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1. Introduction 
 
Discharges of PCBs and mercury in stormwater have caused impairment to the San 

Francisco Bay estuary.  In response, the Regional Water Board adopted total maximum daily 
loads (TMDLs) to address these pollutants of concern (POC) (SFBRWQCB, 2012).  Provisions C.11 
and C.12 the Municipal Regional Stormwater NPDES Permit, MRP (SFBRWQCB, 2015) 
implement the Mercury and PCB Total Maximum Daily Loads (TMDLs) for the San Francisco Bay 
Area.  These provisions require mercury and PCB load reductions and the development of a 
Reasonable Assurance Analysis (RAA) demonstrating that control measures will be sufficient to 
attain the TMDL waste load allocations within specified timeframes.  Provision C.8.f of the MRP 
supports implementation of the mercury and PCB TMDLs provisions by requiring that 
Permittees conduct pollutants of concern (POC) monitoring to address the five priority 
information needs listed below. 

1. Source Identification – identifying which sources or watershed source areas provide the 
greatest opportunities for reductions of POCs in urban stormwater runoff; 

2. Contributions to Bay Impairment – identifying which watershed source areas contribute 
most to the impairment of San Francisco Bay beneficial uses (due to source intensity and 
sensitivity of discharge location); 

3. Management Action Effectiveness – providing support for planning future management 
actions or evaluating the effectiveness or impacts of existing management actions; 

4. Loads and Status – providing information on POC loads, concentrations, and presence 
in local tributaries or urban stormwater discharges; and 

5. Trends – evaluating trends in POC loading to the Bay and POC concentrations in urban 
stormwater discharges or local tributaries over time. 

Table 8.2 of Provision C.8.f identifies the minimum number of samples that each MRP 
Countywide Program (i.e., Santa Clara, San Mateo, Alameda, and Contra Costa) must collect 
and analyze to address each monitoring priority.  Although individual Countywide monitoring 
programs can meet these monitoring requirements, some requirements can be conducted 
more efficiently and will likely yield more valuable information if coordinated and implemented 
on a regional basis.  The minimum of eight (8) PCB and mercury samples required by each 
Program to address information priority #3 is one such example.  Findings from a regionally-
coordinated monitoring effort would better support development of the RAA. 

This Study Design describes monitoring and sample collection activities designed to meet 
the requirements of information priority #3 of Provision C.8.f of the MRP.  The activities 
planned include field sampling of hydrodynamic separators and laboratory experiments with 
amended bioretention soils.  Study planning is important to ensure that the right type of data 
are collected and there is a sufficient sample size and power to help address the management 
questions within the available time and budget constraints.  Essential components of the study 
plan include describing problems, defining study goals, identifying important study parameters, 
specifying methodologies, and validating and optimizing the study design. 
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2. Problem Definition  
 
Studies conducted to date have identified PCB source areas in the Bay Area where 

pollutant management options may be feasible and beneficial.  Enhanced municipal operational 
PCB management options (e.g., street sweeping, storm drain line cleanout) have the advantage 
of being familiar and well-practiced, address multiple benefits, and the cost-benefit may exceed 
that for stormwater treatment (BASMAA, 2017a).  Site-specific stormwater treatment via 
bioretention, however, is now commonly implemented to meet new and redevelopment (MRP 
Provision C.3) requirements.  An added benefit of redevelopment is that PCB-laden sediment 
sources can be immobilized.  However, many areas where certain land uses or activities 
generate higher PCB concentrations in runoff are unlikely to undergo near-term 
redevelopment, and instead may only be subject to maintenance operations or stormwater 
BMP retrofit projects implemented by the municipality.  Consequently it is valuable to maximize 
cost effective PCB removal benefit of both operations and maintenance, and stormwater 
treatment. 

Two treatment options that have the potential to reduce PCB discharges include 
hydrodynamic separators (HDS units) and enhanced bioretention filters.  These options were 
pilot-tested in the Clean Watersheds for a Clean Bay (CW4CB) Project (BASMAA, 2017a).  HDS 
units are being implemented for trash control throughout the Bay Area and collect sediment to 
some extent along with trash and other debris. Quantifying PCB mass removed by these units 
will help MRP Permittees account for the associated load reductions.  For these and other 
control measures, an Interim Accounting Methodology has been developed based on relative 
mercury and PCBs yields from different land use categories (BASMAA, 2017c).  Bioretention is a 
common treatment practice for new development and redevelopment in the San Francisco Bay 
Area, so enhancing the performance of bioretention is also attractive. 

At this time reducing mercury loads in stormwater runoff is a lower priority than PCBs 
load reduction.  The assumption during the MRP 2.0 permit term is that actions taken to reduce 
PCBs loads in stormwater runoff are generally sufficient to address mercury.  Therefore, 
optimizing stormwater controls for PCBs is the primary focus in this study. 

2.1 HDS Units 

Limited CW4CB monitoring conducted at two HDS sites was used to calculate the mass of 
PCBs in trapped sediment (BASMAA, 2017a).  The two sites sampled were Leo Avenue in San 
Jose and City of Oakland Alameda and High Street.  The Leo Avenue HDS unit treats runoff from 
approximately 178 acres of watershed with a long history of industrial land uses, including auto 
repair and salvage yards, metal recyclers, and historic rail lines.  The City of Oakland Alameda 
and High Street HDS has a tributary drainage area of approximately 35 acres with a high 
concentration of old industrial and commercial land uses, including historic rail lines. 

Sampling of the two CW4CB HDS units was opportunistic and associated with scheduled 
cleanouts.  Two sump cleanout events took place in August 2013, one at the Leo Avenue HDS 
unit and one at the Alameda and High Street HDS unit.  However, due to a lack of captured 
sediment the samples collected were aqueous phase samples instead of sediment samples.  An 
additional cleanout took place at Leo Avenue in October 2014.  A sump sediment sample 



 

Page 6 

collected and analyzed during this cleanout contained total PCB concentrations of 1.5 mg/kg 
and mercury concentrations of 0.33 mg/kg for sediment less than 2 mm in size, and estimated 
annual total PCB and mercury removals were 375 mg and 82.4 mg, respectively (Table 2.1).  The 
HDS sediment concentrations are comparable to previous Leo Avenue watershed 
measurements in sediments from piping assessed via manholes, drop inlets/catch basins, 
streets/gutters, and private properties (ND to 27 mg/kg for PCBs and 0.089 to 6.2 mg/kg for 
mercury) (BASMAA, 2014).  At the Alameda and High Street HDS unit, tidal influences of Bay 
water prevented additional monitoring. 

Table 2.1  Summary of Data Collected from Leo Avenue HDS during October, 2014 Annual Cleanout Event 

 

There are no known published studies characterizing HDS sediment for PCBs or mercury, 
so the Leo Avenue results are compared to relevant drain inlet/catch basin sediment studies.  In 
the Bay Area, different municipalities have collected and analyzed drain inlet cleaning sediment 
samples.  The analytical results for these drain inlet sediment samples are summarized in Table 
2.2 (BASMAA, 2014).  As can be seen from Table 2.2, the Leo Avenue sediment PCB 
concentrations are higher than those measured in Bay Area drain inlet sediment by up to an 
order-of-magnitude, but mercury concentrations are comparable.   

 
Table 2.2  Summary of Bay Area Drain Inlet Sediment Concentration Data 

(Based on readily available data; see BASMAA (2016b) for additional summaries for street and storm drain sediment) 
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Monitoring by the City of Spokane, Washington, showed total PCBs in catch basin 
sediment ranged between 0.025 mg/kg and 1.7 mg/kg for an industrial area with known PCB 
contamination (City of Spokane, 2015).  A City of San Diego study characterized sediments in 
eight catch basins in a 9.5 acre area of downtown San Diego classified as high density mixed use 
with roads, sidewalks, and parking lots (City of San Diego, 2012).  Concentrations of common 
aroclors in the catch basin sediments varied from about 0.040 to over 0.9 mg/kg.  Monitoring 
by the City of Tacoma showed PCB concentrations in stormwater sediment traps varied from 
nondetect to a maximum near 2 mg/kg (City of Tacoma, 2015).  The highest PCB concentrations 
in catch basin sediments ranged from 16 mg/kg in downtown Tacoma to 18 mg/kg in East 
Tacoma.  These published drain inlet/catch basin studies show that PCB and mercury 
concentrations can vary substantially in storm drain sediments depending on the characteristics 
of the watershed.   

Sampling of captured sediment at the Leo Avenue HDS in San Jose highlighted the 
potential of HDS maintenance as a management practice for controlling PCB and mercury loads.  
The BASMAA Interim Accounting Methodology that is currently being used to calculate load 
reductions assumes a default 20% reduction of the area-weighted land-used based pollutant 
yields for a given catchment. This default value was based on average percent removal of TSS 
from HDS units based on analysis of paired influent/effluent data. However, significant data 
gaps remain in determining the effectiveness of this practice and expected load reductions.  
HDS sediment sampling has been limited to a few samples.  PCB concentrations in the Leo 
Avenue HDS sample were much higher than average concentrations in Bay Area drain inlet 
sediment.  Drain inlet/catch basin sediment sampling by others suggests that sediment PCB and 
mercury concentrations can vary substantially from watershed to watershed.  The monitoring 
performed to date is not sufficient to characterize pollutant concentrations of sediment 
captured in HDS units that drain catchments with different loading scenarios (e.g., land-uses, 
stormwater volumes, etc.), nor to estimate the percent removal based on the pollutant load 
captured by the HDS unit.  Additional sampling is needed to better quantify the PCB and 
mercury loads capture by these devices, and calculate the percent removal achieved.  
Consequently, quantification of PCBs removed at other HDS locations and evaluation of the 
percent load reduction achieved is needed to provide better estimates of PCB load reductions 
from existing HDS unit maintenance practices. 

2.2 Bioretention 

The results of monitoring the performance of bioretention soil media (BSM) amended 
with biochar at one CW4CB pilot site suggest that the addition of biochar to BSM is likely to 
increase removal of PCBs in bioretention BMPs.  Biochar is a highly porous, granular material 
similar to charcoal.  In the CW4CB study, the effect of adding biochar to BSM was evaluated 
using data collected from two bioretention cells (LAU 3 and LAU 4) at the Richmond PG&E 
Substation 1st and Cutting site.  At this site, cell LAU 3 contains standard engineered soil mix 
(60% sand and 40% compost) while cell LAU 4 contains a mix of 75% standard engineered soil 
and 25% pine wood-based biochar (by volume). 

Figure 2.1 shows a cumulative frequency plot of influent and effluent PCB concentrations 
for the two bioretention cells.  Although influent PCB concentrations at the two cells were 
generally similar, effluent PCB concentrations were much lower for the enhanced bioretention 
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cell (LAU 4) compared to those for the standard bioretention cell (LAU 3).  The results for total 
mercury were different from those for PCBs, with both cells demonstrating little difference 
between influent and effluent concentrations.  These CW4CB monitoring results suggest that 
the addition of biochar to BSM may increase removal of PCBs but not mercury from 
stormwater.  However, analysis of methylmercury indicated that BSM may encourage 
methylation while biochar may mitigate the effect such that there is no substantial 
transformation of mercury to methylmercury.  Tidal influences at 1st and Cutting also may be a 
contributing factor that should be controlled in future study. 

The majority of biochar research conducted to date has focused on agricultural 
applications, where biochar has been shown to improve plant growth, soil fertility, and soil 
water holding, especially in sandier soils.  Only a handful of field-scale projects have 
investigated the effects of biochar in stormwater treatment and no known field studies have 
investigated removal of mercury or PCBs from stormwater by biochar-amended media. 

A recent laboratory study on the effect of biochar addition to contaminated sediments 
showed that biochar is one to two orders of magnitude more effective at removing PCBs from 
soil pore water than natural organic matter, and may be effective at removing methylmercury 
but not total mercury (Gomez-Eyles et al., 2013).  A laboratory column testing study to 
determine treatment effectiveness of 10 media mixtures showed that a mixture of 70% 
sand/20% coconut coir/10% biochar was one of the top performers and cheaper than similarly 
effective mixtures using activated carbon (Kitsap County, 2015).  Liu et al (2016) tested 36 
different biochars for their potential to remove mercury from aqueous solution and found that 
concentrations of total mercury decreased by >90% for biochars produced at >600◦C but about 
40–90% for biochars produced at 300◦C.   

 

 
 

Figure 2.1  Cumulative Frequency Distribution of Total PBCs Influent Concentrations for Bioretention 

Media with and without Biochar 

Monitoring of two bioretention cells at the Richmond PG&E Substation 1st and Cutting 
pilot site showed greater PCB removal for a biochar-amended BSM than that for standard BSM.  
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However, to date sampling has been limited to one test site and one biochar amendment, and 
the operational life of the amended media is unknown.  Besides the CW4CB study, there are no 
published literature studies on field PCB and mercury removal for biochars.  Additional field 
testing can confirm the effectiveness of bioretention implementation in more typical 
conditions, and laboratory testing is recommended as an initial screening to help identify 
potential biochars for field testing.  Laboratory testing using actual stormwater from the Bay 
Area can be a cost-effective screening tool to identify biochar media that are effective for PCB 
removal, do not exacerbate mercury problems or even improve mercury removal, and meet 
operational requirements, including an initial maximum infiltration rate of 12 in/h and a 
minimum long-term infiltration capacity of 5 in/h. 
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3. Study Goals  
 

The goals of this study identified from the problem statements are as follows: 

1. Quantify annual PCB and mercury load removals during maintenance (cleanout) of 
HDS units  

2. Identify biochar media amendments that improve PCB and mercury load removal by 
bioretention BMPs 

To reach these goals, the following management questions are prioritized as primary or 
secondary management questions.       

3.1 Primary Management Questions 

A properly conceived study will address the study goals in a manner that supports 
planning for future management actions or evaluating the effectiveness or impacts of existing 
management actions.  The resulting primary management questions focus on performance and 
are: 

1. What are the average annual PCB and mercury loads captured by existing HDS units in 
Bay Area urban watersheds?  

2. Are there readily available biochar-amended BSM that provide significantly better PCB 
and mercury load reductions than standard BSM and meet MRP infiltration rate 
requirements?  

The MRP infiltration rate requirements are described in Provision C.3.c of the MRP (SFBRWQCB, 
2015).  This provision states the following: “Biotreatment (or bioretention) systems shall be 
designed to have a surface area no smaller than what is required to accommodate a 5 
inches/hour stormwater runoff surface loading rate, infiltrate runoff through biotreatment soil 
media at a minimum of 5 inches per hour, and maximize infiltration to the native soil during the 
life of the Regulated Project.  In addition to the 5 inches/hour MRP requirement, for non-
standard BSM the recently updated BASMAA specification requires “certification from an 
accredited geotechnical testing laboratory that the bioretention soil has an infiltration rate 
between 5 and 12 inches per hour” (BASMAA, 2016a). 

3.2 Secondary Management Questions 

Secondary management questions are helpful, but they are not critical to the usefulness 
of the study.   Study scope, budget, and schedule constraints limit the extent to which they can 
be addressed.  Possible secondary management questions include the following: 

HDS 
1. How does sizing of HDS units affect annual PCB and mercury loads captured in HDS 

sediment? 
2. Do design differences between HDS units (e.g., single vs multiple chambers) result in 

significant differences in pollutant capture? 
3. How does the frequency of cleanout of HDS units affect load capture? 
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4. If present, does washout of HDS sediment depend on remaining sediment volume 
capacity?  

5. Are there significant concentrations of PCBs in the pore (interstitial) water of HDS 
sediment? 

6. Are PCBs and mercury removal correlated to removal of better-studied surrogate 
constituents, such as TSS? 

7. Is there evidence of increased methylation within HDS sediment chambers? 

Enhanced Bioretention 
1. How does biochar performance vary with feedstock? 
2. How does biochar performance vary with manufacturing method? 
3. Should the biochar be mixed with the BSM or provided as a separate layer below the 

standard BSM? 
4. Does biochar have leaching issues or require conditioning before use? 
5. How long does the improved performance of biochar-amended BSM last? 
6. Does the promising media increase methylation of mercury? 
7. What is the expected increase in BSM costs due to inclusion of media amendment? 
8. Does knowledge of the association of PCBs and mercury to specific particle sizes 

improve understanding of performance? 
9. Is mass removal comparable to that expected from a conceptual understanding of 

removal mechanisms? 

The above secondary management questions are provided as examples, and the questions 
answered will depend on budget, schedule, and actual data collected. 

3.3 Level of Confidence 

The level of confidence in the answers to the above management questions depends on 
sample representativeness and size.  Samples are considered representative if they are derived 
from sites or test conditions that are representative of the watershed or treatment being 
considered.  A power analysis can be used after monitoring commences or at the end of a study 
to determine if sample size is sufficient to draw statistically valid conclusions at a pre-selected 
level of confidence.  Power analysis can also be used prior to study commencement, but its 
usefulness in estimating sample size requirements may be limited by lack of knowledge of 
variability in the biochar-amended BSM data to be collected.  

Level of confidence can also be assessed in terms of consistency of treatment (e.g., a 
particular biochar consistently shows better removals than other biochars for a variety of 
stormwaters), which can be assessed with non-parametric approaches such as a sign-rank test. 

Data analysis approaches are discussed in Section 8.5. 
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4. Study Design Options 

An overview of the available study designs is presented here to understand the methods, 
value, and constraints of each design.  This information is helpful in identifying which study 
designs are appropriate for the various management questions.  To answer the primary 
management questions, the mass of pollutants captured must be quantified.  This is 
accomplished by monitoring pollutant input and export for each HDS unit or media option, or 
directly quantifying captured pollutant.  For example, the typical input and output pathways for 
a stormwater treatment measure (i.e., BMP) are illustrated in Error! Reference source not 
found.4.1.  This overview describes how data are collected and how they are used to answer 
the primary study questions. 

 

Filter Media
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Figure 4.1  Typical BMP system and pollutant pathways 

The study designs discussed here address major inputs and losses, but not all.  Selection of 
study design is based on the management questions, the type of BMP(s), the study constraints, 
and the current and historic conditions of the study area.  Each type of study has associated 
strengths and weaknesses as described below: 

 Influent-effluent monitoring  
Influent and effluent monitoring tests water going into and discharging from a selected 
BMP or treatment option for a particular storm event.  This approach is typically used to 
assess BMP effectiveness.  An advantage of this approach is its ability to discern 
differences in limited data sets.  A weakness of this approach is that measured load 
reductions may not be representative of true load reductions if there is infiltration to 
the native soil, baseflow entering the BMP, or bypass flows that are not monitored  
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 Sediment sampling 
Sediment sampling occurs within the BMP or treatment option and is used to estimate 
cumulative load removed over several storms.  Sediment sampling can occur in dry 
periods. 

 Before-after monitoring 
Before-after monitoring occurs at the same location.  In the before-after approach, data 
are collected at some location, a change is made (i.e., a BMP is implemented or 
modified), and additional data are then collected at the same location. This introduces 
variability because in field monitoring the storms monitored before BMP 
implementation may not have the same characteristics as those after implementation. 

 Paired watershed monitoring 
Paired watershed attempts to characterize two watersheds that are as similar as 
possible, except one has BMP treatment (e.g., an HDS unit).  The paired watershed 
approach is typically used when monitoring the influent of the BMP is infeasible.  While 
the storms monitored are the same, inevitable differences in the watersheds often lead 
to unexplainable variability. 

Paired watershed monitoring is not discussed further because it is not applicable to this 
study.  The scope of work does not require influent monitoring at field sites or 
monitoring of paired sites without BMPs. 

Volume measurement is critical to estimating load removal efficiency for BMPs that have 
volume losses.  Volumes can be measured at influent, effluent, and bypass locations and within 
the BMP for individual storms or over a longer period. 

The following subsections provide more detail on each monitoring approach. 

4.1 Influent-Effluent Monitoring 

Comparison of influent and effluent water quality and load is the method most often used 
in studies of treatment BMPs.  This method is used to estimate the pollutant removal capability 
of field devices such as individual BMPs or a series of in-line BMPs (i.e., a treatment train) or 
laboratory treatment systems such as filter media columns.  This type of study results in paired 
samples.  Paired samples are beneficial because fewer samples are needed to show statistically 
significant levels of pollutant reduction compared to unpaired samples.  This can result in 
substantial cost savings for sample collection and sample analysis. 

Comparison of performance among BMPs may not be possible if there are only a limited 
number of locations because of different influent qualities.  This is illustrated in Error! 
Reference source not found. for two non-overlapping BMP data sets, which show confidence 
intervals for effluent estimates (vertical dashed and dotted lines with arrows) expand as the 
distance between the hypothetical influent x-value and the mean x-value of the data increases.  
Although the effluent estimates at a common influent concentration (solid black square and 
diamond) may reflect true effluent qualities, confidence in these predictions is low because of 
this extrapolation and the performance of the two BMPs may not be statistically 
distinguishable.  A better study design is one that selects sites with similar influent 
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characteristics or ensures collection of a sufficient number of samples at or close to the 
common influent level. 

 

Figure 4.2  Comparison of two hypothetical non-overlapping BMP regressions 

4.2 Sediment Sampling  

Sediment sampling involves taking samples of actual sediment captured in a BMP in lieu 
of influent and effluent monitoring.  Analysis of the accumulated sediment can provide 
estimates of the total mass of conservative pollutants removed1.  An advantage of sediment 
sampling is reduced cost because expensive storm event sampling is not required.  Another 
advantage is that the measure of pollutants is direct and it is not possible to obtain negative 
results as in the case of sampling highly variable influent/effluent. 

There are a number of limitations to sediment sampling.  Annual sediment sampling 
during a maintenance interval generates fewer data points than influent-effluent sampling 
throughout a storm season, so comparisons among BMP factors (design, loading, etc.) may 
require a greater number of monitoring sites.  Another limitation is that influent monitoring 
data are not available to describe how the mass removal estimates may be sensitive to influent 
loading, and influent monitoring may be required in addition to sediment sampling to 

                                                      
1 In the context of sediment sampling, “conservative pollutants” are those that are not substantially lost to 

volatilization or plant uptake in between periods of sediment analysis.  Sediment analysis underestimates 
performance where volatilization or plant uptake is substantial. 
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characterize pollutant loading.  This limitation is addressed in this study during the data analysis 
by using model estimates of stormwater flows and pollutant loads from each HDS unit 
catchment to provide estimates of the influent and associated percent removals achieved.  

Another limitation of sediment sampling is the potential error resulting in non-
homogeneous pollutant distribution within the sediment.  Compositing multiple samples will 
better characterize the sediment, much as the collection of several aliquots throughout a 
stormwater runoff event can better represent the total volume of water.  Mixing the removed 
sediment before compositing can provide samples that are more homogeneous.   

Consequently, the effectiveness of sediment sampling depends on the type of BMP.  HDS 
are the best candidates for sediment sampling.  The sumps are cleaned and empty at the start 
of the study, and the entire mass of retained sediment is removed at each maintenance event 
(sump cleanout).  Conversely, bioretention has background sediment (planting media) that 
obscure pollutant accumulation.  Since pollutants tend to accumulate on the surface of media 
(typically within the first few inches), surface sediments should be targeted when sampling 
these systems.  Coring these systems and compositing the core sediments will most likely result 
in further dilution of the PCBs retained in the media, making quantification more difficult.  For 
all systems, larger pieces of litter and vegetation may be difficult to include in the analysis.  A 
conservative approach is to exclude larger material and assume these have little association 
with PCBs.  

4.3 Before-After Monitoring 

Pollutant removal can also be estimated by monitoring discharge quality for treatment 
devices before and after installation.  This may be attractive for green street projects that have 
multiple BMPs with multiple influent and effluent locations.  Monitoring all of these individual 
systems is almost impossible because of space constraints.  Note that since the data from 
before/after implementation are unpaired, variability is expected to be larger and the number 
of samples required to show significant removal much higher than for paired samples. 

Before-after monitoring is also applicable to laboratory test systems in which water 
quality is measured before and after a change is made.  For example, the rate of adsorption or 
the adsorptive capacity of media can be determined by measuring the water quality before and 
after addition of a known quantity of media.   
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5. Primary Data Objectives 

The study design options discussed previously are matched to the primary management 
questions.  The primary management questions require two data objectives: determine annual 
mass captured by HDS units and load removal by biochar-amended BSM.  The primary 
management questions are: 

1. What are the annual PCB and mercury loads captured by existing HDS units in Bay Area 
urban watersheds?  

2. Are there readily available biochar-amended BSM that provide significantly better PCB and 
mercury load reductions than standard BSM and meet MRP infiltration rate requirements? 

Monitoring to address the first management question should at minimum provide the average 
annual PCB and mercury loads captured by HDS units.        

5.1 Data Objective 1: Annual Loads Captured by HDS Units 

Determined by influent-effluent monitoring for individual storm events over one or more 
seasons or filter media/sediment sampling at end of each season.   

Options: 
 Influent-effluent monitoring.  Requires monitoring of as many storms as possible over a 

season and flow measurement in addition to water quality sampling.  Flow measurement is 
a critical component for estimating stormwater volumes treated, retained, and bypassed, 
and is often associated with additional measurements such as water depth within a BMP to 
estimate bypass and retention. 

 Filter media/sediment sampling.  Requires sampling at end of season but does not require 
influent/effluent water quality or flow measurement.  Sediment sampling has a high value 
for estimating annual mass removal because a single composite sample of retained 
sediment over a season can yield an estimate of load removal for the constituents analyzed.  
However, influent characterization would also help explain mass removal performance.  
This method is most appropriate when applied to HDS systems because they can isolate 
retained sediment. 

5.2 Data Objective 2: Loads Reduced by Biochar-Amended BSM 

Determined by influent-effluent monitoring or filter media/sediment sampling for 
individual events until sufficient data are available for statistical analysis.   

Options: 
 Influent-effluent monitoring.  Requires monitoring of multiple individual events and flow 

measurement in addition to water quality sampling.  Accurate flow measurement in BMPs is 
difficult because flows can vary an order of magnitude during individual events and 
measurements may be required at multiple locations within a device because of bypass, 
infiltration etc. (see Figure 4.2).  This complexity introduces a great degree of variability in 
the monitored data that can substantially increase the number of data points required to 
show statistically significant load removals, particularly for BMPs such as HDS units that 
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show relatively small differences between influent and effluent load reductions.  This option 
is most appropriate for testing filter media, for example in laboratory experiments, in which 
accurate flow measurements are possible and sampling of accumulated sediment is 
infeasible. 

 Filter media/sediment sampling.  Requires sampling after individual events but does not 
require influent/effluent water quality or flow measurement.    This method is not feasible 
for filter media because the retained sediment cannot be isolated from the filter media. 
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6. BMP Processes and Key Study 

Variables 

The treatment mechanisms that occur in a BMP help inform selection and control of the 
study variables.  These treatment mechanisms, also called unit processes, may include physical, 
chemical, or biological processes.  The primary physical, chemical, and biological processes that 
are responsible for removing contaminants include the following: 

 Sedimentation – The physical process by which suspended solids and other particulate 
matter are removed by gravity settling.  Sedimentation is highly sensitive to many factors, 
including size of BMP, flow rate/regime, particle size, and particle concentration, and it 
does not remove dissolved contaminants.  Treated water quality is less consistent 
compared to other mechanisms due to high dependence on flow regime, particle 
characteristics, and scour potential.    

 Flocculation – Flocculation is a process by which colloidal size particles come out of 
suspension in the form of larger flocs either spontaneously or due to the addition of a 
flocculating agent.  The process of sedimentation can physically remove flocculated 
particles. 

 Filtration – The physical process by which suspended solids and other particulate matter 
are removed from water by passage through layers of porous media.  Filtration provides 
physical screening of particles and trapping of particles within the porous media.  
Filtration depends on a number of factors, including hydraulic loading and head, media 
type and physical properties (composition, media depth, grain size, permeability), and 
water quality (proportion of dissolved contaminants, particle size, particle size 
distribution).  Compared to sedimentation, filtration provides a more consistent treated 
quality over a wider range of contaminant concentrations. 

 Infiltration – The physical process by which water percolates into underlying soils.  
Infiltration is similar to filtration except it results in overall volume reduction. 

 Screening – The physical process by which suspended solids and other particulate matter 
are removed by means of a screen.  Unlike filtration, screening is used to occlude and 
remove relatively larger particles and provide little or no removal for particles smaller 
than the screen opening size and for dissolved contaminants. 

 Sorption – The processes of absorption and adsorption occur when water enters a 
permeable material and contaminants are brought into contact with the surfaces of 
substrate media, plant roots, and sediments, resulting in short-term retention or long-
term immobilization of contaminants.  The effectiveness of sorptive processes depends on 
many factors, including the properties of the water (contaminant concentration, particle 
concentration, organic matter, proportion of dissolved contaminants, particle size, pH, 
particle size and charge), media type (surface charge, absorptive capacity), and contact 
time. 



 

Page 19 

 Chemical Precipitation – The conversion of contaminants in the influent stream, through 
contact with the substrate or root zone, to an insoluble solid form that settles out.  
Consistent performance often depends on controlling other parameters such as pH.   

 Aerobic/Anaerobic Biodegradation – The metabolic processes of microorganisms, which 
play a significant role in removing organic compounds and nitrogen in filters. 

 Phytoremediation – The uptake, accumulation, and transpiration of organic and inorganic 
contaminants, especially nutrients, by plants. 

The relative importance of individual treatment mechanisms depend to a large extent on 
the chemical and physical properties of the contaminant(s) to be removed i.e. the influent 
quality.  The two contaminants of interest in this study are PCBs and mercury.  PCBs are 
relatively inert hydrophobic compounds that have very limited solubility and a strong affinity 
for organic matter.  They are often associated with fine and medium-grained particles in 
stormwater runoff, making them subject to removal through gravitational settling or filtering 
through sand, soils, media or vegetation.  Most of the mercury in water, soil, and sediments is 
in the form of inorganic mercury salts and organic forms of mercury such as methylmercury 
that are strongly adsorbed to organic matter (e.g., humic materials).  In general, mercury is 
most strongly associated with fine particles while PCBs are generally associated with relatively 
larger and/or heavier particles.  It is therefore expected that sedimentation, flocculation, and 
related processes will be less effective for mercury removal than for removal of PCBs (Yee and 
McKee, 2010).   

The following subsections provide a brief description of the BMP types being evaluated in 
this study, the unit processes involved in each, and key variables that indicate possible data 
collection approaches.  The final selection of the quantity and type of data to collect is 
presented in the “Optimized Study Design” section.   

6.1 HDS Units 

Hydrodynamic separators rely on sedimentation and screening as the primary removal 
mechanism for sediment and particulate pollutants.  Treatment performance is highly 
dependent on the following: 

- Influent quality (contaminant concentration, proportion of dissolved contaminants, 
particle size, particle size distribution, and particle density) 

- BMP design and hydraulic loading/flow regime (size of unit versus catchment area) 
- Operational factors (remaining sediment capacity) 

HDS effluent quality is highly variable, particularly for contaminants such as mercury that 
are associated with fine particles that are not as effectively removed in HDS.  These devices are 
expected to require a relatively large number of influent-effluent samples to demonstrate 
statistically significant reductions in pollutant concentrations.  Therefore, analysis of retained 
sediment is an appropriate alternative to influent-effluent sampling for determining pollutant 
mass captured.  Sediment can be analyzed when the device is cleaned.  
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6.2 Bioretention  

Bioretention is a slow-rate filter bed system.  It is planted with macrophytes (typically 
shrubs and smaller non-woody vegetation).  The major sediment removal mechanism is 
physical filtration through the planting media.  When retention time is sufficient, dissolved 
constituents can be removed by sorption to plant roots in the planting media, which typically 
contains clays and organics to enhance sorption.  Treatment performance is highly dependent 
on the following variables: 

- Influent quality (contaminant concentration, particle concentration, organic matter, 
proportion of dissolved contaminants, particle size, particle size distribution) 

- BMP design and hydraulic loading rate/head (size of the unit in relation to catchment 
area and storm character) 

- Media type and properties (composition, grain size, grain size distribution, adsorptive 
properties, and hydraulic conductivity) 

- Volume reduction by infiltration 
- Operational factors (surface clogging, short-circuiting) 

The effluent quality from bioretention and enhanced bioretention is expected to be 
consistently higher than for sedimentation-type BMPs.  These devices are expected to require a 
relatively fewer number of samples than HDS units to demonstrate statistically significant 
reduction because of better treatment of fine particles and dissolved contaminants. 

It is important to note that laboratory and not field bioretention systems are of interest in 
this study.  These laboratory systems, essentially cylindrical columns filled with the media being 
tested, attempt to simulate most, but not all, of the chemical, biological, and physical processes 
that occur in field devices.  For example, volume reductions due to infiltration are not simulated 
in laboratory column experiments.  The advantages of using media columns as proxies for field 
devices include improved control over operation, monitoring, and sample collection in ways 
that would be impractical in the field.  This improved control makes it possible to test a large 
number of potential media and identify the most promising for future field testing.   
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7. Monitoring and Sampling 

Options  

Key variables that affect water quality and sediment quality data are identified from 
knowledge of treatment processes.  The following lists the process variables identified through 
knowledge of the treatment processes: 

- Influent quality (contaminant concentration, particle concentration, organic matter, 
proportion of dissolved contaminants, particle size, particle size distribution, particle 
density) 

- BMP design and hydraulic loading (flow rate, hydraulic head, flow regime) 
- Media type and properties (composition, grain size, grain size distribution, adsorptive 

properties, and hydraulic conductivity) 
- Operational factors (surface clogging, short-circuiting, remaining sediment capacity) 

Some of the above variables can be controlled and others are measured to determine 
their effect on water quality and sediment quality.  Inevitably, some variables will be beyond 
the control of the study but their expected impact should be considered based on theory, past 
experience, models, or observations from other studies. 

7.1 HDS Units 

7.1.1  Influent Quality 

The location of the BMP can greatly affect influent water quality such as pollutant 
concentrations and particle characteristics because land use and land cover affect sediment 
mobilization and pollutant concentrations within the sediments.  Land use is often used as an 
indicator of pollutant loading.  The land uses of the areas of interest include industrial, 
commercial/mixed use, roads/rail, institutional, and residential.  Because of past use of PCB and 
past PCB and mercury handling practices, age of the land use is also important, with generally 
higher concentrations from older industrial, commercial, and transportation areas, and lower 
concentrations from newer residential areas.  However, PCB analysis by the San Francisco 
Estuary Institute (SFEI) showed that PCB concentration patterns were patchy within larger 
urban watersheds with higher concentrations.  This finding indicates that mass reductions of 
PCBs may require site-specific sampling of influent loads or site-specific quantification of mass 
removed.  Mercury data suggest areas with higher mercury concentrations are not as 
pronounced although generally where there is PCB contamination there is also high to 
moderate Hg contamination (Yee and McKee, 2010). 

Since HDSs are primarily installed for trash capture, their distribution within the study 
area is assumed to be random.  However, the primary interest is in watersheds with relatively 
high pollutant loads that are most likely to result in significant removal in HDSs (e.g., the Leo 
Avenue watershed).  Land use or land use based pollutant yields can be used to represent 
average influent water quality when influent monitoring is not conducted. 
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Figure 7.1 shows the land use based PCB and mercury loadings for key designated land 
use types.  It can be seen that unit PCB loading from watersheds with higher PCB 
concentrations and mercury loading from old industrial watersheds are substantially higher 
than the other land uses.  Assuming particle size, particle size distribution, and other 
stormwater characteristics are similar for the different land uses, HDSs in higher concentration 
watersheds or old industrial watersheds are expected to capture much higher pollutant loads 
than those in other watersheds.   

 

 
 
 

 
 

Figure 7.1  Land Use based PCB and Mercury Loading based on BASMAA Integrated Monitoring Reports 

(SFEI, 2015) 

A preliminary land use based study design could categorize HDS sites as show in Table 7.1. 

Table 7.1  HDS Sampling Design based on Watershed Land Use 

Land Use HDS Samples 

Higher Concentration  X, X, X1 

Old Industrial X, X, X1 

Old Urban X, X, X1 

1 – “X” represents a sample from a selected HDS unit in the 
specified land use category.  
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The above design is appropriate if HDS units can be categorized easily into one of the 
three land use categories.  A review of the land uses within HDS watersheds indicates that most 
HDS units are in predominantly old urban watersheds, and it is unclear how many HDSs are 
within areas with higher PCB concentrations (Table 7.2).   

Table 7.2  Percent of Land Use in HDS Watershed Areas 
(Based on FY 2015-16 Co-permittee Annual Reports, Section 10 - Trash Load Reduction.  Source: Chris Sommers Personal Communication) 

Given the few sites in categories other than old urban, an alternative study design based 
on mixed land uses may be more appropriate (Table 7.3). 

HDS Catchment ID New Urban Old Industrial Old Urban Open Space Other

287; Sonora Ave 16 84 1

27A 15 50 34 2

996; Parkmoor Ave 1 98 1

1084; Oswego 0 89 0 10

600; Edwards Ave 33 39 28

611; Balfour 14 55 30

1082; Melody/33rd 0 97 3

612; Lewis 93 7

604; Sunset 96 4

1012; Blossom Hill/Shadowcrest 100 0

1083; Lucretia 0 98 1 1

1002; Selma Olinder 10 86 5

995; Dupont St. 9 91 0

9-A; 73rd Ave and International Blvd 0 94 6

475; 7th 68 29 3

509; Coyote 22 77 1

47 99 1

8-A; Alameda Ave near Fruitvale 40 57 4

575; Bulldog 6 93 1

601; W. Virginia 7 90 3

1504; Phelps 100 0

390; Remillard 4 87 10

Tennyson at Ward Creek 1 97 2

W Meadow Dr 2 97 1

Leland and Fair Oaks 1 99

Ward and Edith 100 0

5-D; 22nd and Valley 1 99 0

8-C; High St @ Alameda Bridge 67 32 0

5-G; Perkins & Bellvue (Nature Center) 100

999; William 0 95 5

Main St and Hwy 1 85 15

Central Expy at Fair Oaks 11 89 0

393; Wool Creek 18 78 4

5-C; 27 St & Valdez Ave 2 98

998; Pierce 1 96 3

Maple and Ebensburg 98 2

Ventura Ave 99 1

Golden Gate and St Patrick 100 0

5-A; Euclid Ave @ Grand Ave 100

5-H;  Lake Merritt (SD Outfall 11) 100

5-B; Staten Ave & Bellvue 100

Central Expy at De la Cruz 33 67

5-I; Lake Merritt (SD Outfall 26) 100

Mathilda overpass project CDS2 0 100

Mathilda overpass project CDS1 10 84 7
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Table 7.3  HDS Sampling Design based on Predominant Land Use 

Predominant Land Use HDS Samples 

Higher Concentration/Old Industrial X, X, X1 

Old Urban/Old Industrial X, X, X1 

New Urban/Old Urban X, X, X1 

1 – “X” represents a sample from a selected HDS unit in the specified land 
use category.  

The sampling design in Table 7.3 assumes that at least three HDS units are available for 
sampling in each PCB land use category.  The sampling design may need to be modified further 
if there are an insufficient number of units available for sampling.  For example, any site with 
more than 30% old industrial may be considered especially if it is a mixed zoned watershed 
(with industrial, commercial, residential and transportation land uses).  The range of values in 
each land use category can be determined upon review of the most recent information.  The 
design in Table 7.3 assumes that the characteristics of the runoff (e.g., particle sizes) are similar 
for the different land uses and only the yield is different. 

Only sediment sampling is proposed for HDS.  Since HDS influent-effluent monitoring is 
not required, variables such as proportion of dissolved contaminants, particle size, particle size 
distribution, and particle density are not measured or controlled, but their effect on influent 
quality and treatment is accounted for by randomly selecting HDSs within each land use 
category. 

7.1.2  BMP Design and Hydraulic Loading 

BMP design and hydraulic loading, which depends on the size of the BMP, can have a 
substantial impact on effluent water quality and the quantity of sediment retained in a BMP.  
Consequently, a full range of BMP designs and sizes are of interest.  Properly sized, BMPs 
infrequently exceed their design capacity.  However, BMPs are not always sized to standard 
specification, especially in retrofit environments in which typical hydraulic loading is much 
higher due to space constraints. 

HDS units are typically proprietary and designs and sizing vary widely.  Sediment capture 
may vary because of design differences such as number of chambers and design of overflow 
weirs and baffles, as well as different sizing criteria that can greatly affect both hydraulic 
loading and flow regime.  The purpose of the study is to characterize sediment in HDS units in 
the study area.  Since BMP design and sizing are important factors affecting HDS performance, 
it is necessary to include a range of HDS units in the study design and not just randomly select 
HDS units.  A randomized blocked study design is therefore considered more appropriate than a 
completely random one that may result in an insufficient number of HDS units of a certain size. 

In a randomized design, one factor or variable is of primary interest (e.g., land use), but 
there are one or more other confounding variables that may affect the measured result but are 
not of primary interest (e.g., HDS design, HDS size).  Blocking is used to remove the effects of 
one or more of the most important confounding variables and randomization within blocks is 
then used to reduce the effects of the remaining confounding variables.  An appropriate 
sampling design could therefore be land use as the primary factor and HDS size as the blocking 
factor.  Since the population of HDS units in the land use categories of interest is limited, only 
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two size blocks are used (≤ 50th percentile, > 50th percentile), and other variables such as design 
differences are accounted for by random selection within each block (Table 7.4). 

Table 7.4  HDS Sampling Design based on Predominant Land Use and HDS Size 

Predominant Land Use HDS Size 

≤50th percentile >50th percentile 

Higher Concentration/Old Industrial X, X, X1 X, X, X1 

Old Urban/Old Industrial X, X, X1 X, X, X1 

New Urban/Old Urban X, X, X1 X, X, X1 

1 – “X” represents a sample from a selected HDS unit in the specified land use category.  

For the sampling design in Table 7.4, an HDS size factor is required to differentiate the two 
types of sizes that are of interest.  In controlled field study of 4 different proprietary HDS units 
and laboratory testing of 2 other units, Wilson et al. (2009) developed a performance function 
(treatment factor) that reasonably predicted the removal efficiency of a given hydrodynamic 
separator.  The performance function explained particle removal efficiency in terms of a Péclet 
number, Pe, which accounts for particle settling and turbulent diffusion.  In the following 
equation, Vs is the particle settling velocity, h is the settling depth in the device, d is the device 
diameter, and Q is the flow through the device: 

𝑃𝑒 =
𝑉𝑠ℎ𝑑

𝑄
 

The above Péclet number (Wilson et al’s performance function) can be used in the sampling 
design as the HDS size factor.  For grouping the available HDS units into the two blocks, 
information is required on the particle diameter and design parameters for each device (settling 
depth, diameter, and design flow).  Particle diameter can be assumed to be 75 µm, which is the 
critical size used for partitioning PCB fractions in Yee and McKee (2010), and is also 
approximately the size separating silt and fine sand size particles.  The design flow can be 
calculated from knowledge of the drainage area to the device and a standard design storm.  
Note that the design flow should not be based on manufacturer guidance because different 
manufacturers use different sizing criteria and device sizing may not always follow 
manufacturer guidance.   

The final sampling design may need revision depending on the monitoring approach, 
availability of HDSs, information on watershed land use and sizing, and the level of participation 
from municipalities.   
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7.1.3  Operation and Maintenance 

Maintenance frequency can greatly impact BMP performance.  For sedimentation BMPs 
such as HDS, sediment levels may exceed the sediment capacity of the BMP, decreasing the 
volume for sedimentation and increasing scour.   

Operation and maintenance (e.g., cleanout frequency) are not of direct interest in this 
study and their effect on treatment is not being tested.  However, these are confounding 
variables that need to be excluded.  In the HDS sediment sampling design, HDS units that are 
considered at capacity or will reach capacity during the study should be excluded from the 
population of interest.  Field observations are required to make this determination (e.g., 
whether the screen is blocked).  These units can be cleaned out and sampled in a subsequent 
year.  For each selected HDS unit, maintenance schedules (past and current) will need to be 
reviewed to determine the time period over which sediment accumulated. 

7.2 Enhanced Bioretention 

7.2.1  Influent Quality 

The purpose of the laboratory testing is to screen alternative biochar-amended BSM and 
identify the most promising for further field testing.  The laboratory testing requires influent-
effluent monitoring.  Influent water characteristics can vary depending on the source of the test 
water.  PCB and mercury loading is largely a result of historic activities that result in 
accumulation in sediments of pervious areas.  Mobilization of these sediments may require 
exceeding site-specific intensity and volume thresholds.  Storm intensity is critical to detach and 
mobilize particles and storm volume must exceed any depression storage within the pervious 
areas.  However, the precise effect of storm intensity and volume on the mobilization of PCB-
contaminated and mercury-contaminated sediments has not been established.  Influent water 
characteristics also depend greatly on drainage area characteristics including traffic and 
industrial and commercial activity. 

Since the purpose of the laboratory study is to screen alternative biochar-amended BSM 
that can be used throughout the Bay Area, collection and use of stormwater from one or more 
representative watersheds is preferred.  A preliminary review of available Bay Area stormwater 
runoff monitoring data from 27 sites (Table 7 of SFEI 2015) suggests median PCB concentration 
is about 9 ng/L.  Therefore, one or more previously monitored watersheds with mean PCB 
concentrations well above 10 ng/L may be appropriate for collection of stormwater for the 
laboratory testing.  Since the relative treatment performance of the various media at even 
lower concentrations may be different, additional tests with diluted stormwater may be 
required to confirm study results.   

Storms from the representative watershed should be targeted randomly without bias, 
thereby accounting for the effects of storm intensity and ensuring variability in contaminant 
concentration, proportion of dissolved contaminants, particle size, particle size distribution, and 
particle density.  To achieve this, minimal mobilization criteria should be used to ensure 
predicted storm intensity and runoff volume are likely to yield the desired volume. 
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7.2.2  BMP Design and Hydraulic Loading 

The design variables in the enhanced bioretention testing laboratory study include media 
type, media depth, and media configuration.  Media type is a key variable that is discussed 
further below.  Testing the effect of different media depths or media configurations is not a 
research objective of the laboratory study, so these can be fixed for all experiments.   Typical 
bioretention media depth in the Bay Area is 18 inches, so all column experiments should use 18 
inches of BSM.  In the Richmond PG&E Substation 1st and Cutting enhanced BSM testing, the 
biochar was not installed as a separate layer but was instead mixed with the standard BSM.  It is 
unclear how treatment is affected by these two media configurations, but for consistency with 
previous field work the biochar and standard BSM should be mixed.  

Hydraulic loading is a controlled variable that can be kept constant for all columns.  Since 
the laboratory study is attempting to replicate field bioretention, the hydraulic loading can be 
the design loading for bioretention.  Bioretention designs in the Bay Area typically have a 
maximum ponding depth of 6 inches, so a loading of 6 inches could be used for the column 
tests.  There are two options for loading the columns: pump and manual.  Peristaltic pumps are 
ideal for controlled loading, but in this study manual loading (batch loading) is more 
appropriate because of the potential for PCBs and mercury to stick to tubing, pump parts, etc.  
For manual loading, up to 10 inches of stormwater may be needed each time to ensure 
sufficient sample volume.   

7.2.3  Media Type and Properties 

Media type and properties have a substantial effect on the treatment performance of 
filtration devices.  This group of variables include composition, grain size, grain size distribution, 
adsorptive properties such as surface area, and hydraulic conductivity.  Media composition is a 
primary variable that accounts for differences in the biochars used and the proportion of each 
biochar in the amended BSM mix.  The other variables (grain size, grain size distribution, 
adsorptive properties, and hydraulic conductivity) are not of direct interest in this study and are 
assumed to vary randomly or are controlled through screening experiments that limit their 
variability. 

Biochar is produced from nearly any biomass feedstock, such as crop residues (both field 
residues and processing residues such as nut shells, fruit pits, and bagasse); yard, food, and 
forestry wastes; animal manures, and solid waste.  Biochar feedstock and production conditions 
can vary widely and significantly affect biochar properties and performance in different 
applications, making it difficult to compare performance results from one study to another 
(BASMAA, 2017a).  A laboratory study that characterized the physical properties of six different 
waste wood derived biochars found particle sizes ranging from over 20mm to fine powder and 
surface areas ranging from 0.095 to 155.1 m2/g (Yargicoglu et al., 2015).  The variability in 
biochar types and properties is expected to result in large variation in treatment efficiency and 
infiltration rates.  Given the large number of potential biochars that could be tested and the 
need to meet an initial maximum 12 in/h infiltration rate and a minimum long-term infiltration 
rate of 5 in/h, a phased study design is appropriate.  In such a phased study, promising readily 
available biochars are first identified through a review of the literature, and hydraulic screening 
experiments are performed on biochar-BSM media mixes to ensure infiltration rates are met 
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prior to performance testing.  This approach is expected to be the most cost-effective because 
it reduces analytical costs. 

There is little information on hydraulic properties of bioretention media amended with 
biochar, and it is not clear what percentage of the amended BSM should be biochar to 
maximize treatment benefit.  Given the variable physical size of the biochar media, relatively 
fine biochars could result in a mix that does not meet the initial 12 in/h maximum infiltration 
rate or minimum 5 in/h long-term infiltration rate.  Kitsap County (2015) tested a BSM mix 
containing 60% sand, 15% Compost, 15% Biochar, and 10% shredded bark, and found that the 
biochar mix had an infiltration rate of only 6.0 in/h.  One conclusion of the study was that the 
reduction in infiltration rate with the biochar additive was most likely because of fines in the 
biochar.  To overcome this, hydraulic screening experiments are required in which the 
infiltration rate for each media mix is measured prior to water quality testing to ensure that 
both the maximum and minimum rates are met.  Initially, each biochar can be mixed with 
standard BSM at a rate of 25% biochar by volume (the same as that at the CW4CB Richmond 
PG&E Substation 1st and Cutting site).  Hydraulic conductivity can be determined using the 
method stated in the BASMAA soil specification, method ASTM D2434, which requires 
measurement of water levels and drain times.  If a mix does not meet the infiltration 
requirements, the percentage of biochar is adjusted and the new mix tested.  Amended mixes 
that do not meet the infiltration rate requirements are removed from further consideration (i.e. 
the effect of hydraulic conductivity is controlled by screening).   

The final phase of the laboratory study can be column testing to identify the most 
effective amended BSM mixes for field testing.  An influent-effluent monitoring design is 
typically used in column testing and media effectiveness is assessed on a storm-to-storm basis 
with real stormwater collected in the Bay Area.  Only media mixes that have passed the 
hydraulic screening should be tested.  All media columns should be sufficiently large or 
replicated to account for or minimize the impact of variability in media installation and 
experimental technique.  Standard BSM should be used as a control since the primary interest is 
to identify media mixes that perform significantly better than standard BSM.  An example of the 
column sampling design for 5 new media mixes and one standard BSM control is shown in Table 
7.5.  The key variable of interest in the sampling design in Table 7.5 is the media mix 
(composition).   

Table 7.5  Example Sampling Design for Laboratory Column Experiments 

Biochar/BSM Mix Column Samples 

A Mix X, X, X1 

B Mix X, X, X1 

C Mix X, X, X1 

D Mix X, X, X1 

E Mix X, X, X1 

Control Mix X, X, X1 

1 – “X” represents an influent or effluent sample.  
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7.2.4  Operation and Maintenance Parameters 

Operational life depends on the capacity to pass the minimum required stormwater flows.  
Like media life, operational life is important because it determines the frequency and cost of 
maintenance requirements.  Maintenance frequency can greatly impact BMP performance, and 
lack of maintenance can lead to surface clogging and sediment clogging in the inlets which 
reduces treatment capacity and increases bypass and overflow.  Operation and maintenance 
are not of direct interest in this study and their effect on treatment is not being tested.  
However, these are confounding variables that need to be excluded. 

Media mixes that do not meet the maximum 12 in/h and minimum 5 in/h infiltration rates 
can be excluded by hydraulic screening experiments (discussed above).  As well as meeting the 
maximum 12 in/h initial infiltration rate requirement, these screening experiments help ensure 
that the BSM mixes do not fail during the laboratory testing.  However, operational 
performance in laboratory experiments is not expected to be representative of that in the field 
because of differences in influent quality, variability in loading, effects of vegetation, etc.  
Therefore, laboratory estimates of long term infiltration rate are of little use and field testing is 
required to confirm that selected media mixes meet the long-term minimum infiltration rate of 
5 in/h.  The laboratory testing, however, can provide relative comparisons of hydraulic 
performance that can be used to decide and screen out media mixes that are likely to 
hydraulically fail in the field. 

7.3 Uncontrolled Variables and Study Assumptions 

The following assumptions were adapted from the Caltrans PSGM (Caltrans, 2009): 

 Site Assumptions 
 HDS sediment concentrations are representative of the land use within the 

watershed, i.e. there are no sources of sediment from adjoining watersheds, 
from illicit discharges, or from construction activities 

 HDS sediment or influent is not affected by base flow, groundwater, or saltwater 
intrusion  

 Differences in storm patterns throughout the Bay Area are not sufficient to 
change the HDS performance measurements 

 Water quality of stormwater collected for laboratory testing is representative of 
that observed in Bay Area urban watersheds 

 BMP Operation Assumptions 
 Sampled HDS units operated as designed (e.g., no significant scouring) 
 Volatilization of pollutants is negligible 
 There is no short-circuiting of flows in laboratory column studies 

 Media Selection Assumptions 
 The readily available biochars selected are representative of all biochars 
 Selected media do not leach contaminates and media conditioning (e.g., 

washing) is not required   

 Monitoring Assumptions 
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 Data collected from a few sites over a relatively short time span will accurately 
represent sediment at all HDS sites over longer time frames 

 There are minimal contaminant losses in collecting and transporting water for 
laboratory experiments 

 Water quality of stormwater for laboratory tests does not change significantly 
during each test 

 Stormwater loading of laboratory columns is representative of loading in the 
field 

 Long-term infiltration performance of biochar mixes is to be tested in the field 
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8. Final Study Design 

The study design is optimized to answer the primary management questions within the 
available budget.  The design used prioritizes sampling of HDS units, but allocates sufficient 
funding for minimum sampling requirements for the laboratory media testing study.  
Monitoring that does not relate directly to the primary management questions is considered 
lower priority.   

8.1 Statistical Testing & Sample Size 

In a traditional test of a treatment, the null hypothesis is that there is no difference 
between the influent and effluent of a treatment (i.e., the treatment does not work).  In the 
case of HDS sampling, influent-effluent sampling is not required, and interest is only in 
determining if HDS units remove PCBs and mercury and how the sediment concentrations and 
load removals vary for different land uses, and for different rainfall and stormwater flow 
characteristics.  Statistical testing in the HDS study is therefore limited to testing if there is a 
difference in the concentrations and loads captured by HDS units in different watersheds.  This 
testing will require sampling of a sufficient number of HDS units in each land use category 
associated with differing pollutant load yields.   

In the laboratory study, influent-effluent sampling is required and traditional statistical 
tests can be used depending on sample size.   

As well as traditional statistical testing, confidence in the conclusions can be established 
by comparing total PCB and mercury performance to that for other constituents that directly 
affect it (e.g., suspended solids, total organic carbon) or have similar chemistry (e.g., other 
organics).  As stated previously, total PCB and mercury concentrations are expected to correlate 
to some extent with particulates and organics.  Comparisons to other constituents are 
particularly useful for studies in which treatment is expected to be low and the corresponding 
sample size requirements very high.   

Sample size requirements are smaller for paired sampling designs (i.e., influent and 
effluent sampling for the same storm event) than for independent sampling designs.  Paired 
sampling is not possible for the HDS sampling study that has no influent-effluent monitoring, 
but is possible in the laboratory media testing study.  Additionally, the number of samples 
required to show significant treatment are generally fewer for filtration-type BMPs than 
sedimentation-type BMPs because of their better and more consistent treatment. 

8.2 Constituents for Sediment Analysis 

Constituents selected for HDS sediment analysis must meet the data objectives discussed 
previously in “Primary Data Objectives”, and be consistent with Table 8.3 of the MRP 
(SFRWQCB, 2015).  Sediment samples will be screened using a 2 mm screen prior to analysis.  
Table 8.1 lists the constituents for sediment quality analysis.  Total organic carbon (TOC) is 
included because it is a MRP requirement and can be useful for normalizing PCBs data collected 
for the sediment.   

The primary objective of sediment analysis is quantification of the mass of PCBs and 
mercury accumulating within HDS units.  Consequently, PCBs and total mercury are analyzed 
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for all screened sediment samples.  The secondary objective is to establish a relationship 
between total PCBs, mercury, and particle size.  Correlating total PCBs and mercury to particle 
sizes will complement past studies and provide insight into the type of BMPs that are 
appropriate to achieve the most cost-effective mass removal. 

Analysis of PCBs at the CW4CB Leo Avenue HDS showed that PCBs in the water above the 
sediment may be minor when compared to sediment-associated PCBs (BASMAA, 2017b).  PCB 
concentrations in overlying water are expected to be low and sampling of this water is not 
included in this study design. 

Table 8.1  Selected Constituents for HDS Sediment Monitoring 

Constituent 

TOC 

Total Mercury1 

PCBs (40 congeners) in Sediment 

Particle Size Distribution 

Bulk Density 
1 – Only total mercury analyzed.  Methyl mercury is not 

relevant for SF Bay TMDL. 

8.3 Constituents for Water Quality Analysis 

Constituents for analysis of water samples must meet the data objectives discussed 
previously in “Primary Data Objectives”, and be consistent with Table 8.3 of the MRP 
(SFRWQCB, 2015).  Table 8.2 lists the constituents for the laboratory media testing studies.  The 
list of water quality constituents must provide data to address the primary management 
question to quantify total PCB and mercury reduction, so PCBs and total mercury are analyzed 
for all samples.  Secondary management questions relate to understanding removal 
performance for total PCB and mercury. 

In addition to PCBs and total mercury, the other constituents selected for influent and 
effluent analysis are SSC, turbidity, and TOC.  SSC was selected because it more accurately 
characterizes larger size fractions within the water column, while turbidity was selected 
because it is an inexpensive and quick test to describe treatment efficiency where strong 
correlation to other pollutants has been established.  As with the sediment analysis, TOC is 
included because it is a MRP requirement and can be useful for normalizing PCBs data collected 
for water samples.   
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Table 8.2  Selected Aqueous Constituents for Media Testing in Laboratory Columns 

Constituent 

SSC 

Turbidity 

TOC 

Total Mercury1 

PCBs (40 congeners) in Water 
1 – Only total mercury analyzed.  Methyl mercury is not 

 relevant for SF Bay TMDL. 

8.4 Budget and Schedule 

The monitoring budget for the study is approximately $200,000.  A contingency of 10 
percent of the water quality monitoring budget is recommended to account for unforeseen 
costs such as equipment failure.  Another constraint is that all sampling will occur in one wet 
season.     

8.5 Optimized Study Design 

The optimized study designs are presented in Tables 8.3 and 8.4 for the HDS Monitoring 
and Enhanced Bioretention studies, respectively.  Several iterations were analyzed and the 
study designs shown are based on best professional judgment to allocate the budget to the 
various data collection options. 

The final design for the HDS monitoring study is based on selection and sampling of 9 HDS 
units in key land use areas.  The number of units that can be sampled is limited because 
sampling is expected to be opportunistic as part of regular maintenance programs.  Therefore, 
a simple design with 9 units is appropriate. The data analysis will evaluate the percent removal 
achieved for each HDS unit during the time period of interest (i.e., the time period between the 
date of the previous cleanout, and the current cleanout date for each HDS unit sampled) by 
incorporating modeled estimates of stormwater volumes and associated pollutant loads for 
each HDS unit catchment.  Because HDS units are sized to treat stormwater runoff from storms 
of a given size and intensity, excess flows for storms exceeding the design capacity will bypass 
the unit and are not treated. Storm by storm analysis of rainfall data during the time period of 
interest will allow estimation of the total stormwater volume and pollutant load to the 
catchment during each storm, as well as the volume and pollutant load that bypassed the HDS 
unit and was not treated. This information will then be combined with the measured pollutant 
mass captured by each HDS unit to quantify the percent removal of PCBs and mercury from the 
total catchment flow, and the percent removal of PCBs and mercury from the treated flow. For 
each HDS unit sampled in the study, the total and treated pollutant mass removed will be 
calculated using the following equations.  

 
(1) Total Pollutant Mass Removed (%) =  [MHDS-i/MCatchment-i] x 100% 

 
(2) Treated Pollutant Mass Removed (%) =  [MHDS-i/(MCatchment-i- MB)] x 100% 
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Where: 

MHDS-i the total POC mass captured in the sump of HDS Unit i over the time 

period of interest 

MCatchment-i the total POC mass discharged from Catchment-A (the catchment 

draining to HDS unit A) over the time period of interest 

MB the total POC mass that bypassed HDS unit A over the time period of 

interest 
 
The following inputs will be measured or modeled for the time period of interest for use 

in the equations above:   
 

 Total PCBs and mercury mass captured by a given HDS unit. This is the mass measured in 

each HDS unit during this project.  

 The total stormwater volume and associated PCBs and mercury load from the HDS unit 

catchment. This will be modeled on a storm by storm basis using available rainfall data, 

catchment runoff coefficients, and assumed pollutant stormwater concentrations. 

 The stormwater volume and associated PCBs and mercury load that bypassed the HDS 

unit. The bypass volume (and associated pollutant load) during each storm (if any) will 

be calculated based on the design criteria for a given HDS unit.  

 The total PCBs and mercury load treated by a given HDS unit. This will be determined by 

subtracting the bypass load (if any) from the total pollutant load for the catchment. 

 
The corresponding design for the enhanced BSM study is based on testing of readily 

available biochars in hydraulic screening experiments followed by column testing of up to five 
promising BSM mixes as well as a standard BSM control mix.  The final number of BSM mixes 
will depend on availability and media properties (e.g., expected hydraulic conductivity).  The 
optimized designs will yield 33 data points for the key data objectives, 9 from the HDS 
monitoring study and 24 from the enhanced BSM media testing column study.   
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Table 8.3  HDS Monitoring Study Design 

Primary 
Management 
Question(s) 

What are the annual PCB and mercury loads captured by existing HDS units in Bay Area 
urban watersheds and the associated percent removal?  

Type of Study Sediment monitoring; modeling stormwater volume and pollutant load 

Data Objective(s) Annual PCB and mercury mass captured in HDS units and percent removal 

Description of Key 
Treatment Processes 

Sedimentation, Flocculation & Screening 

 Removal by gravity settling and physical screening of particulates 

 Effectiveness depends on water quality, BMP design and hydraulic loading/flow 
regime, and operational factors 

Key Variables  Sediment quality and quantity 

 Influent quantity and quality (contaminant concentration,) 

 BMP design and hydraulic loading/flow regime 

 BMP maintenance (remaining sediment capacity) 

Monitoring Needs Monitored variables: sediment quality, sediment mass 
Controlled variables: influent quality, BMP maintenance (remaining sediment capacity) 
Uncontrolled variables: HDS design, hydraulic loading, flow regime 

Monitoring Approach Influent quantity and quality: based on rainfall/runoff characteristics and on land use 
pollutant yield (old urban, new urban, etc.) 

Hydraulic loading: base on HDS size (diameter and settling depth) and flow (design flow 
for known watershed size) 

BMP maintenance: base on remaining sump capacity 

Sampling Design Sampling expected to be opportunistic as part of regular maintenance programs.  
Targeted predominant land uses for HDS selection and corresponding data generation: 

Predominant Land Use HDS Samples No. Samples 
 (Total 9) 

Higher Concentration/Old Industrial X, X, X1 3 

Old Urban/Old Industrial X, X, X1 3 

New Urban/Old Urban X, X, X1 3 

1 – “X” represents a sample from a selected HDS unit. Yield categories will be 
determined during site selection.  

 Exclude units at full sump capacity (cleanout and monitor subsequent year if 
possible) 

Constituent List TOC, total mercury, PCBs (40 congeners) in sediment, particle size distribution, and 
bulk density 

Data Analysis Independent (unpaired) samples.  Present range of total PCB and mercury 
concentrations measured and mass removed/area treated.  Analyze using ANOVA. 
Model estimates of catchment stormwater volumes and PCB and mercury stormwater 
loads combined with the measured mass captured in the unit to calculate the percent 
removal. 
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Table 8.4  Enhanced BSM Testing Study Design 

Primary 
Management 
Question(s) 

Are there readily available biochar-amended BSM that provide significantly better PCB and 
mercury load reductions than standard BSM and meet MRP infiltration rate requirements? 

Type of Study Influent-effluent monitoring 

Data 
Objective(s) 

PCB and mercury load removal 

Description of 
Key Treatment 
Processes 

Filtration and Adsorption 

 Removal by physical screening, trapping in media, and retention on media surface 

 Effectiveness depends on influent water quality, BMP design and hydraulic loading/flow 
regime, media type and properties, and operational factors 

Key Variables  Influent and effluent quality (PCB concentration, particle concentration, organic matter, 
proportion of dissolved contaminants, particle size, particle size distribution) 

 BMP design (media depth) and hydraulic loading/head 

 Media type and properties (composition, grain size/size distribution, adsorptive 
properties, hydraulic conductivity) 

 BMP maintenance (surface clogging, short-circuiting) 

Monitoring 
Needs 

Monitored variables: Influent and effluent quality contaminant concentration, particle 
concentration, organic matter, surface clogging 

Controlled variables: media depth, hydraulic loading/head, media composition and 
adsorptive properties, hydraulic conductivity 

Uncontrolled variables: Influent and effluent proportion of dissolved contaminants, particle 
size, particle size distribution,  short-circuiting 

Monitoring 
Approach 

Phased approach because of number of media/need to ensure MRP infiltration rates 
1. Hydraulic tests to ensure amended media meet infiltration requirements 
2. Influent-effluent column tests for select mixes with Bay Area stormwater 
3. Influent-effluent column tests for best mix with Bay Area stormwater at lower 

concentrations 

Sampling Design Phase I  Hydraulic Tests: 
- Determine infiltration rates for media mixes with 25% biochar by volume 
- If MRP infiltration rates not met, adjust biochar proportion and retest 
- Target infiltration rate of 5 - 12 in/h for all mixes, attempt to control rate to +/- 1 in/hr.  

Phase II  Influent-Effluent Column Tests with Bay Area Stormwater (up to 5 mixes) 

Biochar/BSM Mix Column Samples No. Samples (Total 21) 

A Mix X, X, X 3 

B Mix X, X, X 3 

C Mix X, X, X 3 

D Mix X, X, X 3 

E Mix X, X, X 3 

Control Mix X, X, X 3 

Influent X, X, X 3 

Phase III  Influent-Effluent Column Tests for Select Mix with Diluted Bay Area Stormwater 
- Perform tests with diluted stormwater, if necessary, to confirm effectiveness at 

concentrations representative of New Urban and New Industrial land  
- Test at one dilution (1 influent and 1 mix and 1 control effluent) (3 samples) 

Constituent List SSC, turbidity, TOC, total mercury, PCBs (40 congeners) in water 

Data Analysis Dependent (paired) samples.  Present range of total PCB and mercury concentrations 
measured and mass removal efficiencies.  Analyze using ANOVA and regressions of 
influent/effluent quality.  Perform sign-rank test to compare consistency in relative 
performance among the columns. 
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8.6 Adequacy of Study Design 

The primary management questions are reviewed in this section in light of the budgeted 
data collection efforts.  The primary management questions are restated and followed by an 
analysis of the adequacy of the data collection effort.   

1. What are the annual PCB and mercury loads captured by existing HDS units in Bay Area 
urban watersheds? 

Table 8.3 lists the number of data points that are anticipated for the HDS monitoring 
study.     

This selected design will provide 9 data points for each of the following: PCB sediment 
concentration, mercury sediment concentration, and sediment mass.  This design will not be 
able to assess the effect of HDS size and hydraulic loading on pollutant removal, and may not 
be able to statistically differentiate load capture between different land uses because of the 
small sample count for each land use (3).  However, this design is selected because of the lack 
of information available on HDS sizing and the opportunistic nature of the sampling which limits 
the number of HDS units that can be sampled.  The effect of maintenance is eliminated by 
ensuring that samples are not collected from units that have no remaining sump capacity. 

The HDS study design collects independent (unpaired) samples since each HDS unit is 
sampled independently and there is no relationship between the various HDS units.  This limits 
ability to discern differences due to land use or HDS size, especially when sample size is 
relatively low and there is considerable variability in the data collected.  Although the study 
design yields 9 data points for each data objective, it may not be sufficient to draw statistically-
based conclusions.  However, the study will provide point estimates of loads removed during 
cleanouts and how they vary for different land uses (e.g., X g of PCBs are removed per unit area 
of Y land use). This is the metric used for effectiveness of HDS cleanouts, so the study will 
provide a practical improvement in knowledge that can be applied to future HDS effectiveness 
estimates. 

In addition, modeled stormwater flows and associated POC loads to each HDS unit 
catchment during the time period between cleanouts will be developed. These modeled 
estimates will be used along with the measured mass captured in the HDS unit between 
cleanouts to quantify the percent removal for each unit during the study.  

2. Are there readily available biochar-amended BSM that provide significantly better PCB and 
mercury load reductions than standard BSM and meet MRP infiltration rate requirements? 

Table 8.4 lists the number of data points that are anticipated for the enhanced BSM 
testing study.  The sampling design will yield 19 data points for each of the following: effluent 
PCB concentration, effluent mercury concentration.  Including influent analysis, a total of 24 
samples will be analyzed.  The purpose of this study is to identify the best biochar amended 
BSM mixes for field testing and not test the effect of confounding variables such as influent 
quality and hydraulic loading on load removals.  The study design accounts for these 
confounding variables by either ensuring their effect is randomized (e.g., influent water quality) 
or keeps them fixed (e.g., hydraulic loading).  To ensure influent stormwater concentrations are 
representative of typical Bay Area concentrations, an additional column test with diluted 
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stormwater is performed on an effective media mix.  Standard BSM controls are used for each 
column run so that removal by biochar amended mixes can be compared directly to removal by 
standard BSM.  Infiltration experiments are performed prior to the column testing to ensure 
media selected for final column testing will meet the MRP infiltration rate requirements.   

The enhanced BSM column study design collects dependent (paired) samples since each 
effluent sample is related to a corresponding influent sample.  Additionally, standard BSM 
controls are used for each run which makes it possible to directly compare effluent quality for 
each amended BSM to standard BSM.  The paired sampling design, use of standard BSM 
controls, and ability to control or fix many of the variables that effect load removal increase the 
ability to discern differences in treatment.  Therefore, only 3 column runs are proposed, and 
available budget is instead used in initial hydraulic screening experiments to ensure selected 
media mixes meet MRP infiltration rate requirements.  The study design may not be sufficient 
to draw statistically-based conclusions because it yields only 3 data points for each biochar mix 
tested.  However, the study will enable direct comparisons of effluent quality and treatment 
between mixes for individual events and consistency of treatment between events.  The 
information provided by the study is expected to be sufficient to identify the most promising 
biochar mixes for field testing. 

 The study designs for the HDS monitoring and enhanced bioretention studies meet MRP 
sample collection requirements.  The sampling design for the HDS monitoring study will yield a 
minimum of 9 PCB and mercury data points, while the sampling design for the enhanced 
bioretention laboratory study will yield 24 PCB and mercury data points (including influent 
analysis).  The minimum number of PCB samples for this study plan is 33 (9+24).  Because 3 of 
the 32 BMP effectiveness samples required by the current MRP have already been collected, 
the minimum number required for this project is 29.  This study must yield 29 of the 32 permit-
required samples, per Provision C.8.f of the MRP.  To ensure that at least 29 samples are 
collected to meet the MRP requirement, additional samples will be collected during the 
laboratory media testing runs if fewer than 5 HDS units are available for sampling. 
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9. Recommendations for Sampling 

and Analysis Plans 
This section presents specific recommendations for the development of SAPs.  More 

detailed information is available in Section 6 of the Caltrans Monitoring Guidance Manual 
(Caltrans, 2015) and in the Urban Stormwater BMP Performance Monitoring (WERF 2009).  
Analysis of constituents should follow the CW4CB Quality Assurance Project Plan (BASMAA 
2013). 

9.1 HDS Monitoring 

The following SAP recommendations are based on the lessons learned from sampling the 
Leo Avenue HDS site (BASMAA, 2017b): 

 Include equipment to determine sump capacity before sampling.  The study design 
does not require sampling of units that are full (i.e., have no remaining sump 
capacity).  The depth of the unit can make it difficult to inspect for sump basin 
contents, and use of a “sludge judge” or other similar equipment may not be possible 
because of difficulty penetrating through compacted organic materials. 

 The sampling is expected to be opportunistic sampling during regular cleanouts.  Since 
it coincides with regular maintenance patterns, the occurrence of a clean and empty 
vactor truck from which samples of the sediment can be taken is unlikely.   To obtain 
representative samples, multiple grab samples that extend from the top of the 
sediment layer to the bottom of the sump will need to be collected and composited 
prior to analyses. 

 Sediment samples will require screening to remove coarse particles, trash, etc.  In the 
CW4CB study (BASMAA, 2007b), only sediment less than 2 mm in size was analyzed. 

It is unclear how samples of the HDS sediment were taken in the Leo Avenue HDS 
sampling.  Appropriate sampling methods should be developed to ensure the samples collected 
are representative of the sediment in the HDS units. 

HDS sediment sampling is not expected to require additional handling/safety precautions 
beyond normal drain cleaning safety procedures.  Human health criteria for PCBs are for 
exposure via ingestion or vapor intake and not for contact.  OSHA directive STD 01-04-002 state 
that “repeated skin contact hazards with all PCB's could be addressed by the standards 
1910.132 and 1910.133”.  Both 1910.132 and 1910.133 OSHA standards require use of personal 
protective equipment, including eye and face protection. 

 

9.2 Enhanced Bioretention Media Testing 

The following SAP recommendations are based on past experience and specific guidance 
provided in DEMEAU (2014): 

 The enhanced BSM testing will use real stormwater for the column experiments to 
account for the effect of influent water quality on load removal.  A stormwater 
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collection site will need to be identified in a watershed with typical PCB 
concentrations to ensure PCB concentrations are representative of those expected in 
Bay Area urban watersheds.  Also, guidance will need to be developed on mobilization 
to ensure storms are targeted randomly. 

 Stormwater properties are known to change significantly with time due to natural 
flocculation and settling of particles.  Appropriate procedures should be developed to 
ensure collected stormwater is well mixed at all times, and experiments are 
performed in a timely manner to insure the stormwater used is representative. 

 PCBs can readily attach to test equipment, including the inside of tubing that may be 
used for pumps and the inside of PVC columns.  Alternatives should be considered 
that eliminate the need for pumping equipment and reduce attachment within 
columns (e.g., by use of glass columns). 

 The results of column experiments can be affected by channeling and wall effects.  
Use a column diameter to particle diameter ratio greater than about 40 to minimize 
these. 

  How media is packed in columns will affect infiltration rates and treatment 
performance.  Therefore, detailed procedures should be developed for the packing of 
media in columns to ensure consistency between columns and between experiments.  

9.3 Data Quality Objectives 

Data quality objectives (DQOs) should follow standard stormwater monitoring protocols 
and be described in detail in individual SAPs.  Both sampling and laboratory data quality 
objectives should be included.  For sampling, the SAP should specify sediment and water 
collection procedures and equipment as well as sample volume and handling requirements.  For 
laboratories, numeric DQOs are appropriate for sample blanks, duplicates (or field splits), and 
matrix spike recovery. 
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