 

12 26.8 0.55 6.7 0.012 J 1.3  0.01 U 0.017 J 0.01 U 0.015 J 0.015 J 0.016 J 0.226 J 

   0.017  1.25  0.023 J 0.015 J 0.02 J 0.015 J 0.015 J 0.021 J 0.202 J 

     1.94  0.011 J 0.01 U 0.011 J 0.028 J 0.018 J 0.019 J 0.216 J 

19 26.8 0.99 6.7 0.035 J 0.439  0.023 J 0.012 J 0.023 J 0.018 J 0.025 J 0.021 J 0.113 J 

   0.016  0.415  0.019 J 0.013 J 0.023 J 0.021 J 0.018 J 0.017 J 0.096 J 

     0.623  0.019 J 0.02 J 0.021 J 0.024 J 0.177 J 0.018 J 0.111 J 

Min       0.010   0.415   0.010   0.010   0.010   0.010   0.010   0.010   0.070   

Max    0.035  19.800  0.050  0.050  0.023  0.028  0.177  0.021  1.300  

Mean    0.017  5.339  0.021  0.017  0.016  0.017  0.028  0.015  0.421  

Median       0.014   1.275   0.016   0.013   0.014   0.015   0.015   0.017   0.192   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 13. Flushing Experiment Raw Data and Summary Statistics for Total Phosphorus. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(mg/L) Flag 

60sand/ 
40comp 
(mg/L) Flag 

70vs/20fe/ 
10de 

(mg/L) Flag 

70vs/20fe/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10de 

(mg/L) Flag 

70vs/20cp/ 
10gac 
(mg/L) Flag 

70ws/20cp/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10ash 
(mg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(mg/L) Flag 

1 13.4 0.04 6.7 0.008 U 1.16  0.295  0.506  0.885  0.616  0.273  0.73  1.03  

     1.1  0.325  0.617  0.846  0.603  0.243  0.669  1.1  

     1.09  0.245  0.922  0.837  0.624  0.323  0.631  1.16  

6 13.4 0.26 6.7 0.008 U 1.42  0.357  0.606  0.549  0.146  0.282  0.356  0.235  

     1.39  0.345  0.522  0.439  0.175  0.289  0.315  0.243  

     1.39  0.28  0.512  0.528  0.148  0.309  0.355  0.255  

12 26.8 0.55 6.7 0.008 U 1.53  0.357  0.209  0.313  0.08  0.13  0.158  0.208  

     1.45  0.26  0.238  0.276  0.088  0.135  0.165  0.18  

     1.75  0.274  0.219  0.305  0.088  0.144  0.164  0.189  

19 26.8 0.99 6.7 0.008 U 1.11  0.14  0.133  0.113  0.056  0.1  0.073  0.165  

     1.07  0.118  0.142  0.119  0.07  0.09  0.079  0.144  

     1.17  0.144  0.12  0.132  0.065  0.078  0.083  0.172  

Min       0.008   1.070   0.118   0.120   0.113   0.056   0.078   0.073   0.144   

Max    0.008  1.750  0.357  0.922  0.885  0.624  0.323  0.730  1.160  

Mean    0.008  1.303  0.262  0.396  0.445  0.230  0.200  0.315  0.423  

Median       0.008   1.280   0.277   0.372   0.376   0.117   0.194   0.240   0.222   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 14. Flushing Experiment Raw Data and Summary Statistics for Ortho-Phosphorus. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(mg/L) Flag 

60sand/ 
40comp 
(mg/L) Flag 

70vs/20fe/ 
10de 

(mg/L) Flag 

70vs/20fe/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10de 

(mg/L) Flag 

70vs/20cp/ 
10gac 
(mg/L) Flag 

70ws/20cp/ 
10ash 
(mg/L) Flag 

70vs/20cp/ 
10ash 
(mg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(mg/L) Flag 

1 13.4 0.04 6.7 0.004 U 0.425  0.042  0.018  0.399  0.057  0.039  0.411  0.580  

     0.358  0.045  0.018  0.386  0.054  0.056  0.379  0.536  

     0.455  0.043  0.018  0.376  0.059  0.062  0.359  0.620  

6 13.4 0.26 6.7 0.004 U 1.010  0.030  0.035  0.248  0.026  0.057  0.124  0.133  

     0.935  0.028  0.036  0.238  0.025  0.083  0.125  0.121  

     1.020  0.023  0.034  0.236  0.026  0.078  0.125  0.134  

12 26.8 0.55 6.7 0.004 U 1.160  0.031  0.030  0.150  0.015  0.040  0.071  0.125  

     1.120  0.028  0.030  0.153  0.014  0.054  0.081  0.110  

     1.310  0.026  0.030  0.157  0.016  0.049  0.073  0.121  

19 26.8 0.99 6.7 0.004 U 1.020  0.027  0.026  0.064  0.014  0.027  0.036  0.136  

     0.990  0.027  0.028  0.064  0.012  0.036  0.036  0.120  

     1.080  0.024  0.027  0.067  0.012  0.031  0.034  0.137  

Min       0.004   0.358   0.023   0.018   0.064   0.012   0.027   0.034   0.110   

Max    0.004  1.310  0.045  0.036  0.399  0.059  0.083  0.411  0.620  

Mean    0.004  0.907  0.031  0.028  0.212  0.028  0.051  0.155  0.239  

Median       0.004   1.015   0.028   0.029   0.197   0.021   0.052   0.103   0.134   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer\ 
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Table 15. Flushing Experiment Raw Data and Summary Statistics for Total Copper. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(µg/L) Flag 

60sand/ 
40comp 
(µg/L) Flag 

70vs/20fe/ 
10de 
(µg/L) Flag 

70vs/20fe/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10de 
(µg/L) Flag 

70vs/20cp/ 
10gac 
(µg/L) Flag 

70ws/20cp/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10ash 
(µg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(µg/L) Flag 

1 13.4 0.04 6.7 0.5 U 44  13.6  15.6  15.2  19  8.9 J 11  23.4 13.4 

     43.5  16.3  19  20.5  19  7.8 J 13.9  26.1  

     42.9  11.7  27.2  19.4  19.7  7.2 J 10.7  27.4  

6 13.4 0.26 6.7 0.9 J 22  14.5  23.8  14.4  5.9 J 14.3  9.9  5.7 13.4 

   0.6 J 24.4  12.1  19.5  10.8  9 J 12.1  7.8 J 6  

     23.2  10.2  20.2  12.9  5.3 J 9.6  7.9 J 5.9  

12 26.8 0.55 6.7 0.5 U 10.7  11.9  9.7  4.6 J 3.1 J 2.8 J 3.8 J 3.7 26.8 

   0.6 J 9.2 J 8.8 J 10.4  5.7  3.4 J 5 J 4.7 J 4  

     10.1  10  10.3  4.5 J 3.2 J 3 J 3.7 J 3.9  

19 26.8 0.99 6.7 0.9 J 7.7 J 5.9 J 5.7 J 2.5 J 2 J 1.7 J 1.2 J 2 26.8 

   0.5 U 7.9 J 5.1 J 7.2 J 2.9 J 1.2 J 2.6 J 2.1 J 1.7  

     7.8 J 6.1 J 6 J 3.1 J 2 J 1.8 J 1.3 J 1.8  

Min       0.5   7.7   5.1   5.7   2.5   1.2   1.7   1.2   1.7   

Max    0.9  44.0  16.3  27.2  20.5  19.7  14.3  13.9  27.4  

Mean    0.6  21.1  10.5  14.6  9.7  7.7  6.4  6.5  9.3  

Median       0.6   16.4   11.0   13.0   8.3   4.4   6.1   6.3   4.9   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
µg/L:  micrograms per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 16. Flushing Experiment Raw Data and Summary Statistics for Dissolved Copper. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(µg/L) Flag 

60sand/ 
40comp 
(µg/L) Flag 

70vs/20fe/ 
10de 
(µg/L) Flag 

70vs/20fe/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10de 
(µg/L) Flag 

70vs/20cp/ 
10gac 
(µg/L) Flag 

70ws/20cp/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10ash 
(µg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(µg/L) Flag 

1 13.4 0.04 6.7 0.5 U 38.4  7.2  3.8 J 3.5 J 2 J 0.7 J 2.2 J 6.7  

     39.1  9.9  4.7 J 3.6 J 2 J 0.7 J 2.2 J 6.8  

     37.2  7.5  6.1  3.5 J 2.2 J 0.8 J 2.1 J 6.8  

6 13.4 0.26 6.7 0.5 U 11.4  3.8 J 4.8 J 1.1 J 0.6 J 0.5 J 1.2 J 1 J 

     11.2  3.2 J 3.7 J 1.2 J 0.7 J 0.6 J 1.3 J 1 J 

     12.1  2.4 J 4.1 J 1.3 J 0.8 J 0.5 J 1.3 J 1 J 

12 26.8 0.55 6.7 0.5 U 7.2  3.6 J 3.7 J 1 J 0.5 U 1 J 0.9 J 1 J 

     6.9  2.6 J 3.7 J 0.9 J 0.5 U 0.5 J 0.9 J 1.1 J 

     7.4  2.7 J 3.9 J 1 J 0.5 U 0.6 J 0.8 J 0.9 J 

19 26.8 0.99 6.7 0.5 U 4.4 J 1.6 J 1.6 J 0.5 U 0.5 U 0.5 U 0.5 U 0.8 J 

     4.4 J 1.5 J 1.5 J 0.5 U 0.5 U 0.5 U 0.5 U 0.8 J 

     4.4 J 1.8 J 1.7 J 0.5 U 0.5 U 0.5 U 0.5 U 0.7 J 

Min       0.5   6.9   2.4   3.7   0.9   0.5   0.5   0.8   0.9   

Max    0.5  39.1  9.9  6.1  3.6  2.2  1.0  2.2  6.8  

Mean    0.5  19.0  4.8  4.3  1.9  1.1  0.7  1.4  2.9  

Median       0.5   11.4   3.6   3.9   1.2   0.7   0.6   1.3   1.0   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
µg/L:  micrograms per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 17. Flushing Experiment Raw Data and Summary Statistics for Total Zinc. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(µg/L) Flag 

60sand/ 
40comp 
(µg/L) Flag 

70vs/20fe/ 
10de 
(µg/L) Flag 

70vs/20fe/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10de 
(µg/L) Flag 

70vs/20cp/ 
10gac 
(µg/L) Flag 

70ws/20cp/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10ash 
(µg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(µg/L) Flag 

1 13.4 0.04 6.7 4 U 25  7  7  8  7  8  5  12  

     25  7  8  11  8  8  7  19  

     25  4  14  10  8  7  5  11  

6 13.4 0.26 6.7 4 U 17  8  12  14  4  15  8  4 U 

     20  6  10  9  96  13  7  6  

     20  7  14  12  4  11  6  4 U 

12 26.8 0.55 6.7 5  9  4 U 4  4  4 U 4 U 4 U 7  

   4 U 8  4 U 5  4 U 4  6  4  4 U 

     10  5  5  4 U 4 U 4 U 4 U 4 U 

19 26.8 0.99 6.7 4 U 7  5  5  4 U 4 U 4 U 4 U 4 U 

     7  4 U 7  4 U 4 U 4 U 4 U 4 U 

     7  5  7  4 U 4 U 4 U 4 U 4 U 

Min       4   7.0   4.0   4.0   4.0   4.0   4.0   4.0   4.0   

Max    5  25.0  8.0  14.0  14.0  96.0  15.0  8.0  19.0  

Mean    4.2  15.0  5.5  8.2  7.3  12.6  7.3  5.2  6.9  

Median       4   13.5   5.0   7.0   6.0   4.0   6.5   4.5   4.0   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
µg/L:  micrograms per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 18. Flushing Experiment Raw Data and Summary Statistics for Dissolved Zinc. 

                 

Flushing 
Eventa 

Flushing  
Volume/  
Column 
(liters) 

Percent 
Water 
Year 

Flow 
Rate 

(L/hour) 
Influent 
(µg/L) Flag 

60sand/ 
40comp 
(µg/L) Flag 

70vs/20fe/ 
10de 
(µg/L) Flag 

70vs/20fe/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10de 
(µg/L) Flag 

70vs/20cp/ 
10gac 
(µg/L) Flag 

70ws/20cp/ 
10ash 
(µg/L) Flag 

70vs/20cp/ 
10ash 
(µg/L) Flag 

90vs/ 
10comp/ 
p-layer 
(µg/L) Flag 

1 13.4 0.04 6.7 4 U 15  4 U 4 U 4 U 4 U 4 U 4 U 5  

     12  4 U 4 U 4 U 4 U 4 U 4 U 10  

     14  4 U 4 U 4 U 4 U 4 U 4 U 7  

6 13.4 0.26 6.7 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     5  4 U 4 U 4 U 4 U 4 U 4 U 4 U 

12 26.8 0.55 6.7 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

19 26.8 0.99 6.7 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

     4 U 4 U 4 U 4 U 4 U 4 U 4 U 4 U 

Min       4   4   4   4   4   4   4   4   4   

Max    4  15  4  4  4  4  4  4  10  

Mean    4  7  4  4  4  4  4  4  5  

Median       4   4   4   4   4   4   4   4   4   
a The first sample collection occurred on the 1st flushing event, the second sample collection on the 6th flushing event, the third sample collection on the 12th flushing event, and the final sample collection occurred on the 19th flushing event. 
L/hour:  liters per hour 
µg/L:  micrograms per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Dosing Experiment Results 
Dosing experiments were performed to evaluate the pollutant capture potential of the media 
treatments. For these experiments, each of the 8 media treatments identified in Table 10 
(page 16) were replicated 3 times in the 24 column array (see description above) using a 
randomized block design per the project QAPP (Appendix A). Each column was then dosed on 
five occasions with natural stormwater or natural stormwater augmented with reagent grade 
chemicals to attain target concentration ranges identified in the project QAPP. The natural 
stormwater used in these experiments was obtained from a catch basin that collects runoff 
from the City of Redmond Maintenance and Operations Center located on Northeast 76th 
Street in Redmond, Washington. Chemicals added to attain target concentrations are as 
follows:  Sil-Co-Sil 106 to introduce TSS; potassium phosphate to introduce phosphorus; 
copper sulfate to introduce Cu; and zinc chloride to introduce Zn. See additional details in 
the subsections below. 

Results from the dosing experiments are presented in separate subsections below for the 
eight priority pollutants identified previously. Dosing experiment results for all the measured 
analytical parameters are also summarized in Appendices H and I. In addition, a concluding 
subsection compares performance of the individual treatments to performance goals 
identified in Ecology’s Technology Assessment Protocol-Ecology (TAPE) guidelines for 
approving emerging stormwater treatment systems (Ecology 2011). 

Total Suspended Solids 
Figure 11 (on page 52) shows the distribution of TSS effluent concentrations and percent 
removal by treatment. Table 19 (on page 61) also presents the raw data and summary 
statistics for TSS from each dosing event. 

For the first and final sampling events, no Sil-Co-Sil 106 was introduced to the mixing tank 
and influent TSS concentrations were at levels found in the collected stormwater. Sil-Co-Sil 106 
was added to the collected stormwater for the second, third and fourth events. An unusually 
high TSS level occurred in the second half of the fourth event (205 mg/L for day two 
compared to 72.8 mg/L for day one) and was likely due to residual material in the water 
delivery system. 

In general, percent removal varied across experiments and treatments from export to 50 to 
90 percent removal. The exception to this was the 60sand/40comp control and 
90vs/10comp/p-layer treatment. Percent removal for both were good across all influent 
concentrations with the 60sand/60comp achieving 39 to 84 percent and 90vs/10comp/p-layer 
consistently achieving above 90 percent removal for all influent concentrations. Other than 
the first experiment, the 70ws/20cp/10ash also performed well with percent removal from 
89-93 percent for the second, third and fourth experiments. 

Most median effluent concentrations (for all experiments) were in a range of approximately 
15 to 30 mg/L. The exception was the 90vs/10comp/p-layer treatment with effluent 
concentrations consistently below 5 mg/L except for the one experiment with a high influent 
concentration (205 mg/L) where the effluent concentration increased to approximately 9 mg/L. 
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Nitrate+Nitrite 
No nitrogen was added for any of the dosing events so influent concentrations for 
nitrate+nitrite were always at levels found in the collected stormwater (Table 20, page 63). 
Influent concentrations were relatively high for the first three events (approximately 1-2 
mg/L) and lower (0.2-0.5 mg/L) for the last two experiments. 

In general, percent removal for nitrate+nitrite varied across experiments and treatments from 
export to 90 percent plus removal (Figure 12 and Table 20, page 53 and page 63). Three 
treatments achieve consistently high percent reductions (60-99 percent) across all influent 
concentration levels:  70vs/20cp/10gac, 70vs/20cp/10ash and 70ws/20cp/10ash. The 
60sand/40comp control consistently exported nitrate+nitrite. Median effluent concentration 
for 60sand/40comp control was also significantly higher than all other treatments. While high, 
the initial effluent concentrations for these experiments (16.7 mg/L) was much lower than 
the initial effluent concentrations (approximately 100mg/L) found in previous field monitoring 
(Herrera 2014a, 2015). There were no significant differences in median effluent 
concentrations for the other treatments (Figure 12). 

Total Phosphorus 
Influent concentrations for TP were at levels found in the collected stormwater for the first, 
second, fourth, and final experiments. Dissolved phosphorus was added to the stormwater for 
the third event in the form of potassium phosphate. 

In general, percent removal for TP varied across experiments and treatments from export to 
90 percent plus removal (Figure 13 and Table 21, pages 54 and 65). Median percent removal 
for all treatments except the 60sand/40comp control generally fell in a range of 20-70 
percent. 

The median effluent concentration for the 60sand/40comp control was significantly higher 
than all other treatments and the media exported TP in all but one experiment (Figure 13). 
All other treatment median effluent concentrations were not significantly different. 

Ortho Phosphorus 
Influent concentrations for ortho-P were at levels found in the collected stormwater for the 
first, second, third, and final experiments. Dissolved phosphorus was added to the stormwater 
for the fourth event in the form of potassium phosphate. Note that the influent concentration 
for the second set of columns on day two of sample event 4 was elevated (1.13 mg/L) 
compared to day one (0.071 mg/L). The higher influent concentration could bias the result of 
that set of columns to higher percent removal. 

In general, percent removal varied across experiments and treatments from export to 90 
percent plus removal (Figure 14 and Table 22, pages 55 and 67). Median percent removal for 
all treatments except the 60sand/40comp and the 90vs/10comp/p-layer generally fell in a 
range of 10-80 percent. The percent removal for the 60sand/40comp was dramatically less 
than the better performing blends with all experiments showing negative percent removal 
(export). For example, the percent export for the 60sand/40comp was -634 percent while the 
best performer had 85 percent removal in the third experiment 
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The median effluent concentration for the 60sand/40comp control was significantly higher 
than all other treatments and the media exported ortho-P in all experiments (Figure 14). 
Other treatments including 70vs/20fe/10de, 70vs/20fe/10de and 90vs/10comp/p-layer also 
exported ortho-P in some experiments including those with low and higher influent 
concentrations. 

Total Copper 
Influent concentrations for total Cu were at levels found in the collected stormwater for the 
first, second and final experiments. Dissolved copper was added to the stormwater for the 
third and fourth event in the form of copper sulfate. 

In general, percent removal varied across experiments and treatments from export to 90 percent 
plus removal (Figure 15 and Table 23, pages 56 and 69). Median percent removal for all 
treatments except the 70vs/20fe/10de and 70vs/20fe/10ash generally fell in a range of 10-70 
percent for the lower dose experiments and 90 plus percent removal for the one high-dose 
experiment. 

The 70vs/20fe/10de and 70vs/20fe/10ash treatments exported total Cu in all but one lower-
dose experiment and the median effluent concentrations were high (approximately 20-40 
µg/L) for both of those treatments. Effluent concentrations for the 60sand/40comp control 
fell in the range of 10-20 µg/L, while the other treatments fell in the range of 3-13 µg/L for 
the lower-dose experiments. 

Dissolved Copper 
Influent concentrations for dissolved Cu were at levels found in the collected stormwater for 
the first, second and final experiments. Dissolved copper was added to the stormwater for 
the third and fourth event in the form of copper sulfate. 

In general, percent removal varied across experiments and treatments from export to 90 
percent plus removal (Figure 16 and Table 24, pages 57 and 71). Median percent removal for 
all treatments except the 60sand/40comp, 70vs/20fe/10de and 70vs/20fe/10ash treatments 
generally fell in a range of 10-80 percent. 

The 60sand/40comp, 70vs/20fe/10de and 70vs/20fe/10ash treatments consistently exported 
dissolved Cu in all but the high-dose experiments. The median effluent concentrations were 
high (approximately 10-40 µg/L) for the 70vs/20fe/10de and 70vs/20fe/10ash treatments. 
Effluent concentrations for the 60sand/40comp were approximately 10 µg/L, while the other 
treatments fell in the range of 1-8 µg/L for the lower-dose experiments. 

Dissolved Cu influent concentrations were increased to very high levels for event 4 for two 
reasons:  first to test dissolved Cu capture capability at high influent concentrations; and 
secondly (and more importantly) determine if there is flushing or export of dissolved Cu for 
event 5 with influent concentrations returned to low concentrations. The best performers 
reduced the high influent concentrations significantly (7.7 µg/L for the 70ws/20cp/10ash, 9.0 
µg/L for the 70vs/20cp/10de and 12.0 µg/L for the 70vs/20cp/10gac). When influent 
concentrations were reduced (approximately 8 µg/L) effluent concentrations for the best 
performers (treatments containing coco coir pith, gac, high carbon wood ash and 
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diatomaceous earth) remained low (3.7 to 5.7 µg/L) showing no signs of dissolved Cu flushing 
or export. 

Total Zinc 
Influent concentrations for total Zn were at levels found in the collected stormwater for the 
first, second and final experiments. Dissolved Zn was added to the stormwater for the third 
and fourth event in the form of zinc chloride. 

In general, percent removal was high across all experiments and treatments, and median 
percent removal for all treatments was high as well (Figure 17 and Table 25, pages 58 and 
73). Effluent concentrations for all treatments were consistently low ranging from 
approximately 4-14 µg/L and many treatments were at or below reporting limits (4 µg/L) for 
both the lower-dose and high-dose experiments. 

Dissolved Zinc 
Influent concentrations for dissolved Zn were at levels found in the collected stormwater for 
the first, second and final experiments. Dissolved Zn was added to the stormwater for the 
third and fourth event in the form of zinc chloride. 

In general, percent removal was high across experiments and treatments, and median percent 
removal for all treatments was high as well (80-90 percent) (Figure 18 and Table 26, pages 59 
and 75). Median effluent concentrations for all treatments were consistently low ranging from 
approximately 4-5 µg/L and most treatments were at or below reporting limits (4 µg/L) for 
both the lower-dose and high-dose experiments. 
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Dosing Experiments Results - Plots 
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Figure 11. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Total Suspended 
Solids. 
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Figure 12. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Nitrate+Nitrite. 
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Figure 13. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Total Phosphorus. 
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Figure 14. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Ortho Phosphorus. 
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Figure 15. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Total Copper 
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Figure 16. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Dissolved Copper. 
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Figure 17. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Total Zinc. 
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Figure 18. Dosing Experiment Effluent Concentration and Percent Removal Distributions by Treatment for Dissolved Zinc. 
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Dosing Experiments Results - Tables 
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Table 19. Dosing Experiment Raw Data and Summary Statistics for Total Suspended Solids (mg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 34.1 10.4 28 6.4 41.4 37.4 69.6 32 14.1 3.2 

13.4 6.7  20.9 8 11 49  46.4 37.6 22.3 2.6 

13.4 6.7  21.9 10.2 10.4 44.5  56.5 40.4 27.3 3 

Average   17.7 15.4 9.3 45.0   57.5 36.7 21.2 2.9 

Median  20.9 10.2 10.4 44.5  56.5 37.6 22.3 3.0 

Percent Reduction   39 70 70 -30   -51 -1 40 92 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 38.8 11.8 11.8 6.2 18.2 40.8 38.6 4.1 6.3 1.8 

13.4 6.7  10.6 19.1 13.3 7.6  37.7 3.6 7.2 3.7 

13.4 6.7  21.8 15.1 9.4 11.3  38.3 9.3 7.6 1.9 

Average   14.7 15.3 9.6 12.4   38.2 5.7 7.0 2.5 

Median  11.8 15.1 9.4 11.3  38.3 4.1 7.2 1.9 

Percent Reduction   70 61 76 71   6 90 82 95 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 77.2 12 9.9 13.3 18.8 81.5 49.6 8.3 14.9 2.5 

13.4 6.7  10.4 19.8 28.3 9.7  46.6 8.6 20.6 4.3 

13.4 6.7  22.3 28.5 17.2 18.5  50.4 14.7 13.3 3.5 

Average   14.9 19.4 19.6 15.7   48.9 10.5 16.3 3.4 

Median  12.0 19.8 17.2 18.5  49.6 8.6 14.9 3.5 

Percent Reduction   84 74 78 76   39 89 82 96 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 72.8 17 25.4 28 34.4 205 44 13.4 no sample 10.6 

26.8 11.1  18.2 74.5 37.6 26.6  39.9 17.2 22.3 9.6 

26.8 11.1  26.5 69.4 34.8 35.7  40.3 15.3 26.2 7.3 

Average   20.6 56.4 33.5 32.2   41.4 15.3 24.3 9.2 

Median  18.2 69.4 34.8 34.4  40.3 15.3 24.3 9.6 

Percent Reduction   75 5 52 53   80 93 88 95 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 42.7 9.7 18.3 16.4 39.1 50.5 53 23.9 37.1 3.7 

26.8 11.1  11 52.6 35.1 25.2  48.8 30.3 28 4.1 

26.8 11.1  16.9 40.9 12.1 131  44 17.2 37.4 4.5 

Average   12.5 37.3 21.2 65.1   48.6 23.8 34.2 4.1 

Median  11.0 40.9 16.4 39.1  48.8 23.9 37.1 4.1 

Percent Reduction   74 4 62 8   3 53 27 92 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 20. Dosing Experiment Raw Data and Summary Statistics for Nitrate Nitrite (mg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 1.83 16.4 1.44 0.354 1.2 2.02 0.03 0.468 0.327 2.7 

13.4 6.7  16.7 1.09 0.306 1.21  0.019 0.146 0.36 2.62 

13.4 6.7  33.2 0.362 1.08 1.23  0.023 0.347 0.347 2.53 

Average   22.1 0.964 0.580 1.213   0.024 0.320 0.345 2.617 

Median  16.7 1.090 0.354 1.210  0.023 0.347 0.347 2.620 

Percent Reduction   -813 40 81 34   99 83 83 -30 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 1.34 8.36 1.01 0.595 0.986 1.48 0.024 0.277 0.543 1.42 

13.4 6.7  10.9 0.769 0.684 0.96  0.012 0.074 0.375 1.48 

13.4 6.7  7.61 0.707 0.73 0.984  0.023 0.174 0.28 1.42 

Average   9.0 0.829 0.670 0.977   0.020 0.175 0.399 1.440 

Median  8.4 0.769 0.684 0.984  0.023 0.174 0.375 1.420 

Percent Reduction   -524 43 49 27   98 88 75 4 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 1.72 10.7 1.3 0.985 1.69 1.75 0.028 0.327 0.362 1.62 

13.4 6.7  19.6 1.1 0.977 1.2  0.028 0.083 0.339 1.53 

13.4 6.7  4.94 0.934 1.09 1.23  0.037 0.194 0.366 1.57 

Average   11.7 1.111 1.017 1.373   0.031 0.201 0.356 1.573 

Median  10.7 1.100 0.985 1.230  0.028 0.194 0.362 1.570 

Percent Reduction   -522 36 43 28   98 89 79 10 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 0.518 6.1 0.48 0.334 0.523 0.561 0.016 0.216 no sample 0.842 

26.8 11.1  12.1 0.384 0.383 0.529  0.019 0.097 0.201 0.851 

26.8 11.1  2.77 0.336 0.409 0.574  0.025 0.164 0.198 0.88 

Average   7.0 0.400 0.375 0.542   0.020 0.159 0.200 0.858 

Median  6.1 0.384 0.383 0.529  0.019 0.164 0.200 0.851 

Percent Reduction   -1078 26 26 -2   97 71 64 -52 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 0.205 7.3 0.093 0.093 0.233 0.295 0.123 0.133 0.121 0.808 

26.8 11.1  25 0.034 0.149 0.197  0.027 0.071 0.116 0.884 

26.8 11.1  5.91 0.082 0.195 0.222  0.035 0.095 0.117 0.965 

Average   12.7 0.070 0.146 0.217   0.062 0.100 0.118 0.886 

Median  7.3 0.082 0.149 0.222  0.035 0.095 0.117 0.884 

Percent Reduction   -3461 60 27 -8   88 68 60 -200 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
 





 

July 2015 

Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorus and Copper Retention–Final Report 65 

Table 21. Dosing Experiment Raw Data and Summary Statistics for Total Phosphorus (mg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 0.317 0.739 0.241 0.417 0.219 0.324 0.291 0.142 0.18 0.205 

13.4 6.7  0.8 0.285 0.489 0.223  0.263 0.2 0.171 0.213 

13.4 6.7  1.1 0.688 0.192 0.213  0.264 0.199 0.156 0.204 

Average   0.880 0.405 0.366 0.218   0.273 0.180 0.169 0.207 

Median  0.800 0.285 0.417 0.219  0.264 0.199 0.171 0.205 

Percent Reduction   -152 10 -32 31   19 39 47 37 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 1.24 0.911 1.06 1.13 0.986 1.19 1.14 0.981 1.06 0.921 

13.4 6.7  0.986 1.16 1.12 1.16  1.15 1.02 1.06 1.19 

13.4 6.7  1.83 1.13 1.03 0.899  1.13 1.03 1.02 0.98 

Average   1.242 1.117 1.093 1.015   1.140 1.010 1.047 1.030 

Median  0.986 1.130 1.120 0.986  1.140 1.020 1.060 0.980 

Percent Reduction   20 9 10 20   4 14 11 18 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 0.344 0.982 0.169 0.257 0.133 0.351 0.211 0.068 0.118 0.16 

13.4 6.7  1.12 0.367 0.274 0.132  0.2 0.089 0.117 0.186 

13.4 6.7  1.19 0.564 0.157 0.128  0.209 0.101 0.108 0.204 

Average   1.097 0.367 0.229 0.131   0.207 0.086 0.114 0.183 

Median  1.120 0.367 0.257 0.132  0.209 0.089 0.117 0.186 

Percent Reduction   -226 -7 25 62   40 75 67 47 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 1.45 1.45 0.246 0.411 0.19 1.5 0.276 0.086 no sample 0.203 

26.8 11.1  1.86 0.414 0.393 0.178  0.248 0.106 0.339 0.197 

26.8 11.1  1.57 0.488 0.413 0.205  0.259 0.106 0.32 0.216 

Average   1.627 0.383 0.406 0.191   0.261 0.099 0.330 0.205 

Median  1.570 0.414 0.411 0.190  0.259 0.106 0.330 0.203 

Percent Reduction   -8 71 72 87   83 93 78 86 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 0.494 1.12 0.279 0.284 0.215 0.5 0.295 0.186 0.273 0.25 

26.8 11.1  1.33 0.356 0.274 0.224  0.281 0.199 0.26 0.281 

26.8 11.1  1.19 0.289 0.212 0.218  0.289 0.19 0.277 0.276 

Average   1.213 0.308 0.257 0.219   0.288 0.192 0.270 0.269 

Median  1.190 0.289 0.274 0.218  0.289 0.190 0.273 0.276 

Percent Reduction   -141 41 45 56   42 62 45 45 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 22. Dosing Experiment Raw Data and Summary Statistics for Ortho Phosphorus (mg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 0.085 0.516 0.015 0.266 0.03 0.126 0.025 0.014 0.027 0.132 

13.4 6.7  0.56 0.122 0.303 0.028  0.021 0.019 0.028 0.127 

13.4 6.7  0.824 0.448 0.064 0.027  0.023 0.022 0.025 0.137 

Average   0.633 0.195 0.211 0.028   0.023 0.018 0.027 0.132 

Median  0.560 0.122 0.266 0.028  0.023 0.019 0.027 0.132 

Percent Reduction   -559 -44 -213 67   82 85 79 -5 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 0.073 0.674 0.018 0.114 0.032 0.082 0.029 0.021 0.046 0.125 

13.4 6.7  0.79 0.077 0.08 0.032  0.037 0.027 0.047 0.12 

13.4 6.7  1.06 0.112 0.033 0.031  0.03 0.021 0.042 0.133 

Average   0.841 0.069 0.076 0.032   0.032 0.023 0.045 0.126 

Median  0.790 0.077 0.080 0.032  0.030 0.021 0.046 0.125 

Percent Reduction   -982 -5 -10 56   63 74 44 -52 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 0.13 0.8 0.074 0.112 0.036 0.134 0.042 0.025 0.048 0.121 

13.4 6.7  0.97 0.166 0.077 0.034  0.04 0.037 0.05 0.109 

13.4 6.7  0.895 0.292 0.041 0.033  0.051 0.033 0.047 0.128 

Average   0.888 0.177 0.077 0.034   0.044 0.032 0.048 0.119 

Median  0.895 0.166 0.077 0.034  0.042 0.033 0.048 0.121 

Percent Reduction   -588 -28 41 74   69 75 64 10 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 0.071 1.08 0.108 0.214 0.05 1.13 0.097 0.016 no sample 0.102 

26.8 11.1  1.72 0.096 0.183 0.063  0.085 0.022 0.229 0.092 

26.8 11.1  1.38 0.106 0.238 1.12  0.099 0.02 0.204 0.119 

Average   1.393 0.103 0.212 0.411   0.094 0.019 0.217 0.104 

Median  1.380 0.106 0.214 0.063  0.097 0.020 0.217 0.102 

Percent Reduction   -1844 -49 -201 11   91 98 81 91 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 0.134 0.948 0.091 0.076 0.043 0.145 0.058 0.018 0.068 0.08 

26.8 11.1  1.15 0.161 0.039 0.044  0.061 0.025 0.067 0.098 

26.8 11.1  0.983 0.12 0.053 0.042  0.069 0.022 0.066 0.104 

Average   1.027 0.124 0.056 0.043   0.063 0.022 0.067 0.094 

Median  0.983 0.120 0.053 0.043  0.061 0.022 0.067 0.098 

Percent Reduction   -634 10 60 68   58 85 54 32 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 23. Dosing Experiment Raw Data and Summary Statistics for Total Copper (µg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 17 12.8 14.6 43.1 10.7 15.8 13.3 6.6 6.4 4.6 

13.4 6.7  12 24.5 48.3 10.6  14 8.9 7.3 6.5 

13.4 6.7  11.3 71.3 18.1 10.7  11.4 9.3 7.5 5.1 

Average   12.0 36.8 36.5 10.7   12.9 8.3 7.1 5.4 

Median  12.0 24.5 43.1 10.7  13.3 8.9 7.3 5.1 

Percent Reduction   29 -44 -154 37   16 44 54 68 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 12.2 11.8 9.8 22.3 6.9 13.2 10.1 2.7 6.1 3.8 

13.4 6.7  13.9 18.3 20.2 6.5  9.2 3.7 6.4 4.8 

13.4 6.7  12.8 26.9 12 6.7  9.2 3.4 5.9 5.2 

Average   12.8 18.3 18.2 6.7   9.5 3.3 6.1 4.6 

Median  12.8 18.3 20.2 6.7  9.2 3.4 6.1 4.8 

Percent Reduction   -5 -50 -66 45   30 74 54 64 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 15.6 14.3 14.2 28.3 8.8 15.6 12.1 3.6 7.9 3.6 

13.4 6.7  17.4 39.2 26.4 8.4  10.4 4.2 8.2 9 

13.4 6.7  14.3 64.9 15.2 9  10.7 4.1 7.4 10.2 

Average   15.3 39.4 23.3 8.7   11.1 4.0 7.8 7.6 

Median  14.3 39.2 26.4 8.8  10.7 4.1 7.9 9.0 

Percent Reduction   8 -151 -69 44   31 74 49 42 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 546 22 18.4 31.9 13.6 575 20.7 11.6 no sample 18.2 

26.8 11.1  19.2 33.1 26.1 13.2  19 12.8 20.7 20.2 

26.8 11.1  20.4 45.4 24 14.3  19 12.5 20.6 21 

Average   20.5 32.3 27.3 13.7   19.6 12.3 20.7 19.8 

Median  20.4 33.1 26.1 13.6  19.0 12.5 20.7 20.2 

Percent Reduction   96 94 95 98   97 98 96 96 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 23.4 11.4 23.7 31.4 8.8 24.5 10.8 8.4 10.7 10.8 

26.8 11.1  11.7 36.2 20 9.1  10.1 8.3 10.2 10.3 

26.8 11.1  10.4 37 14.2 9.5  10 7.7 10.3 9.6 

Average   11.2 32.3 21.9 9.1   10.3 8.1 10.4 10.2 

Median  11.4 36.2 20.0 9.1  10.1 8.3 10.3 10.3 

Percent Reduction   51 -55 15 61   59 66 58 58 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
 





 

July 2015 

Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorus and Copper Retention–Final Report 71 

Table 24. Dosing Experiment Raw Data and Summary Statistics for Dissolved Copper (µg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 8.8 10.6 6.5 38.5 5 8.6 2.6 0.9 3.7 3.2 

13.4 6.7  9.6 21.7 43.5 4.7  2.6 1.2 4.6 3.6 

13.4 6.7  9.5 68 14.4 4.9  3.4 1.1 3.6 3.6 

Average   9.9 32.1 32.1 4.9   2.9 1.1 4.0 3.5 

Median  9.6 21.7 38.5 4.9  2.6 1.1 3.7 3.6 

Percent Reduction   -9 -147 -338 44   70 87 57 58 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 8.6 11.6 7.9 21 5.4 7.4 2.9 1.4 4.6 3 

13.4 6.7  12.6 16.3 19.2 5.8  2.8 1.6 4.6 3.6 

13.4 6.7  11.6 22.6 10.3 5.9  3.3 1.6 4.2 4.1 

Average   11.9 15.6 16.8 5.7   3.0 1.5 4.5 3.6 

Median  11.6 16.3 19.2 5.8  2.9 1.6 4.6 3.6 

Percent Reduction   -35 -90 -123 33   61 78 38 51 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 8.7 11.2 12.8 23.1 5.9 8.8 3.4 1.3 5 2.7 

13.4 6.7  13.5 34.5 19.6 6.1  4.7 1.7 5.2 8.2 

13.4 6.7  10.8 56.4 11.1 6  3.9 1.6 5.2 8.6 

Average   11.8 34.6 17.9 6.0   4.0 1.5 5.1 6.5 

Median  11.2 34.5 19.6 6.0  3.9 1.6 5.2 8.2 

Percent Reduction   -29 -297 -125 31   56 82 41 7 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 331 18.4 14 25.9 9 297 11.7 7 no sample 13.9 

26.8 11.1  17 20 19.8 9.1  12 8.1 14.5 15.9 

26.8 11.1  16.4 27 17 9  12.8 7.7 14.8 16.5 

Average   17.3 20.3 20.9 9.0   12.2 7.6 14.7 15.4 

Median  17.0 20.0 19.8 9.0  12.0 7.7 14.7 15.9 

Percent Reduction   95 94 94 97   96 97 95 95 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 7.6 9.6 19.1 23.7 4.9 8 3.6 3.3 5.7 8.4 

26.8 11.1  9.5 23.3 11.1 5.1  3.7 3.2 5.7 9.1 

26.8 11.1  8.4 18.3 11.4 5.1  3.8 2.8 5.2 7.3 

Average   9.2 20.2 15.4 5.0   3.7 3.1 5.5 8.3 

Median  9.5 19.1 11.4 5.1  3.7 3.2 5.7 8.4 

Percent Reduction   -25 -151 -50 33   54 60 29 -5 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 25. Dosing Experiment Raw Data and Summary Statistics for Total Zinc (µg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 80 8 6 6 8 64 14 8 6 4 

13.4 6.7  9 7 6 8  14 11 7 4 

13.4 6.7  7 9 5 8  12 11 8 4 

Average   8 7 6 8   13 10 7 4 

Median  8 7 6 8  14 11 7 4 

Percent Reduction   90 91 93 90   78 83 89 94 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 52 5 5 4 4 55 8 4 4 4 

13.4 6.7  6 5 5 4  7 4 4 4 

13.4 6.7  6 4 4 4  8 4 4 4 

Average   6 5 4 4   8 4 4 4 

Median  6 5 4 4  8 4 4 4 

Percent Reduction   88 90 92 92   85 93 93 93 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 82 7 5 7 5 84 11 4 5 4 

13.4 6.7  8 7 6 4  9 4 5 4 

13.4 6.7  8 4 5 5  9 5 4 4 

Average   8 5 6 5   10 4 5 4 

Median  8 5 6 5  9 4 5 4 

Percent Reduction   90 94 93 94   89 95 94 95 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 700 6 8 5 5 740 9 5 no sample 4 

26.8 11.1  7 9 7 5  7 5 6 4 

26.8 11.1  6 4 5 5  6 5 7 4 

Average   6 7 6 5   7 5 7 4 

Median  6 8 5 5  7 5 7 4 

Percent Reduction   99 99 99 99   99 99 99 99 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 78 5 8 12 6 87 10 11 10 6 

26.8 11.1  8 9 8 7  9 8 10 6 

26.8 11.1  7 6 5 7  11 10 11 8 

Average   7 8 8 7   10 10 10 7 

Median  7 8 8 7  10 10 10 6 

Percent Reduction   91 90 90 91   89 89 89 93 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Table 26. Dosing Experiment Raw Data and Summary Statistics for Dissolved Zinc (µg/L). 

Sample  
Event 1  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

9/25/2014 9/26/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 19 5 4 4 4 15 4 4 4 4 

13.4 6.7  4 4 4 4  4 4 4 4 

13.4 6.7  4 7 4 4  4 4 4 4 

Average   4 5 4 4   4 4 4 4 

Median  4 4 4 4  4 4 4 4 

Percent Reduction   79 79 79 79   73 73 73 73 

Sample  
Event 2  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate 

(L/hour) 

10/1/2014 10/2/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 20 4 4 4 4 16 4 4 4 4 

13.4 6.7  4 4 4 4  4 4 4 4 

13.4 6.7  4 4 4 4  4 4 4 4 

Average   4 4 4 4   4 4 4 4 

Median  4 4 4 4  4 4 4 4 

Percent Reduction   80 80 80 80   75 75 75 75 

Sample  
Event 3  Dosing 

Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/15/2014 10/16/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

13.4 6.7 29 5 4 4 4 29 4 5 4 4 

13.4 6.7  4 4 4 4  4 6 5 4 

13.4 6.7  4 10 4 4  4 4 6 5 

Average   4 6 4 4   4 5 5 4 

Median  4 4 4 4  4 5 5 4 

Percent Reduction   86 86 86 86   86 83 83 86 

Sample  
Event 4 

  

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) 

10/29/2014 10/30/2014 

Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 610 4 4 4 4 580 4 4 no sample 4 

26.8 11.1  4 4 4 4  4 4 4 4 

26.8 11.1  4 4 4 4  4 4 4 4 

Average   4 4 4 4   4 4 4 4 

Median  4 4 4 4  4 4 4 4 

Percent Reduction   99 99 99 99   99 99 99 99 

Sample  
Event 5  

  12/10/2014 12/11/2014 

Dosing 
Volume/ 
Column 
(liters) 

Flow 
Rate  

(L/hour) Influent 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de Influent 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

26.8 11.1 33 5 6 4 4 29 4 4 4 4 

26.8 11.1  5 5 4 4  4 4 4 4 

26.8 11.1  5 4 4 4  4 4 4 4 

Average   5 5 4 4   4 4 4 4 

Median  5 5 4 4  4 4 4 4 

Percent Reduction   85 85 88 88   86 86 86 86 

L/hour:  liters per hour 
mg/L:  milligrams per liter 
ash:  high-carbon fly ash 
cp:  coconut coir pith 
de:  diatomaceous earth 
fe:  iron-fused wood chips 
gac:  granular activated charcoal 
vs:  volcanic sand 
ws:  washed sand 
p-layer:  polishing layer 
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Comparison of Research Results to TAPE Performance Targets 
To provide some context for evaluating the performance of the individual treatments, 
statistical analyses were performed to compare the results from this study to applicable 
performance goals specified in Ecology’s TAPE guidelines (Ecology 2011) for basic, enhanced, 
and phosphorus treatment (see Table 27). The statistical analyses involved the computation 
of bootstrapped lower confidence intervals around the mean percent removal for TSS, TP, 
dissolved Zn, and dissolved Cu (Table 28). In addition, a bootstrapped upper confidence limit 
was also computed around the mean effluent concentration for TSS (Table 29). Note that not 
all sampling events met TAPE influent guidelines, and as a result, some sample sizes are 
small. For example, Total phosphorus dosing events 1, 3 and 5 met TAPE guidelines, however 
events 2 and 4 exceeded influent concentrations and were not used. These values were then 
compared to the performance goals identified in Table 27 to determine if specific treatments 
were performing at acceptable levels in accordance with the TAPE guidelines. However, it 
should be noted that this is an applied research study that did not follow TAPE guidelines for 
data collection which require testing of full-scale systems. Accordingly, the following provides 
only a general estimate of treatment performance within the context of the TAPE guidelines. 

Table 27. Basic, Enhanced, and Phosphorus Performance Goals for TAPE Monitoring. 

Performance Goal Influent Range Criteria 

Basic Treatment 20-100 mg/L TSS Effluent goal ≤20 mg/L TSS a 

100-200 mg/L TSS ≥80% TSS removal b 

>200 mg/L TSS >80% TSS removal b 

Enhanced (Dissolved Metals) Treatment  Dissolved copper 
 0.005–0.02 mg/L 

Must meet basic treatment goal and 
exhibit >30% dissolved copper removal b 

Dissolved zinc 
0.02–0.3 mg/L 

Must meet basic treatment goal and 
exhibit >60% dissolved zinc removal b 

Phosphorus Treatment Total phosphorus (TP) 
0.1 to 0.5 mg/L 

Must meet basic treatment goal and 
exhibit ≥50% TP removal b 

Source:  Ecology (2011). 
a The upper 95 percent confidence interval around the mean effluent concentration for the treatment system being evaluated 

must be lower than this performance goal to meet the performance goal with the required 95 percent confidence. 
b The lower 95 percent confidence interval around the mean removal efficiency for the treatment system being evaluated 

must be higher than this performance goal to meet the performance goal with the required 95 percent confidence. 
mg/L = milligrams per liter 
Note:  Only samples falling in the TAPE influent ranges were used for Zn, Cu and TP calculations. All influent concentrations for 
TSS fell within the 20-100 mg/L range except for the second set of columns during sample event 4 which was 205 mg/L.  

Results from this comparison show only the 90vs/10comp/p-layer treatment met the separate 
performance targets for basic treatment that are based on percent removal and effluent 
concentration. None of the treatments met the performance target for phosphorus treatment 
while all of the treatments met the enhanced treatment performance target for dissolved 
zinc. Finally, all of the following treatments met the enhanced treatment performance target 
for dissolved Zn and Cu: 

• 70vs/20cp/10de 

• 70vs/20cp/10gac 

• 70ws/20cp/10ash 

• 70vs/20cp/10ash 
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Table 28. Bootstrapped Lower 95 Percent Confidence Interval  
Around the Mean Removal Efficiency (%). 

Parameter 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

Total Suspended Solids 59.8  30.3 58.0 -9.3 - 4.7 48.6 52.5  93.0 

Total Phosphorus - 205.7 - 30.2  0.0  42.3  25.9  52.6  48.6  39.8 

Dissolved Zinc 84.2 76.1 86.5 86.5  86.2  82.8  82.8  84.5 

Dissolved Copper - 33.5 - 307.2 - 198.9  33.2  55.5  72.7  37.5  19.1 

Bootstrapped confidence limits were calculated using n=15 for each treatment and 5000 bootstrap iterations. 
Negative numbers indicate export. 
Bold values meet performance targets identified in TAPE for the respective parameter. 

Table 29. Bootstrapped Upper 95 Percent Confidence Interval  
Around the Mean Effluent Concentration (mg/L). 

Parameter 60/40 

70vs/ 
20fe/ 
10de 

70vs/ 
20fe/ 

10ash 

70vs/ 
20cp/ 
10de 

70vs/ 
20cp/ 
10gac 

70ws/ 
20cp/ 
10ash 

70vs/ 
20cp/ 
10ash 

90vs/ 
10comp/ 
p-layer 

Total Suspended Solids 18.5 37.9 23.3 47.3 50.4 23.3 24.7 5.6 

Bootstrapped confidence limits were calculated using n=15 for each treatment and 5000 bootstrap iterations. 
Negative numbers indicate export. 
Bold values meet performance targets identified in TAPE for the respective parameter. 
 

Hydraulic Conductivity Evaluation Results 
Two different tests were conducted to evaluate Ksat:  1) column falling head procedure; and 
2) ASTM D2434 (Standard Test Method for Permeability of Granular Soils) conducted by 
Shannon and Wilson. See Sampling and Data Analysis Procedures section above for details. 

For an individual measurement, the column falling head tests results ranged from a high rate 
of 195 inches per hour (in/hr) (497.28 centimeters per hour [cm/hr]) for the 60sand/40comp 
control to a low of 43.06 in/hr (109.38 cm/hr) for the 70ws/20cp/10ash treatment. Mean 
rates ranged from a high of 161.20 in/hr (409.46 cm/hr) for the 60sand/40comp control to a 
low of 56.48 in/hr (143.45 cm/hr) for the 70ws/20cp/10ash treatment. Figure 19 shows mean 
Ksat rates for the column falling head tests by treatment. 

For an individual measurement, Ksat rates from the ASTM D2434 tests ranged from a high rate 
of 196.00 in/hr (497.84.52 cm/hr) for the 90vs/10comp/p-layer treatment to a low of 4.00 
in/hr (10.16 cm/hr) for the 70vs/20cp/10de treatment. Mean rates ranged from a high of 
148.00 in/hr (375.92 cm/hr) for the 90vs/10comp/p-layer treatment to a low of 32.00 in/hr 
(81.28 cm/hr) for the 70ws/20cp/10ash treatment. Figure 20 shows mean Ksat rates from 
ASTM constant head tests by treatment. Note that the ASTM constant head test was not 
performed on the 60san/40comp control. 
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Figure 19. Mean Ksat Rates for Column Falling Head Tests 

 

 

Figure 20. Mean Ksat Rates for ASTM 2434 Tests 
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Plant Growth and Media Physical Properties Results 
Several of the media treatments were sent to Soil Control Labs in California to assess the 
physical and chemical characteristics of the media. The 60sand/40comp was not submitted 
for testing because extensive testing has been conducted on this mix in previous studies. 

As anticipated the media treatments have low organic matter content. However typical 
organic matter content for the 60sand/40comp falls in the range of 3 to 6 percent, so the 
organic matter range of 1.7 to 3.4 shows reasonable alignment with previous analysis. (see 
Table 30).  

Table 30. Media Physical and Chemical Characteristics 

Treatment 
CEC (meq/100 
grams dry soil) 

Organic 
Matter 

(percent) 

Porosity (percent) 

Total Water Filled 
After 2-hr  

Drain-Down 

70vs/20fe/10de 1.7 2.5 47.6 44.8 

70vs/20fe/10ash 2.3 1.7 49.0 44.0 

70vs/20cp/10de 2.4 2.0 52.7 50.5 

70vs/20cp/10gac 1.8 2.7 57.2 52.2 

70ws/20cp/10ash 2.9 3.4 48.9 46.5 

90vs/10comp/p-layer 1.4 1.7 52.3 48.7 

Meq:  milliequivalents 

The cation exchange capacity (CEC) is also low and below the recommended 5 meq/100grams 
dry soil for treatment media (Ecology, 2014). Note that the method used for this analysis is 
CEC Peat (973.09 AOAC15th Edition); however, there are other methods that may produce 
varying results. Porosity and water holding capacity are high in all treatments as anticipated 
with the selection of media components known to have high porosity. The carbon nitrogen 
ratio is not reported given unusual results and possible laboratory error. 

The plant germination and growth tests use three species of plants (cucumber, barley and 
clover) in small pots and controlled indoor growing conditions. Table 31 shows the average 
percent germination and height for all three plant species arranged by germination then 
height from highest to lowest value. All media germinated plants. While no clear pattern 
emerges for specific treatments the media containing compost was the best performer.  

Table 31. Plant Germination and Height Results 

Treatment Germination (%) Height (cm) 

90vs/10comp/player 94.4 8.2 

70vs/20cp/10gac 91.1 6.7 

70vs/20fe/10de 88.9 5.7 

70ws/20cp/10ash 87.8 7.4 

70vs/20fe/10ash 86.7 8.1 

70vs/20cp/10de 85.5 8.3 
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DISCUSSION 
The following provides a discussion of the flushing and dosing results organized by media 
blend treatment. For this discussion the treatments have been grouped under separate 
subsections by bulk organic material as follows: 

Control:  includes 60/40 treatment 

Iron Coated Woodchips:  includes 70vs/20fe/10de and 70vs/20fe/10ash treatments 

Coco coir pith:  70ws/20cp/10ash, 70vs/20cp/10ash, 70vs/20cp/10gac and 70vs/20cp/10de 
treatments 

Compost with polishing layer:  90vs/10comp/p-layer treatment 

60sand/40comp Control 
The 60sand/40comp is the media blend currently prescribed in the SWMMWW, the Stormwater 
Management Manual for Eastern Washington (SWMMEW) and the Low Impact Development 
Technical Guidance Manual for Puget Sound. This blend was used as a control or benchmark to 
compare flushing and dosing performance of the new treatments. 

The 60sand/40comp control performed poorly compared to the other treatments in the 
flushing experiments; especially for nitrate+nitrite, TP, ortho-P, and dissolved Cu. This is 
consistent with previous studies (Herrera 2014a, 2015) that have examined the performance 
of this BSM. For example, in the first sampled nitrate+nitrite flushing event, the median 
effluent concentration (18.6 mg/L) for the 60sand/40comp control was 3 orders of magnitude 
higher than the treatments not containing compost (e.g. 0.02 mg/L for the 70vs/20cp/10ash 
treatment). 

As with the flushing experiments, the 60sand/40comp control generally performed poorly 
compared to other treatments in the dosing experiments. Nitrate+nitrite, ortho-P and 
dissolved Cu were consistently exported from the 60sand/40comp control and median 
effluent concentrations were significantly higher than those for all other treatments. In 
particular, median effluent concentrations for nitrate+nitrite and ortho-P were often an order 
of magnitude higher than concentrations observed for the other treatments. These results 
indicate compost is a significant source of pollutant flushing for this subset of pollutants. 

The 60sand/40comp treatment was in the middle of the performance range for TSS capture at 
71 percent removal for all dosing experiments. 
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70vs/20fe/10de and 70vs/20fe/10ash Treatments 
These blends used fine wood chips coated with iron for the bulk organic material. The 
additives were then varied (diatomaceous earth and high carbon wood ash) to compare 
performance. 

Both blends performed similarly in the flushing tests. Median effluent concentrations for 
nitrate+nitrite and ortho-P for all events were near or the lowest concentrations of all 
treatments. Dissolved Cu performance was not quite as good with median effluent 
concentrations for all events at 3.6 and 3.9 µg/L compared to the better performers with 
median effluent concentrations at or below 1 µg/L. 

For the dosing experiments both of these blends did not perform well compared to the best 
media blends. NO3-NO2 and ortho-P median effluent concentrations for all events were 
higher, but not significantly higher than all treatments except the 60sand/40comp control. 
Percent removal for NO3-NO2 was less than, and at times half of, the better performers for 
many experiments. The iron component of the woods chips was included to capture ortho-P; 
however, for most experiments ortho-P was exported from these blends. Dissolved Cu was 
also exported from these blends for all but the high-dose experiment. The dissolved Cu 
effluent concentrations were high (up to 43.5 µg/L) initially and declined in subsequent 
dosing, but remained high compared to the better performers. 

TSS median percent removal was in the middle of the performance range at 61 percent for 
the 70vs/20fe/10de and 68 percent for the 70vs/20fe/10ash for all dosing experiments. 

While the source and mechanisms are not understood, the iron-coated chips appear to be a 
source of dissolved Cu and did not provide an adequate level of ortho-P capture. 

70vs/20cp/10de, 70vs/20cp/10gac, 70vs/20cp/10ash, and 
70ws/20cp/10ash Treatments 

Coconut coir pith was used in 4 of the 8 blends because of the high water holding capacity 
and desirable structure for plant growth. For the coconut coir pith blends, diatomaceous 
earth, granular activated charcoal and high carbon wood ash were also included for water 
holding capacity, high surface area and water treatment capabilities reported in the 
literature. 

The coconut coir pith treatments were the best performers in the flushing experiments. Of 
the four treatments, the blends with high carbon wood ash and granular activated charcoal 
were the top performers in this group. While the blends containing high carbon wood ash and 
granular activated charcoal performed very well in all experiments for nitrate-nitrite, ortho-P 
and dissolved Cu, the blend containing diatomaceous earth had poorer results for ortho-P. 

These blends were also top performers in the dosing experiments. Again, the blends 
containing high carbon wood ash and granular activated charcoal performed very well in all 
experiments for nitrate-nitrite, ortho-P and dissolved Cu; however, the blend containing 
diatomaceous earth had higher effluent concentrations and poorer percent removal (ranging 
from slight export to 34 percent) for nitrate-nitrite. 
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While the mechanisms are not understood, the coir and granular activated charcoal or high 
carbon wood ash media are successfully capturing nitrate+nitrite ions. In other studies of 
bioretention media performance in this region, nitrate+nitrite ions have proven to be 
exceptionally difficult to remove from stormwater by sorption or complexation mechanisms 
and have only been successfully removed though biological de-nitrification. 

TSS median percent removal for this class of materials varied considerably. The 
70ws/20cp/10ash and 70vs/20cp/10ash were near the top of the performance range at 78 and 
82 percent respectively. However, the 70vs/20cp/10gac was the poorest performer with an 
overall median removal of 8 percent. 

90vs/10comp/p-layer Treatment 
The 90vs/10comp/p-layer was the only other treatment with compost besides the 
60sand/40comp control. The polishing layer was added in an attempt to retain compost as the 
primary bulk organic material, but eliminate export of nitrogen, phosphorus and copper. 
Accordingly, compost was reduced to a minimum while attempting to retain enough organic 
material for water holding capacity and other plant growth characteristics. A polishing layer 
was then incorporated under the media as an aggregate filter using activated alumina for 
capturing phosphate and bone char for capturing copper. 

The 90vs/10comp/p-layer treatment had mixed performance for nitrogen, phosphorus and 
copper flushing. Median effluent concentrations for nitrate+nitrite and ortho-P were 0.192 
and 0.134 mg/L, respectively, for all events (the second highest concentrations after the 
60sand/40comp control). The median effluent concentration for dissolved Cu across all 
flushing events was very low at 1.0 µg/L. For nitrate+nitrite and ortho-P, the 
90vs/10comp/p-layer treatment median effluent concentrations for all events was 
significantly higher than all other treatments. 

The 90vs/10comp/p-layer treatment exhibited poor percent removal for nitrate+nitrite (-200 
to 10 percent) and median effluent concentrations were relatively high (0.851-2.62 mg/L) in 
the dosing experiments. Percent removal for ortho-P was also generally poor (-52-32 percent) 
for the lower-dose experiments and median effluent concentrations moderate (0.098-0.132 
mg/L). In general the 90vs/10comp/p-layer treatment performed better for capturing 
particulate contaminants (presumably because of the very good TSS capture characteristic) 
and relatively poorly for dissolved contaminants. 

The 90vs/10comp/p-layer treatment was the top performer for TSS capture, indicating the 
polishing layer (consisting of a finer sand mix) may provide a higher performance filter for 
mineral and organic particulates than the Type 26 material used in the other treatments. 

Plant Growth and Media Physical Properties 
The physical and chemical analysis of the media treatments present some unusual results and 
generally no clear performance pattern. The low CEC (1.4 to 2.9 meq/100grams dry soil) 
suggest poor treatment capability for cations; however, treatment capability in the dosing 
experiments with the coco coir pith and high-carbon wood ash or granular activated charcoal 
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indicate very good pollutant capture for positive ions. The carbon nitrogen ratio is not 
reported given unusual results and possible laboratory error. 

All media germinated plants. While no clear pattern emerges for specific treatments the 
media containing compost was the best performer for germination and plant height. 

The plant germination tests provide a first look at the media to confirm there are no toxins 
inhibiting germination and that plants grow during the two week test. However, longer-term 
tests with plants specific to bioretention systems are required to adequately assess the media 
for supporting healthy plant growth. 



 

July 2015 

Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorus and Copper Retention–Final Report 85 

CONCLUSIONS AND RECOMMENDATIONS 
This study was implemented to improve BSM performance for the capture and retention of 
nitrogen, phosphorus, and copper. To meet this goal, the study involved separate 
experiments to first identify media components and blends with reduced potential for 
leaching these pollutants. Follow-up experiments were then performed to quantify the 
pollutant capture performance of the media blends. Based on the results from these 
experiments, the following major study conclusions were identified: 

• The 60sand/40comp control exported statistically higher concentrations of 
nitrate+nitrite, TP, ortho-P, and dissolved Cu compared to the non-compost 
treatments during the flushing and dosing phases. Export concentrations were often 1-
2 orders of magnitude higher. These results are consistent with previous studies 
(Herrera 2014a, 2015) performed on this BSM and indicate the compost fraction is the 
predominant source of these pollutants. As a result, the capability of the 60/40 media 
to treat nitrate+nitrite, TP, ortho-P, and dissolved Cu was substantially reduced. 

• All the treatments generally exhibited some initial flushing of TP, ortho-P and 
dissolved Cu; however, concentrations were initially lower and rapidly declined 
relative to those for the 60sand/40comp control. Flushing of TP and ortho-P from the 
60sand/40comp control actually increased substantially before decreasing. 

• The treatment containing 10 percent compost with a polishing layer (90vs/10comp/ 
p-layer) also flushed elevated levels of nitrogen and phosphorus compared to 
treatments not containing compost; however, concentrations were lower than the 
60sand/40comp control. Nitrate+nitrite and ortho-P pollutant capture performance in 
the dosing experiments for the 90vs/10comp/p-layer treatment was better than the 
60sand/40comp control, but significantly poorer than the better performers not 
containing compost. The p-layer treatment did, however, perform relatively well 
overall for dissolved Cu with an overall median effluent concentration of 3.85 µg/L 
compared the best performer at and overall median effluent concentration of 1.6 
µg/LThe 70vs/10comp/p-layer treatment was the best performer for TSS capture, 
likely due the finer texture of the polishing layer compared to the Type 26 drainage 
layer used in all other treatments. 

• The treatments containing iron coated woodchips leached dissolved Cu during the 
dosing experiments; therefore, the treatment capability for copper was poor. This 
leaching pattern was not observed during the flushing experiments. The addition of 
this component to the media blends also did not substantially improve treatment 
performance for phosphorus as originally intended. 

• In general, treatments containing the coco coir pith and either GAC or high carbon 
wood ash were the best performers with regard to pollutant flushing and pollutant 
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capture. The additive (GAC or high carbon wood ash) that provides the most benefit in 
these blends is not clear. 

• Ksat rates for all the treatments tested were extremely high (ranging from 32 to 161 
inches/hour). Performance for TSS and particulate bound pollutants may be improved 
with media blends having lower Ksat rates; however, optimizing treatment 
performance based on this aspect of media design was outside the scope of this study. 

• All media germinated plants and exhibited high water holding capacity and low organic 
matter content as anticipated. However, no clear plant growth performance pattern 
emerged for specific treatments. The plant germination tests provide a first look at 
the media to confirm there are no toxins inhibiting germination and that plants grow 
during the two week test. Note that he carbon nitrogen ratio is not reported given 
unusual results and possible laboratory error. 

Based on these conclusions, the following suite of recommendations are provided to further 
improve media treatment performance and develop an improved BSM specification for 
incorporation in subsequent updates to the SWMMWW and SWMMEW. These recommendations 
are presented in a stepwise sequence to:  1) identify and optimize a preferred BSM; 2) 
investigate the availability of the associated components and conduct full-scale testing, and 
3) develop necessary resources for updating the SWMMWW and SWMMEW. 

1. Identify and optimize a preferred BSM: 

• The study results indicate the treatments containing the coco coir pith are 
generally the best performers out of all the treatments evaluated. However, 
further work is necessary to optimize the hydrologic performance of BSMs 
containing this component and the sands used in the experiments. At present, 
Ksat rates for the treatments containing coco coir pith and washed or volcanic 
sands range from approximately 32 to 161 inches/hour depending on the test 
used and specific treatment tested. These high Ksat rates likely contribute to 
reduced treatment performance for particulate bound pollutants. At present, the 
treatments containing coir coco pith and washed or volcanic sands do not appear 
to meet treatment goals identified in the TAPE guidelines for basic treatment; 
however, 70vs/20cp/10de, 70vs/20cp/10gac, 70ws/20cp/10ash and 70vs/20cp/10ash 
meet enhanced treatment for dissolved Cu and Zn. To optimize hydrologic and 
water quality treatment performance for TSS and TP, additional laboratory and 
pilot scale studies are recommended to develop media blends with lower Ksat 
rates or determine the feasibility of using outlet controls to restrict flows through 
the media. 

• The study results also indicated that GAC and high carbon wood ash increase 
treatment performance for several pollutants; however, it is not clear which 
component provides the most benefit. Therefore, additional lab and pilot scale 
studies are recommended to obtain more data on the performance of these media 
components. These studies could be performed in tandem with the studies from 
the previous recommendation. 
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• Compost is a key component of the default BSM for promoting plant growth. This 
study has shown treatments that incorporate coir coco pith provide superior 
treatment performance relative to those containing compost. Furthermore, results 
from this study suggest treatments that incorporate coir coco pith will germinate 
plants. However, more detailed studies on plant establishment and health are 
recommended to confirm the capability of these media to support healthy plants. 

• Ongoing research by Washington State University (WSU) has shown that stormwater 
treated through bioretention systems is significantly less toxic to Coho salmon and 
other aquatic organisms relative to untreated stormwater. To date, these studies 
have largely focused on bioretention systems using the default BSM containing 60% 
sand and 40% compost or 60% sand, 15% compost and other additives. To ensure 
bioretention systems will continue to provide protection for aquatic organisms, this 
toxicological research should be expanded to investigate alternative treatments 
identified through this study and future studies. 

2. Investigate the availability of BSM components and conduct full-scale testing 

• Once candidate treatments are identified, conduct analysis to confirm all the 
individual components can be made available in sufficient quantities to meet 
expected demand. When making this determination, the analysis should 
incorporate factors such as cost, source location, manufacturing processes, 
sustainability, and patent infringement. 

• Due to the presence of data artifacts that may be introduced through pilot scale 
studies, the preferred treatment(s) should also be subject to full-scale testing to 
confirm the expected performance. 

3. Develop necessary resources for updating the SWMMWW and SWMMEW 

• Once a preferred treatment is identified, guidelines for consistency and quality 
control should be developed for the individual components and subsequent blend 
to ensure expected performance. 

• Based on the Ksat rate for the preferred treatment (or use of an outlet control) 
update sizing criteria to ensure constructed systems will provide adequate 
treatment for the design condition. 





 

July 2015 

Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorus and Copper Retention–Final Report 89 

REFERENCES 
Ecology. 2011. Technical Guidance Manual for Evaluating Emerging Stormwater Treatment 
Technologies:  Technology Assessment Protocol–Ecology. Publication Number 14-10-061. 
Washington State Department of Ecology. August 2011. 

Ecology. 2014. 2012 Stormwater Management Manual for Western Washington (as Amended in 
2014. Publication Number 14-10-055. Washington State Department of Ecology. December 
2014. 

Helsel, D.R. and R.M. Hirsch. 2002. Studies in Environmental Science 49:  Statistical Methods 
in Water Resources. Elsevier Science Publishers, Amsterdam. 

Herrera. 2014a. Final Report:  185th Avenue NE Bioretention Stormwater Treatment System 
Performance Monitoring. Prepared for City of Redmond, by Herrera Environmental 
Consultants, Inc., Seattle, Washington. March 6, 2014. 

Herrera. 2014b. Quality Assurance Project Plan:  Analysis of Bioretention Soil Media for 
Improved Nitrogen, Phosphorus and Copper Retention. Prepared for Kitsap County by Herrera 
Environmental Consultants, Inc., Seattle, Washington. March 25, 2014. 

Herrera. 2014c. Quality Assurance Project Plan:  Analysis of Bioretention Soil Media for 
Improved Nitrogen, Phosphorus and Copper Retention. Prepared for Kitsap County by Herrera 
Environmental Consultants, Inc., Seattle, Washington. November 21, 2014. 

Herrera. 2015. Interim Project Report:  City of Redmond Six Bioretention Swales Monitoring. 
Prepared for City of Redmond, by Herrera Environmental Consultants, Inc., Seattle, 
Washington. February 20, 2015. 

Pitt, Robert and Shirley Clark, 2010. Evaluation of Biofiltration Media for Engineered Natural 
Treatment Systems. Expert Panel Metals Background Report for Santa Susana Field 
Laboratory. Prepared for Geosyntec Consultants for The Boeing Company. May 10. 

























































































































































































































































July 2015 

Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorous and Copper Retention – Final Report D-37 

Table D-19. Data Quality Assurance Worksheet: Dosing Experiments (12-11-14 Water) 
Columns: 11,32,63,31,61,62,43,71,41,23,81  Entry date 1/12/2015 Page 1 of 1 

Laboratory/Parameters: TSS, hardness, DOC, total and dissolved metals, TP, Ortho-P, TKN, NO3-NO2, BLM ions (see QAPP)  Checked by: Gina Catarra 
Sample Date/Sample ID/Lab ID: 12-11-14 /S14-05757-0271 thru S14-05757-0284 /ARI ZO32   Sample collection time: No time specified 

Parameter 
Completeness/ 
Methodology 

Pre-filter  
Holding  

Time 
Total Holding 

Time 
Lab Method Blanks/ 

Reporting Limit 

Surrogate 
Recovery 

(% Recovery) 
Matrix Spikes 
 (% Recovery) 

Lab Duplicates 
 (RPD) b 

Field Duplicates 
(RSDp) Rinsate Blanks 

Lab Control 
Standard  

(% Recovery) 

Action Reported Goal Reported Goal Reported Goal Reported Goal Reported Goal Reported Goal Reported Goal Reported Goal Reported Goal 

Total 
Suspended 
Solids 

SM 2540D NA NA 4 7dy OK ≤1.0 mg/L NA NA NA NA OK 
(LCS/LCSD 

+ dup) 

≤20%or±2xRL NA ≤35% OK ≤2xRL OK ±20 None 

PSD TAPE App F NA NA  7dy  0.1microns NA NA NA NA  ≤20% NA ≤35%  ≤2xRL  NA Not Requested 

Hardnessa SM2340-C NA NA 7 6mo OK ≤1.0mg/La NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK ±20 None 

DOC EPA 9060 OK 15min‡ 1 28 dy OK ≤1.5mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK (SRM) ±20 None 

Total 
Phosphorus 

EPA 365.2 NA NA 19 28dy OK ≤0.008mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK (SRM) ±20 None 

Ortho P EPA 365.2 OK 15min‡ 1 2dy OK ≤0.004mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK (SRM) ±20 None 

TKN EPA 351.2 NA NA 18 28dy OK ≤1.0 mg/L NA NA OK ±25 OK 
(LCS/LCSD 

+ dup) 

≤20%or±2xRL NA ≤35% OK ≤2xRL OK (LCS + 
SRM) 

±20 None 

Nitrate+ 
nitrite 

EPA 353.2 OK 48hr 1 28dy OK ≤0.01 mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% 0.015 
(<2xRL) 

≤2xRL OK (SRM) ±20 None 

Sulfate EPA375-2 NA NA 4 28dy OK ≤2.0 mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK (SRM) ±20 None 

Chloride EPA 325.2 NA NA 1 28dy OK ≤1.0 mg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35%  
OK 

≤2xRL OK (SRM) ±20 None 

Alkalinity SM 2320 NA NA 6 14dy OK ≤1.0mg/L NA NA NA NA OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK (SRM) ±20 None 

Total metals EPA 200.8 / 
6010C 

NA NA 5 180 dy OK 0.1 – 50 µg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% ZN=4 
(<2xRL) 

≤2xRL OK ±20 None 

Dissolved 
metals 

EPA 200.8 / 
6010C 

OK 15min‡ 
(dissolved) 

5-11 180 dy OK 0.1-500 µg/L NA NA OK ±25 OK ≤20%or±2xRL NA ≤35% OK ≤2xRL OK ±20 None 

a as CaCO3 
b The relative percent difference (RPD) must be less than or equal to the indicated percentage for values that are greater than 5 times the reporting limit. 

RPD must be within ±2 times the reporting limit for values that are less than or equal to 5 times the reporting limit. 
c EPA requires field filtering within 15 min of collection of the last aliquot.  This is generally not feasible with flow weighted composite sampling.  
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Table E-1. Mineral Bulk SPLP Extraction Results. 
Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value Sample Component Overall Rank 

4/28/2014 S14-05757-0003 1 volcanic sand mineral bulk mg/L U TKN 1.0 volcanic sand 12 

4/28/2014 S14-05757-0004 1 Corliss utility sand mineral bulk mg/L U TKN 1.0 rhyolite sand 12 

4/28/2014 S14-05757-0005 1 Corliss pipe bedding mineral bulk mg/L U TKN 1.0 crushed brick fines 13 

4/28/2014 S14-05757-0007 1 rhyolite sand mineral bulk mg/L U TKN 1.0 washed sand 13 

4/28/2014 S14-05757-0008 1 Miles Canyon sand mineral bulk mg/L U TKN 1.0 eastern OR iron sand 15 

4/28/2014 S14-05757-0009 1 crushed brick fines mineral bulk mg/L U TKN 1.0 Miles Canyon sand 17 

5/12/2014 S14-05757-0016 1 eastern OR iron sand mineral bulk mg/L U TKN 1.0 Corliss pipe bedding 19 

5/12/2014 S14-05757-0017 1 lava sand mineral bulk mg/L U TKN 1.0 Corliss utility sand 20 

5/12/2014 S14-05757-0018 1 washed sand mineral bulk mg/L U TKN 1.0 laval sand 23 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0003 1 volcanic sand mineral bulk mg/L  Nitrate-Nitrite 0.023   

5/12/2014 S14-05757-0016 2 eastern OR iron sand mineral bulk mg/L  Nitrate-Nitrite 0.024   

5/12/2014 S14-05757-0018 3 washed sand mineral bulk mg/L  Nitrate-Nitrite 0.024   

4/28/2014 S14-05757-0008 4 Miles Canyon sand mineral bulk mg/L  Nitrate-Nitrite 0.021   

5/12/2014 S14-05757-0017 5 lava sand mineral bulk mg/L  Nitrate-Nitrite 0.037   

4/28/2014 S14-05757-0005 6 Corliss pipe bedding mineral bulk mg/L  Nitrate-Nitrite 0.02   

4/28/2014 S14-05757-0004 7 Corliss utility sand mineral bulk mg/L  Nitrate-Nitrite 0.029   

4/28/2014 S14-05757-0007 8 rhyolite sand mineral bulk mg/L  Nitrate-Nitrite 0.604   

4/28/2014 S14-05757-0009 9 crushed brick fines mineral bulk mg/L  Nitrate-Nitrite 2.46   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0009 1 crushed brick fines mineral bulk mg/L  Ortho-Phosphorus 0.012   

4/28/2014 S14-05757-0007 2 rhyolite sand mineral bulk mg/L  Ortho-Phosphorus 0.015   

4/28/2014 S14-05757-0003 3 volcanic sand mineral bulk mg/L  Ortho-Phosphorus 0.03   

4/28/2014 S14-05757-0008 4 Miles Canyon sand mineral bulk mg/L  Ortho-Phosphorus 0.046   

5/12/2014 S14-05757-0018 5 washed sand mineral bulk mg/L  Ortho-Phosphorus 0.12   

4/28/2014 S14-05757-0004 6 Corliss utility sand mineral bulk mg/L  Ortho-Phosphorus 0.136   

4/28/2014 S14-05757-0005 7 Corliss pipe bedding mineral bulk mg/L  Ortho-Phosphorus 0.144   

5/12/2014 S14-05757-0017 8 lava sand mineral bulk mg/L  Ortho-Phosphorus 0.305   

5/12/2014 S14-05757-0016 9 eastern OR iron sand mineral bulk mg/L  Ortho-Phosphorus 0.424   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0007 1 rhyolite sand mineral bulk mg/L  Dissolved Cu 0.0009   

4/28/2014 S14-05757-0009 2 crushed brick fines mineral bulk mg/L  Dissolved Cu 0.002   

5/12/2014 S14-05757-0018 4 washed sand mineral bulk mg/L  Dissolved Cu 0.005   

4/28/2014 S14-05757-0005 5 Corliss pipe bedding mineral bulk mg/L  Dissolved Cu 0.0054   

4/28/2014 S14-05757-0004 6 Corliss utility sand mineral bulk mg/L  Dissolved Cu 0.0055   

4/28/2014 S14-05757-0003 7 volcanic sand mineral bulk mg/L  Dissolved Cu 0.0058   

4/28/2014 S14-05757-0008 8 Miles Canyon sand mineral bulk mg/L  Dissolved Cu 0.0095   

5/12/2014 S14-05757-0017 9 lava sand mineral bulk mg/L  Dissolved Cu 0.014    
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Table E-2. Organic Bulk SPLP Extraction Results. 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value Sample Component Overall Rank 

4/28/2014 S14-05757-0010 1 iron-coated wood chips organic bulk mg/L U TKN 1.0 iron-coated wood chips 6 

4/28/2014 S14-05757-0015 1 Coco peat organic bulk mg/L U TKN 1.0 Coco peat 8 

7/16/2014 S14-05757-0024 1 Coco coir pith organic bulk mg/L U TKN 1.0 Coco coir pith 12 

7/16/2014 S14-05757-0025 2 Land Recovery Inc. compost organic bulk mg/L  TKN 5.4 Dakota Peat 13 

4/28/2014 S14-05757-0002 3 Dakota Peat organic bulk mg/L  TKN 6.4 Land Recovery Inc. compost 18 

5/12/2014 S14-05757-0020 4 Cedar Grove special compost organic bulk mg/L  TKN 20.0 Cedar Grove special compost 22 

5/12/2014 S14-05757-0019 5 Cedar Grove compost organic bulk mg/L  TKN 24.0 Cedar Grove compost 22 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0010 1 iron-coated wood chips organic bulk mg/L U Nitrate-Nitrite 0.01   

4/28/2014 S14-05757-0015 2 Coco peat organic bulk mg/L  Nitrate-Nitrite 0.017   

7/16/2014 S14-05757-0024 3 Coco coir pith organic bulk mg/L  Nitrate-Nitrite 0.037   

7/16/2014 S14-05757-0025 4 Land Recovery Inc. compost organic bulk mg/L  Nitrate-Nitrite 0.188   

5/12/2014 S14-05757-0019 5 Cedar Grove compost organic bulk mg/L  Nitrate-Nitrite 0.674   

5/12/2014 S14-05757-0020 6 Cedar Grove special compost organic bulk mg/L  Nitrate-Nitrite 0.727   

4/28/2014 S14-05757-0002 7 Dakota Peat organic bulk mg/L  Nitrate-Nitrite 20.4   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0010 1 iron-coated wood chips organic bulk mg/L  Ortho-Phosphorus 0.006   

4/28/2014 S14-05757-0002 2 Dakota Peat organic bulk mg/L  Ortho-Phosphorus 0.125   

4/28/2014 S14-05757-0015 3 Coco peat organic bulk mg/L  Ortho-Phosphorus 0.459   

7/16/2014 S14-05757-0024 4 Coco coir pith organic bulk mg/L  Ortho-Phosphorus 0.662   

5/12/2014 S14-05757-0020 5 Cedar Grove special compost organic bulk mg/L  Ortho-Phosphorus 5.08   

5/12/2014 S14-05757-0019 6 Cedar Grove compost organic bulk mg/L  Ortho-Phosphorus 6.5   

7/16/2014 S14-05757-0025 7 Land Recovery Inc. compost organic bulk mg/L  Ortho-Phosphorus 7.84   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0002 1 Dakota Peat organic bulk mg/L  Dissolved Cu 0.0009   

4/28/2014 S14-05757-0015 2 Coco peat organic bulk mg/L  Dissolved Cu 0.0009   

4/28/2014 S14-05757-0010 3 iron-coated wood chips organic bulk mg/L  Dissolved Cu 0.0012   

7/16/2014 S14-05757-0024 4 Coco coir pith organic bulk mg/L  Dissolved Cu 0.0017   

7/16/2014 S14-05757-0025 5 Land Recovery Inc. compost organic bulk mg/L  Dissolved Cu 0.0101   

5/12/2014 S14-05757-0019 6 Cedar Grove compost organic bulk mg/L  Dissolved Cu 0.024   

5/12/2014 S14-05757-0020 7 Cedar Grove special compost organic bulk mg/L  Dissolved Cu 0.024   
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Table E-3. Mineral Additive SPLP Extraction Results. 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value Sample Component Overall Rank 

4/28/2014 S14-05757-0001 1 diatomaceous earth mineral additive mg/L U TKN 1.0 diatomaceous earth 6 

4/28/2014 S14-05757-0006 1 zeolite mineral additive mg/L U TKN 1.0 activated alumina 8 

4/28/2014 S14-05757-0013 1 activated alumina mineral additive mg/L U TKN 1.0 oyster shells 9 

5/12/2014 S14-05757-0021 1 oyster shells mineral additive mg/L U TKN 1.0 zeolite 11 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0001 1 diatomaceous earth mineral additive mg/L  Nitrate-Nitrite 0.092   

4/28/2014 S14-05757-0013 2 activated alumina mineral additive mg/L  Nitrate-Nitrite 0.44   

5/12/2014 S14-05757-0021 3 oyster shells mineral additive mg/L  Nitrate-Nitrite 0.746   

4/28/2014 S14-05757-0006 4 zeolite mineral additive mg/L  Nitrate-Nitrite 0.741   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0013 1 activated alumina mineral additive mg/L U Ortho-Phosphorus 0.004   

5/12/2014 S14-05757-0021 2 oyster shells mineral additive mg/L  Ortho-Phosphorus 0.028   

4/28/2014 S14-05757-0001 3 diatomaceous earth mineral additive mg/L  Ortho-Phosphorus 0.032   

4/28/2014 S14-05757-0006 4 zeolite mineral additive mg/L  Ortho-Phosphorus 0.043   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0001 1 diatomaceous earth mineral additive mg/L  Dissolved Cu 0.0013   

4/28/2014 S14-05757-0006 2 zeolite mineral additive mg/L  Dissolved Cu 0.0018   

5/12/2014 S14-05757-0021 3 oyster shells mineral additive mg/L U Dissolved Cu 0.002   

4/28/2014 S14-05757-0013 4 activated alumina mineral additive mg/L  Dissolved Cu 0.0023   
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Table E-4. Organic Additive SPLP Extraction Results. 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value Sample Component Overall Rank 

4/28/2014 S14-05757-0011 1 High carbon wood ash PD 100+ mesh organic additive mg/L U TKN 1.0 High carbon wood ash PD 100+ mesh 7 

4/28/2014 S14-05757-0012 1 High carbon wood ash AS 100+ mesh organic additive mg/L U TKN 1.0 GAC 1230AWb2 8 

4/28/2014 S14-05757-0014 1 GAC 1230AWa organic additive mg/L U TKN 1.0 GAC 1230AWa1 9 

6/11/2014 S14-05757-0022 1 GAC 824BC organic additive mg/L U TKN 1.0 High carbon wood ash AS 100+ mesh 12 

7/16/2014 S14-05757-0023 1 GAC 1230AWb organic additive mg/L U TKN 1.0 Biochar 16 

7/16/2014 S14-05757-0022a 2 Biochar organic additive mg/L  TKN 2.0 GAC 824BC 18 

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

7/16/2014 S14-05757-0023 1 GAC 1230AWb organic additive mg/L  Nitrate-Nitrite 0.016   

4/28/2014 S14-05757-0011 2 High carbon wood ash PD 100+ mesh organic additive mg/L  Nitrate-Nitrite 0.021   

4/28/2014 S14-05757-0014 3 GAC 1230AWa organic additive mg/L  Nitrate-Nitrite 0.034   

7/16/2014 S14-05757-0022a 4 Biochar organic additive mg/L  Nitrate-Nitrite 0.068   

4/28/2014 S14-05757-0012 5 High carbon wood ash AS 100+ mesh organic additive mg/L  Nitrate-Nitrite 0.118   

6/11/2014 S14-05757-0022 6 GAC 824BC organic additive mg/L  Nitrate-Nitrite 0.119   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

7/16/2014 S14-05757-0023 1 GAC 1230AWb organic additive mg/L  Ortho-Phosphorus 0.155   

4/28/2014 S14-05757-0014 2 GAC 1230AWa organic additive mg/L  Ortho-Phosphorus 0.434   

4/28/2014 S14-05757-0011 3 High carbon wood ash PD 100+ mesh organic additive mg/L  Ortho-Phosphorus 0.518   

4/28/2014 S14-05757-0012 4 High carbon wood ash AS 100+ mesh organic additive mg/L  Ortho-Phosphorus 0.706   

6/11/2014 S14-05757-0022 5 GAC 824BC organic additive mg/L  Ortho-Phosphorus 2.78   

7/16/2014 S14-05757-0022a 6 Biochar organic additive mg/L  Ortho-Phosphorus 14.9   

Sample Date Sample ID (Herrera) Rank Sample Component Sample Treatment Type Units Data Qualifier Parameter Value   

4/28/2014 S14-05757-0011 1 High carbon wood ash PD 100+ mesh organic additive mg/L U Dissolved Cu 0.0005   

4/28/2014 S14-05757-0012 2 High carbon wood ash AS 100+ mesh organic additive mg/L U Dissolved Cu 0.0005   

4/28/2014 S14-05757-0014 3 GAC 1230AWa organic additive mg/L U Dissolved Cu 0.0005   

7/16/2014 S14-05757-0022a 4 Biochar organic additive mg/L U Dissolved Cu 0.0005   

7/16/2014 S14-05757-0023 5 GAC 1230AWb organic additive mg/L  Dissolved Cu 0.0006   

6/11/2014 S14-05757-0022 6 GAC 824BC organic additive mg/L  Dissolved Cu 0.002   
1 GAC 1230AW = sample from old material (Olympia study) 
2 GAC 1230AW = sample from new material (sent from Charcoal House) 
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Interaction p−value :  7.3e−16 *** 0
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Two−Way ANOVA on Effluent (ranks)

Treatment p−value :  4.77e−15 ***

Sample Event p−value :  2.03e−19 ***

Interaction p−value :  1.66e−07 *** 0
50

0
10

00
15

00
20

00
25

00
30

00
35

00
Treatment

m
g/

L
60/40 70vs/20fe/10ash 70vs/20cp/10gac 70vs/20cp/10ash

70vs/20fe/10de 70vs/20cp/10de 70ws/20cp/10ash 90vs/10comp/player

Effluent Concentration by Treatment

b d bcd bc d cd d

a

July 2015 
Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorus and Copper Retention–Final Report

 
F-17



0 20 40 60 80 100

0
2

4
6

8
10

12
14

16
18

Percent Water Year

m
g−

N
/L

−

−

−
−

−
−

−−

Effluent Concentration by Percent Water Year
Total Kjeldahl Nitrogen

−−− −−− −−− −−−−−

−

−−− −−− −−−−−− −−− −−− −−−
−−−

−−− −−− −−−−−− −−− −−− −−−−−− −−− −−− −−−

−
−
−

−−− −−− −−−

60/40
70vs/20fe/10de
70vs/20fe/10ash
70vs/20cp/10de
70vs/20cp/10gac
70ws/20cp/10ash
70vs/20cp/10ash
90vs/10comp/player
Reporting Limit ( 1 mg−N/L )

Two−Way ANOVA on Effluent (ranks)

Treatment p−value :  1.64e−32 ***

Sample Event p−value :  9.15e−23 ***

Interaction p−value :  8.1e−14 *** 0
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Two−Way ANOVA on Effluent (ranks)

Treatment p−value :  1.43e−44 ***

Sample Event p−value :  1.19e−47 ***

Interaction p−value :  3.48e−27 *** 0.
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Treatment p−value :  2.13e−18 ***

Sample Event p−value :  2.01e−29 ***

Interaction p−value :  6.44e−12 *** 0
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Analysis of Bioretention Soil Media for Improved Nitrogen, Phosphorous and Copper Retention – Final Report G-1 

Table G-1. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Alkalinity (mg/L as CaCO3) 
60/40 49.9 52.9 126.0 242.0 271.0 

70vs/20fe/10de 6.1 7.2 10.7 11.2 11.6 

70vs/20fe/10ash 8.5 9.9 13.0 15.8 21.3 

70vs/20cp/10de 4.1 4.7 4.8 5.3 5.4 

70vs/20cp/10gac 8.5 9.0 15.0 32.6 34.8 

70ws/20cp/10ash 6.8 9.2 11.5 13.9 17.3 

70vs/20cp/10ash 5.5 6.7 9.6 12.5 14.2 

90vs/10comp/player 28.8 32.8 33.1 174.0 202.0 

Cadmium, Dissolved (µg/L) 
60/40 0.1 0.1 0.1 0.1 0.1 

70vs/20fe/10de 0.1 0.1 0.1 0.1 0.1 

70vs/20fe/10ash 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10de 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10gac 0.1 0.1 0.1 0.1 0.1 

70ws/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

90vs/10comp/player 0.1 0.1 0.1 0.1 0.1 

Cadmium, Total (µg/L) 
60/40 0.0 0.0 0.1 0.2 0.4 

70vs/20fe/10de 0.1 0.1 0.1 0.1 0.1 

70vs/20fe/10ash 0.0 0.1 0.1 0.1 0.2 

70vs/20cp/10de 0.0 0.1 0.1 0.1 0.2 

70vs/20cp/10gac 0.1 0.1 0.1 0.1 0.1 

70ws/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

90vs/10comp/player 0.1 0.1 0.1 0.1 0.1 

Calcium (mg/L) 
60/40 6,980 9,105 16,550 70,300 136,000 

70vs/20fe/10de 1,040 1,490 2,915 6,500 10,400 

70vs/20fe/10ash 1,320 1,795 3,780 6,015 10,100 

70vs/20cp/10de 750 1,070 1,790 9,795 18,000 

70vs/20cp/10gac 1,160 1,730 2,735 6,945 11,500 

70ws/20cp/10ash 1,200 1,460 2,095 6,755 14,400 

70vs/20cp/10ash 1,060 1,415 2,215 7,195 12,000 

90vs/10comp/player 8,780 10,550 13,550 14,800 20,300 
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Table G-1 Continued. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Chloride (mg/L) 
60/40 1.3 5.0 149.1 300.0 336.0 

70vs/20fe/10de 1.2 1.5 6.7 12.2 14.4 

70vs/20fe/10ash 1.9 2.0 3.7 6.3 9.3 

70vs/20cp/10de 0.2 0.8 19.8 39.7 42.7 

70vs/20cp/10gac 1.2 1.2 5.2 9.4 9.6 

70ws/20cp/10ash 0.2 0.9 13.0 29.4 35.7 

70vs/20cp/10ash 0.2 0.7 11.8 23.7 24.4 

90vs/10comp/player 26.6 32.9 41.0 51.5 62.5 

Copper, Dissolved (µg/L) 
60/40 4.4 5.7 9.3 25 39.1 

70vs/20fe/10de 1.5 2.1 3.0 5.5 9.9 

70vs/20fe/10ash 1.5 2.7 3.8 4.4 6.1 

70vs/20cp/10de 0.3 0.8 1.1 1.9 3.6 

70vs/20cp/10gac 0.1 0.2 0.5 1.1 2.2 

70ws/20cp/10ash 0.3 0.5 0.6 0.7 1.0 

70vs/20cp/10ash 0.4 0.8 1.1 1.5 2.2 

90vs/10comp/player 0.7 0.9 1.0 3.9 6.8 

Copper, Total (µg/L) 
60/40 7.7 8.6 16.4 33.7 44.0 

70vs/20fe/10de 5.1 7.5 11.0 12.9 16.3 

70vs/20fe/10ash 5.7 8.5 13.0 19.9 27.2 

70vs/20cp/10de 2.5 3.8 8.3 14.8 20.5 

70vs/20cp/10gac 1.2 2.6 4.4 14.0 19.7 

70ws/20cp/10ash 1.7 2.7 6.1 9.3 14.3 

70vs/20cp/10ash 1.2 2.9 6.3 10.3 13.9 

90vs/10comp/player 1.7 2.9 4.9 14.7 27.4 

Dissolved Organic Carbon (mg/L) 
60/40 5.1 7.1 12.4 68.6 138.0 

70vs/20fe/10de 2.3 3.5 6.5 22.3 43.5 

70vs/20fe/10ash 1.8 3.0 5.7 14.7 26.7 

70vs/20cp/10de 0.2 1.3 2.0 5.8 16.6 

70vs/20cp/10gac 0.0 0.2 1.1 4.8 17.9 

70ws/20cp/10ash 0.0 0.3 1.1 4.0 14.1 

70vs/20cp/10ash 0.1 0.4 1.4 4.1 12.0 

90vs/10comp/player 0.1 0.4 0.9 3.1 10.7 
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Table G-1 Continued. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Hardness (mg/L) 
60/40 29.0 40.0 65.5 181.8 530.0 

70vs/20fe/10de 5.2 7.4 13.0 23.3 43.0 

70vs/20fe/10ash 6.9 9.3 17.0 26.3 42.0 

70vs/20cp/10de 3.9 6.5 10.2 28.5 73.0 

70vs/20cp/10gac 5.5 8.8 12.5 22.3 47.0 

70ws/20cp/10ash 6.2 7.1 12.0 25.5 60.0 

70vs/20cp/10ash 4.6 7.0 11.3 24.3 48.0 

90vs/10comp/player 33.0 46.8 62.0 71.3 87.0 

Lead, Dissolved (µg/L) 
60/40 0.1 0.1 0.1 0.2 0.2 

70vs/20fe/10de 0.0 0.0 0.1 0.1 0.2 

70vs/20fe/10ash 0.0 0.1 0.1 0.1 0.2 

70vs/20cp/10de 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10gac 0.1 0.1 0.1 0.1 0.1 

70ws/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

70vs/20cp/10ash 0.1 0.1 0.1 0.1 0.1 

90vs/10comp/player 0.1 0.1 0.1 0.1 0.1 

Lead, Total (µg/L) 
60/40 1.1 1.4 1.9 2.8 3.4 

70vs/20fe/10de 0.4 0.6 1.0 1.2 1.5 

70vs/20fe/10ash 0.5 0.8 1.5 2.6 3.8 

70vs/20cp/10de 0.2 0.4 0.8 1.5 1.7 

70vs/20cp/10gac 0.1 0.3 0.4 0.9 1.1 

70ws/20cp/10ash 0.3 0.4 0.9 1.3 1.9 

70vs/20cp/10ash 0.1 0.4 0.7 1.0 1.2 

90vs/10comp/player 0.1 0.2 0.4 0.8 1.3 

Magnesium (µg/L) 
60/40 2,690 3,455 5,865 23,580 45,400 

70vs/20fe/10de 630 820 1,405 2,685 4,170 

70vs/20fe/10ash 850 985 1,865 2,910 4,190 

70vs/20cp/10de 480 750 1,380 4,250 6,760 

70vs/20cp/10gac 620 910 1,395 2,970 4,630 

70ws/20cp/10ash 690 850 1,660 4,050 5,840 

70vs/20cp/10ash 480 705 1,415 3,400 4,710 

90vs/10comp/player 2,600 3,935 6,825 8,365 8,880 
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Table G-1 Continued. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Nitrate + Nitrite (mg-N/L) 
60/40 0.42 0.84 1.28 9.02 19.80 

70vs/20fe/10de 0.01 0.01 0.01 0.02 0.02 

70vs/20fe/10ash 0.01 0.01 0.01 0.01 0.02 

70vs/20cp/10de 0.01 0.01 0.01 0.02 0.02 

70vs/20cp/10gac 0.01 0.01 0.02 0.02 0.03 

70ws/20cp/10ash 0.00 0.01 0.02 0.02 0.18 

70vs/20cp/10ash 0.01 0.01 0.01 0.02 0.02 

90vs/10comp/player 0.07 0.10 0.19 0.70 1.30 

Ortho-Phosphorus (mg-P/L) 
60/40 0.36 0.70 1.02 1.10 1.31 

70vs/20fe/10de 0.02 0.03 0.03 0.04 0.05 

70vs/20fe/10ash 0.02 0.02 0.03 0.03 0.04 

70vs/20cp/10de 0.06 0.11 0.20 0.31 0.40 

70vs/20cp/10gac 0.01 0.01 0.02 0.04 0.06 

70ws/20cp/10ash 0.03 0.04 0.05 0.06 0.08 

70vs/20cp/10ash 0.03 0.05 0.10 0.24 0.41 

90vs/10comp/player 0.11 0.12 0.13 0.34 0.62 

Dissolved Potassium (µg/L) 
60/40 14,400 18,100 25,000 31,600 34,100 

70vs/20fe/10de 1,270 1,380 1,540 1,790 1,990 

70vs/20fe/10ash 1,100 1,340 1,630 2,310 2,430 

70vs/20cp/10de 1,218 1,334 1,420 1,560 1,700 

70vs/20cp/10gac 860 940 1,390 1,430 1,510 

70ws/20cp/10ash 265 570 610 1,480 1,790 

70vs/20cp/10ash 290 570 600 1,340 1,450 

90vs/10comp/player 4,730 5,080 7,550 23,500 28,800 

Dissolved Sodium (µg/L) 
60/40 1810 1,920 4,540 127,000 145,000 

70vs/20fe/10de 1180 1,410 1,960 6,880 8,000 

70vs/20fe/10ash 1340 1,620 1,970 5,010 6,260 

70vs/20cp/10de 1700 1,720 2,140 14,400 15,200 

70vs/20cp/10gac 1190 1,230 3,360 9,700 10,100 

70ws/20cp/10ash 1750 1,940 3,620 9,990 14,200 

70vs/20cp/10ash 1310 1,360 3,190 10,700 11,500 

90vs/10comp/player 1610 1,700 4,540 1,560,000 1,740,000 
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Table G-1 Continued. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Sulfate (mg/L) 
60/40 6.6 7.0 13.9 21.0 22.1 

70vs/20fe/10de 2.1 2.3 8.3 13.2 15.8 

70vs/20fe/10ash 2.5 3.2 8.3 18.3 26.6 

70vs/20cp/10de 3.9 6.9 21.2 35.5 36.7 

70vs/20cp/10gac 13.5 14.8 16.1 18.3 19.3 

70ws/20cp/10ash 16.1 17.4 18.8 20.8 22.1 

70vs/20cp/10ash 14.8 15.7 16.7 17.9 18.8 

90vs/10comp/player 56.5 58.2 1724.5 3720.0 3800.0 

Total Kjeldahl Nitrogen (mg-N/L) 
60/40 1.3 2.1 3.2 9.7 18.0 

70vs/20fe/10de 0.5 0.6 0.7 0.9 1.2 

70vs/20fe/10ash 0.2 0.4 0.6 1.0 2.0 

70vs/20cp/10de 0.7 0.8 0.9 0.9 1.1 

70vs/20cp/10gac 1.1 1.2 1.2 1.3 1.5 

70ws/20cp/10ash 1.0 1.0 1.0 1.0 1.0 

70vs/20cp/10ash 1.0 1.0 1.0 1.0 1.0 

90vs/10comp/player 1.1 1.6 2.0 2.6 4.0 

Total Phosphorus (mg-P/L) 
60/40 1.07 1.11 1.28 1.44 1.75 

70vs/20fe/10de 0.12 0.19 0.28 0.34 0.36 

70vs/20fe/10ash 0.12 0.18 0.37 0.56 0.92 

70vs/20cp/10de 0.11 0.20 0.38 0.69 0.89 

70vs/20cp/10gac 0.06 0.08 0.12 0.39 0.62 

70ws/20cp/10ash 0.08 0.12 0.19 0.29 0.32 

70vs/20cp/10ash 0.07 0.12 0.24 0.49 0.73 

90vs/10comp/player 0.14 0.18 0.22 0.64 1.16 

Total Suspended Solids (mg/L) 
60/40 14.6 26.7 42.8 56.8 79.4 

70vs/20fe/10de 23.7 33.9 40.2 42.3 44.8 

70vs/20fe/10ash 26.3 29.3 42.3 59.6 86.9 

70vs/20cp/10de 10.5 33.8 71.6 113.5 145.0 

70vs/20cp/10gac 12.2 18.3 32.9 64.8 102.0 

70ws/20cp/10ash 7.8 9.5 31.8 65.1 90.2 

70vs/20cp/10ash 11.7 12.4 30.3 61.8 72.4 

90vs/10comp/player 2.3 3.7 7.9 13.4 17.0 
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Table G-1 Continued. Summary Statistics for Measured Effluent  
Concentrations During Flushing Experiments. 

Parameter/  
Treatment Minimum 

25th 
Percentile Median 

75th 
Percentile Maximum 

Zinc, Dissolved (µg/L) 
60/40 0.7 1.8 3.3 6.8 15.0 

70vs/20fe/10de 4.0 4.0 4.0 4.0 4.0 

70vs/20fe/10ash 4.0 4.0 4.0 4.0 4.0 

70vs/20cp/10de 4.0 4.0 4.0 4.0 4.0 

70vs/20cp/10gac 4.0 4.0 4.0 4.0 4.0 

70ws/20cp/10ash 4.0 4.0 4.0 4.0 4.0 

70vs/20cp/10ash 4.0 4.0 4.0 4.0 4.0 

90vs/10comp/player 0.4 1.1 1.9 3.7 10.0 

Zinc, Total (µg/L) 
60/40 7.0 7.5 13.5 22.5 25.0 

70vs/20fe/10de 3.0 3.9 5.0 7.0 8.0 

70vs/20fe/10ash 4.0 5.0 7.0 11.0 14.0 

70vs/20cp/10de 2.2 3.9 6.3 10.3 14.0 

70vs/20cp/10gac 0.2 0.8 4.0 7.3 96.0 

70ws/20cp/10ash 2.4 4.1 6.5 8.8 15.0 

70vs/20cp/10ash 2.3 3.3 4.5 6.3 8.0 

90vs/10comp/player 0.9 2.1 3.8 8.0 19.0 

µg/L:micrograms per liter 
mg/L: milligrams per liter 
ash: high-carbon fly ash 
cp: coconut coir pith 
de: diatomaceous earth 
fe: iron-fused wood chips 
gac: granular activated charcoal 
vs: volcanic sand 
ws: washed sand 
player: polishing layer 
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Cost of Media Blends per Cubic Yard 

Component Cost/CY Component Percentage Cost/CY Blend 
60% Ecology bioretention sand/40% CG compost (control) 

Ecology bioretention sand $40.00 0.6 $24.00 
CG Compost $24.00 0.4 $9.60 

  Total/CY $33.60 
70% volcanic sand/20% iron-coated wood chips/10% diatomaceous earth 

Volcanic sand $40.50 0.7 $28.35 
Iron-fused wood chips $70.00 0.2 $14.00 
Diatomaceous earth $300.00 0.1 $30.00 

  Total/CY $72.35 
70% volcanic sand/20% iron-coated wood chips/10% high carbon wood ash 

Volcanic sand $40.50 0.7 $28.35 
Iron-fused wood chips $70.00 0.2 $14.00 
High carbon wood ash $400.00 0.1 $40.00 

  Total/CY $82.35 
70% volcanic sand/20% coco coir pith/10% diatomaceous earth 

Volcanic sand $40.50 0.7 $28.35 
Coco coir $176.70 0.2 $35.34 

Diatomaceous earth $300.00 0.1 $30.00 
  Total/CY $93.69 

70% volcanic sand/20% coco coir pith/10% granulated activated charcoal 
Volcanic sand $40.50 0.7 $28.35 

Coco coir $176.70 0.2 $35.34 
GAC $718.20 0.1 $71.82 

  Total/CY $135.51 

70% washed sand/30% coco coir pith/10% high carbon wood ash 
Washed sand $44.50 0.7 $31.15 
Coco coir peat $176.70 0.2 $35.34 

High carbon wood ash $400.00 0.1 $40.00 
  Total/CY $106.49 

70% volcanic sand/20% coco coir pith/10% high carbon wood ash 
Volcanic sand $40.50 0.7 $28.35 
Coco coir peat $176.70 0.2 $35.34 

High carbon wood ash $400.00 0.1 $40.00 
  Total/CY $103.69 

90% volcanic sand/10% compost/polishing drainage layer (volcanic sand, activated alumina and bone char) 
Volcanic sand $40.50 0.9 $36.45 

Compost $24.00 0.1 $2.40 
Activated alumina * $1,750.00 0.067 $77.39 

Bone char * $3,097.60 0.067 $136.98 
  Total/CY $253.21 

* p-layer percentages: 12 in/18 in = 0.67 (percentage of polishing layer in relation to total media column) x 0.1 
(percentage of bone char and activate alumina in polishing layer) 

Bulk mineral and organic price for 100 CY delivered to central Seattle area and mineral and organic additive price per 
cubic yard. 
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