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ABSTRACT

Urban stormwater runoff is a major non-point source of pollutants release into the environment.
Pollutants of concern include sediments; heavy metals; polycyclic aromatic hydrocarbons
(PAHS); petroleum hydrocarbons; and chlorinated organic compounds, such as pesticides and
polychlorinated biphenyls. Conventional stormwater management practices are designed to
dispose of the runoff as quickly as possible, not to treat the pollutants. Low Impact Development
(LID) concept is an alternative approach to the conventional framework that attempts to recreate
hydrologically functional landscape mimicking pre-development regimes. This research paper
assesses the effectiveness of two LID technologies, bioretention and permeable pavements in
treating PAHs and common urban runoff metals such as lead, copper and zinc. Select case
studies are used to synthesize data collected in the field and in the laboratory. Both technologies
appear to be effective at treating metals with the exception of copper. Bioretention removal rates
for dissolved zinc and lead range from 77-99% and 7-88% respectively. Removal rates for the
same constituents by permeable pavements range from 40-97% and 30-80% respectively.
Removal rates for dissolved copper by bioretention and permeable pavements range from export
of 26% to removal of 70% and export of 40% to removal of 90% respectively. A clear
mechanism behind dissolved copper leaching has not been determined. Bioretention is
consistently effective at attenuating PAHs with removal rates ranging from 90-95%. No studies
were found that evaluated the ability of permeable pavements to attenuate PAHs. Leaching of
nitrogen and phosphate has been reported for both technologies, which presents a concern for
nutrients overload. Long-term studies of both technologies in semi-arid climates are limited and
require further research to demonstrate their effectiveness. Ongoing maintenance is essential for
the continued long-term performance of bioretention and permeable pavements in attenuating
pollutants. Making a single statement regarding which of the two technologies is better at
producing cleaner effluent is not justified, since both are effective with some exceptions. Most
likely, the use of both of these control measures in the treatment train set up would produce the

most beneficial results.
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l. INTRODUCTION

The phrase “urban stream syndrome” describes a phenomenon of ecological degradation
of streams and other water bodies that drain urban landscapes (Walsh et al., 2005; NRC, 2008).
Urban stormwater is believed to be the primary cause of degradation in receiving waters and is
responsible for 15% percent of all impaired river miles (38,114 miles), 18% of all impaired lakes
(948,420 acres) and 32% of all impaired estuaries (2,742 square miles) in the United States
(Erickson et al., 2013; NRC, 2008). In California, urban stormwater is thought to be responsible
for impairment of 10% of all rivers, 10% of all lakes/reservoirs and 17% of all estuaries
(SWRCB, 2013). Urban stormwater is generally defined as water produced by precipitation
events (i.e., rain or snow) and can be measured downstream in streams, ditches, pipes, or gutters
after reaching the ground (NRC, 2008). To be regulated, the stormwater has to pass through
engineered passageways (NRC, 2008).

Land use modifications associated with urbanization significantly alter local
environments creating direct impacts on the quantity and quality of the aquatic ecosystems
(Goonetilleke et al., 2005). Increases in impervious surfaces, such as roads and roofs, increases
the volume of runoff that would otherwise infiltrate into soils and be lost to the atmosphere
through evapotranspiration (Walsh et al., 2012). In a study of twenty-seven watersheds, Klein
(1979) found a relationship between the level of watershed urbanization and stream quality. The
study concluded that impairment of stream quality can be prevented in watersheds where
impervious surfaces do not exceed 15% and 10% in sensitive ecosystems. Severe stream quality
impairment was observed in watersheds where imperviousness reached 30%. A similar
relationship between stream health and impervious cover is reported by Arnold and Gibbons
(1996) as shown in Figure 1. The amount of impervious cover in the greater San Francisco Bay
Area is highly variable, ranging from zero to up to 80% as illustrated in Figure 2 (NRDC and PI,
2014). Large urban cities such as San Francisco, Oakland, Richmond, San Jose, and Fremont

exhibit the largest impervious cover percentages, from 40 to 80%.



50% T

—

40%
30%

20%

10%

WATERSHED IMPERVIOUS COVERAGE

e oL IR I T I U T I N I N O I R IO I I N I B O |

PROTECTED

1

-7

STREAM HEALTH

IMPACTED DEGRADED

Figure 1: Relationship Between Stream Health and Impervious Cover (Arnold and
Gibbons, 1996). This figure demonstrates a relationship between the degree of impervious cover
and the health of a stream. No impacts to stream health are observed when the impervious cover
is less than ten percent. A stream becomes negatively impacted when the impervious cover is
between ten and twenty percent. The stream becomes degraded when impervious cover reaches

thirty percent.
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Figure 2: San Francisco Bay Area Impervious Surface Cover (NRDC and PI, 2014). This
figure illustrates a connection between urbanization and the degree of impervious cover. Large
urban cities such as San Francisco, San Jose, Oakland, Fremont, Antioch, Concord, San Mateo,
and Richmond show the highest level of imperviousness ranging from 40 to 80%.



The impacts of urbanization on aquatic ecosystems include biological, chemical and
physical changes (Walsh et al., 2005; Klein, 1979; Walsh et al., 2012; Erickson et al., 2013;
NRC, 2008). One of the most consistent and easily observed changes is a modification of the
stream hydrograph (Walsh et al., 2005; Goonetilleke et al., 2005). Due to reduced infiltration
capacity and the engineered efficient transport of runoff water, urban streams experience more
frequent and larger flow events (Walsh et al., 2015; Goonetilleke et al., 2005). Such increased
frequency of erosive forces causes channel incision, bank erosion and hydraulic disturbance to
instream biota (Walsh et al., 2005; Klein, 1979). Changes to water quality can be just as
significant. Urban runoff tends to be high in nutrients such as nitrogen and phosphorous and
toxic substances such as metals, petroleum hydrocarbons, polycyclic aromatic hydrocarbons
(PAHSs), polychlorinated biphenyls (PCBs), and pesticides (Gilbreath and McKee, 2015; Kinsella
and Crowe, 2015; Klein, 1979; Walsh et al., 2005). A study of the roadway runoff in the San
Francisco Bay Area by the Bay Area Stormwater Management Agencies Association detected
toxicity in over 90% of collected samples and attributed their toxicity to metallo-organic
complexes and non-polar organic compounds such as pesticides and petroleum hydrocarbons
(Woodward-Clyde, 1996).

Managing urban stormwater runoff efficiently and effectively is challenging for a variety
of reasons. According to NRC (2008), the difficulty can be attributed to three basic features of
the stormwater itself: 1) it accumulates and transports a lot of urban waste; 2) it is produced
everywhere; and 3) it is produced and delivered episodically, making attenuation difficult. The
conventional approach to stormwater management has been mostly about flood control and has
been identified as the primary driver for the observed “urban stream syndrome” (PGC, 1999;
Walsh et al., 2012). The goal of the conventional approach is to create an efficient drainage
system that prevents flooding (i.e., 10 or 100 year flood), promotes drainage and conveys treated
or untreated runoff directly to the receiving water bodies (EPA, 2000; PGC, 1999; Walsh et al.,
2012).

The Low Impact Development (LID) approach to urban stormwater management is one
alternative to the conventional framework. It is a comprehensive technology-based approach

that attempts to create a hydrologically functional landscape that mimics the natural



predevelopment regimes of infiltration, evaporation, transpiration, filtration, and storage by
favoring conservation and use of local natural features (PGC, 1999; Hinman, 2012). LID
employs small-scale technologies, called Integrated Management Practices (IMPs) to manage
and treat water at the site level (PGC, 1999; LID Center, 2015a). Currently identified IMPs
include: 1) bioretention facilities; 2) green roofs; 3) permeable pavements; 4) swales; 5)
infiltration trenches; 6) rain barrels and cisterns; 7) reduction and disconnection of impervious
surface; 8) habitat preservation; and 9) restoration of wetland and riparian areas (LID Center,
2015b ; PGC, 1999).

As part of the Clean Water Act, urban stormwater discharges in the United States are
regulated as point source discharges under the National Pollution Discharge Elimination System
(NPDES) permit framework (NRC, 2008). NPDES regulations for municipalities with separate
storm sewer systems became effective in 1990 (NRC, 2008). In California, the State Water
Resources Control Board and the nine Regional Water Quality Control Boards implement and
oversee the NPDES permit program. In the San Francisco Bay Area, large municipalities (i.e.,
counties of Alameda, Contra Costa, San Mateo, Santa Clara and the cities of Fairfield, Suisun
City and Vallejo) are covered under a single municipal regional permit (SFBRWQCB, 2015a).
Smaller municipalities (i.e., counties of Marin, Solano, Napa, and Sonoma) are also covered
under one single permit but with different provisions (SFBRWQCB, 2015a). Discharges
associated with the California Department of Transportation (Caltrans) facilities are covered by a
single statewide NPDES permit (SWRCB, 2015). Requirements to use LID stormwater controls
as part of the post-construction runoff management began surfacing in NPDES permits in 2005
(SWRCB, 2012a). LID requirements are permit specific and have been evolving over the last

ten years.

The main objective of this research paper is to evaluate the effectiveness of bioretention and
permeable pavement technologies at treating PAHs and common heavy metals, such as copper,
lead and zinc that are found in typical urban stormwater runoff. The question is whether one
technology is better than the other at treating metals and PAHs. Data review of published case
studies is used to synthesize existing information for both technologies. Where information does

not exist, an alternative approach to closing data gaps is suggested. Technology specific



recommendations are developed based on contaminant specific treatment effectiveness, design
considerations and maintenance implications. In support of the main objectives, the paper
presents synopsis of the following subjects: 1) conventional stormwater management; 2) LID
framework; 3) stormwater regulatory background for San Francisco Bay Estuary; 4) stormwater
quality and pollution sources; and 5) stormwater toxicological potential. Where appropriate and
feasible, data is compared and/or related to the San Francisco Bay water quality objectives
contained in the San Francisco Basin Water Quality Control Plan (hereafter referred to the Basin
Plan).

1. CONVENTIONAL STORMWATER MANAGEMENT

Generally referred to as “end of pipe control,” conventional stormwater management has
been implicated to be a major cause of watershed impairment (Walsh et al., 2012; Roy et al.,
2008; LID Center, 2007). Flood control has been the main goal of urban stormwater control for
decades (Roy et al., 2008; NRC, 2009; LeFevre et al., 2015). Most cities have a separate sewer
infrastructure to contain and transport sanitary waste and stormwater runoff. The City and
County of San Francisco is the only coastal city in California with a combined system (SFPUC,
2015). One major downside of a combined system is that waste overflows during large storm
events, resulting in direct discharge of untreated sewage and runoff into receiving waters (Roy et
al., 2008). Control and management of stormwater via curb and gutter conveyances as well as
detention and retention management practices, have dominated runoff management in

municipalities with separate sewer infrastructure (NRC, 2009).

The primary objective of conventional control practices is to efficiently move and direct
runoff to minimize local flooding by containing and storing water for future release at a
predetermined rate (EPA, 2014). Retention/detention practices include detention basins,
retention basins and constructed wetlands (EPA, 2014; Fassman, 2012). All of these post
construction controls require large amounts of space, making them a rarity within an urban
landscape (EPA, 2014). Curbs and gutters have been used as standard elements of road
construction, often conveying untreated stormwater directly into local receiving waters (EPA,

2014a). The monitoring of close to 4,000 storm events nationwide revealed that 88% of all sites



sampled did not have any post construction management controls (Maestre and Pitt, 2005).
Those with controls had a combination of detention and retention basins. An evaluation of
conveyance types in the same dataset revealed that curbs and gutters were used in 65% of all
sites (Maestre and Pitt, 2005).

To provide a better understanding of how retention/detention controls are designed and
the function they provide, a few are described here. Centralized off-site collection and treatment
of stormwater is an attribute they all share. Although use of these management practices does
produce some improvement in water quality, they do so at the expense of impaired local
hydrological cycle. The conventional stormwater management practices described here include

detention/retention basins and constructed wetlands.

Constructed Wetlands

A constructed wetland B NET
v o ',
basin is a shallow retention ; 3

pond built to provide flood e | bt ¢ _' \
control, flow attenuation, o : o :
sedimentation, filtration, and
biological uptake (Fletcher et
al., 2004). Wetland basins
employ wetland plant types
able to withstand prolonged
waterlogging

conditions. Pollutant removal

is achieved through sediment  Fjgyre 3: Typical Constructed Wetland Basin (SuDS, 2015).
settling and biological uptake Constructed wetlands incorporate wetland plants in shallow

] water pools. Pollutant removal is achieved via settling and
(EPA, 2014b). This biological uptake. These systems differ fundamentally from
management practice is natural wetlands and exhibit less biodiversity.

considered to be among the most effective in removing pollutants from the runoff while also

providing aesthetic and habitat value (EPA, 2014b). When compared to natural wetlands, the
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constructed type tends to exhibit less biodiversity (EPA, 2014b). Maintaining constructed
stormwater wetlands in a semi-arid environment, like San Francisco Bay could be challenging
because of substantial water loss from high evaporation rates relative to incoming water volumes

(EPA 2014b). An example of a constructed wetland basin is illustrated in Figure 3.

Detention/Retention Basins

Detention/retention basins
include several variations of the
same management principle, which
is to capture large amounts of
runoff for future controlled release.
A dry detention basin, sometimes
referred to as a sedimentation
basin, is an excavated
impoundment designed to detain

runoff and facilitate sedimentation

thereby removing particles and

particle_bound Contaminants and Figure 4. Typlcal Dl’y Detentlon BaS|n (SSM, 2009)

) Dry detention basins collect runoff and slowly release it at
dissolved metals (CSUS, 2015). a controlled rate. This BMP is effective at flood control
These basins are designed but not water quality improvement. Dry detention basins

. stay dry between storm events.
primarily for flood control

purposes and tend to stay dry between storm events (SSM, 2009). They are not efficient at
removing pollutants, especially those in the dissolved phase, and require large amounts of land
(EPA, 2014; LeFevre et al., 2015). A retention basin, also referred to as a wet pond or a
retention pond, is similar to a detention basin with one main exception: a retention basin
permanently maintains a water level (SSM, 2009). Retention basins tend to be more effective
than detention basins at removing pollutants, especially nutrients, via biological uptake (EPA,
2014c). As with constructed wetlands, maintaining permanent water levels can be challenging in
semi-arid climates (EPA, 2014c). Figure 4 and Figure 5 illustrate typical examples of detention

and retention basins.



Figure 5: Typical Retention Basin (SSM, 2009). Similar to dry detention basins, retention
(wet) basins capture runoff for future controlled release. Wet basins are more effective at
treating pollutants via biological uptake. These basins permanently maintain water level.

1. LOW IMPACT DEVELOPMENT FRAMEWORK

Because of numerous issues associated with the conventional urban stormwater
management approach, a Low Impact Development (LID) concept was first introduced by the
Department of Environmental Resources (DER) of Prince George’s County, Maryland in the
1980s (LID Center, 2015a). Since then, numerous municipalities across the United States have
turned away from the conventional land use development and redevelopment practices. Instead
of a centralized downstream stormwater control, LID is a comprehensive technology-based
approach that attempts to create a hydrologically functional landscape that mimics the natural
predevelopment hydrological regime of infiltration, evaporation and transpiration, filtration, and
storage; favoring conservation and use of local natural features (PGC, 1999; Hinman, 2012).
The design techniques are based on the principle that stormwater management is not about
stormwater disposal (LID Center, 2013). Instead, stormwater is managed at the site level
through numerous small-scale controls (PGC, 1999). Over the last several decades, this
approach has evolved and has become closely associated with the terms as “smart growth,”

“ecological landscape” and “green infrastructure.”



Some of the broad key goals and principles of the LID approach include: 1) protection of
receiving waters through technological improvements; 2) development and implementation of
landscape features that mimic the hydrologic cycle and protect the environmental integrity of
receiving waters; 3) environmentally sensitive site planning and design; 4) economic incentives
that encourage sensitive development; 5) public education and participation; 6) reduced
construction and maintenance cost; and 7) regulatory flexibility that encourages innovations to
promote “smart growth” principles (PGC,1999). Figure 6 provides a visual summary of the LID
approach and its components. This model has been further developed, modified and scaled to fit

the need by various municipalities throughout the country.

LID site management controls are a major component of the approach and serve as its
building blocks. These practices include: bioretention facilities; green roofs; blue roofs;
permeable pavements; wet vegetated treatment systems; dry and wet swales; infiltration
trenches; rain barrels and cisterns; rain gardens; reduction and disconnection of impervious
surfaces; habitat preservation; and restoration of wetland and riparian areas (EPA, 2009; PGC,
1999). They are all designed to mimic the predevelopment hydrologic cycle through strategic
control of interception, infiltration, evaporation, water storage, frequency and volume of
discharge, groundwater recharge, and water treatment (EPA, 2009; PGC, 1999). Most are small
cost-effective technologies located at the source level (LID Center, 2013).

Site specific planning and hydrological analysis is required for the selection of the most
appropriate controls (PGC, 1999). Site planning requires incorporation of concepts like site
hydrology; micromanagement; source control; use of simple and non-structural techniques; and
creation of a multifunctional landscape (PGC, 1999). The goal of the hydrologic analysis is to
preserve pre-development regime through consideration of measures such as runoff volume,
peak runoff rates, water quality management, and storm frequency and size (PGC, 1999). As the
focus of this project is bioretention and permeable pavement technologies, the two are discussed
here in more detail. These two technologies were chosen because of their apparent versatility,

increasing popularity and direct ability to manage and treat road runoff.
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LID Site Planning

- Define development envelope

- Reduce/minimize impetvious areas
- Disconnect impervious areas

- Modify/increase drainage flow paths

J

LID Public Outreach

- Define program objectives
- Identify audience
- Develop outreach materials

- Distribute outreach materials
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- Evaluate/define predevelopment baseline
- Evaluate site planning benefits and compare

LID Hydrologic Analysis

- Delineate watershed areas
- Define design storm
- Define modeling technique
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- Evaluate IMPs
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J

Control

- Planning
- Scheduling of operations
- Soil erosion controls
- Sediment controls

- Maintenance
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-
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- Incorporate additional controls
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- Define hydrologic controls
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Figure 6: LID Framework (modified from PGC, 1999). This framework aims to achieve the
major goals of the LID approach, such as improved environmental protection with innovative
technologies, environmentally sensitive site planning and design, increased public education and
participation, economic incentives for sensitive development, reduced construction and
maintenance costs, and regulatory flexibility that promotes smart growth principles.
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IV. REGULATORY FRAMEWORK

The first time the EPA considered regulating stormwater was in 1973 (NRC, 2008). It
took almost two decades however for the agency to issue final regulations (generally referred to
as the Phase | program), promulgated under the Clean Water Act (NRC, 2008; SFBRWQCB,
2015a). The initial regulations (i.e., 1973 version) exempted most nonindustrial and
noncommercial point source discharges, which triggered a successful lawsuit by the Natural
Resources Defense Council against the EPA (NRC, 2008). The court ruled that the EPA had no
authority to exempt point source discharges, and this led to revised regulations in 1980 (NRC,
2008). The newly revised regulations were challenged again in court by a variety of stakeholders
over numerous issues, including the definition of stormwater (NRC, 2008). Eventually, final
regulations were published in 1990 that established the stormwater regulatory process as it stands

today.

In addition to regulating specific industrial sectors (i.e., recycling facilities, electric
plants, construction activities, petroleum refineries, etc.), the new regulations now applied to
medium and large municipalities with separate storm sewer systems (NRC, 2008).
Municipalities with separate storm sewer systems are generally referred to as MS4 facilities. In
order to legally discharge stormwater, each municipality or industry had to obtain a permit to
discharge, known as a National Pollution Discharge Elimination System (NPDES) permit. The
definition of a medium and a large municipality is based on the size of the population served. To
be regulated, medium municipalities have to serve a population of 100,000 to 250,000 people
(NRC, 2008). The population size of large municipalities has to be 250,000 or more (NRC,
2008). Broadly speaking, Phase | MS4 permits require the development and implementation of
Stormwater Management Plans aiming to reduce discharge of pollutants to the maximum extent
practicable (SWRCB, 2013). The control program must include use of Best Management
Practices (BMPs), public education/outreach, illicit discharge detection and elimination,
construction and post-construction controls, water quality monitoring, and good housekeeping
practices (SWRCB, 2013).

In 1999, the EPA promulgated additional stormwater regulations (generally referred to as

the Phase Il program), which required small municipalities with separate storm sewers to obtain
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permit coverage (NRC, 2008). Small MS4s are defined as those not covered under the medium
or large MS4 permits, those located in “urbanized areas” or those designated as such by the
permitting authority (NRC, 2008). The dischargers have a choice of using either a “general
permit” that covers multiple facilities, or they can apply for an individual permit. In general,
NPDES permit requirements for Phase 11 MS4, are not as elaborate as those for Phase | facilities.
For example, water quality monitoring requirements are fairly limited unless required by existing
Total Maximum Daily Loads (TMDLs). The permit also does not require development of
comprehensive stormwater management plans unless there is a known pollutant hotspot
(SWRWCB, 2013).

The EPA delegated its regulatory authority to the State of California to implement and
oversee the stormwater NPDES program through the State Water Resources Control Board and
the nine Regional Water Quality Control Boards. In the San Francisco Bay Area, the counties of
Alameda, Contra Costa, San Mateo, and Santa Clara, and the cities of Fairfield, Suisun City and
Vallejo are regulated under a single Municipal Regional Stormwater Permit (SFBRWQCB,
2015a). Smaller municipalities located in the counties of Marin, Napa, Solano and Sonoma, as
well as some non-traditional facilities (i.e., universities, prisons, hospitals, military bases, parks,
etc.) are regulated under the General Permit for Discharge of Storm Water from Small MS4s
(SFBRWQCB, 2015a). Discharges associated with California Department of Transportation
(Caltrans) facilities are covered by their own statewide general NPDES permit (SWRCB, 2015).
All discharges under these general permits must address post-construction treatment controls as
well as published TMDLs.

Requirements for LID stormwater controls as part of the post-construction runoff
management appeared in NPDES permits beginning in 2005 when California adopted
sustainability as a core value for all of the California Water Board’s activities and programs
(SWRCB, 2012a). Review of current and past Phase | and 11 MS4 permits shows that the LID
requirements have evolved over time. The LID discussion that follows focuses primarily on SF
Bay Area Phase | and 11 MS4 permits and statewide Caltrans NPDES permit for post-

construction stormwater management.
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The current Caltrans NPDES permit has minimal LID language written into it. The
permit requires post construction stormwater controls for projects that create one acre or more of
new impervious cover and for non-highway facilities that create 5,000 square feet or more (the
size of a NBA basketball court is 4,700 square feet) of new impervious cover (SWRCB, 2012a).
This applies to both new and redevelopment projects. The selection of post-construction BMPs
is guided by stormwater treatment in the following order of preference: infiltration, harvest,
reuse, evapotranspiration, capture, and treatment (SWRCB, 2012a). Where feasible, LID
treatment controls may be used to treat excess runoff (i.e., runoff that was not infiltrated,
harvested, re-used, etc.), otherwise conventional treatment devices are allowed (SWRCB,
2012a). The permit does require use of landscape (i.e., use of natural or man-made landscape
features) and soil-based BMPs to treat storm water runoff where feasible (SWRCB, 2012a).
Discharges to Areas of Special Biological Significance require Caltrans to consider use of LID

controls first to determine their feasibility.

The most recent Caltrans Statewide Storm Water Management Plan was reviewed for this
paper for any specific LID language but none was found (Caltrans, 2012b). However, Caltrans
has recently finished a pilot study evaluating effectiveness of several bioretention cells
constructed for the new span of the San Francisco-Oakland Bay Bridge (Caltrans, 2015). The
results of this multi-year study are described in Section IX of this paper. To get an idea of any
upcoming LID activities in the Bay Area by the Department in the 2016-2017 fiscal year, the
Stormwater Management Program District 4 Work Plan was reviewed but no LID specific plans
could be found (Caltrans, 2015a).

LID language in NPDES permits for Phase | and 11 MS4s is much more prescriptive. For
example, a Phase |1 MS4 permit requires implementation of LID technology for regulated
projects to reduce runoff, treat storm water, and provide baseline hydromodification management
to the extent feasible (SWRCB, 2013). Regulated projects are those that create and/or replace
5,000 square feet or more of impervious cover. Permit includes a special exception for
bioretention facilities, where in the case of demonstration of infeasibility, other types of bio-
treatment or media filters (i.e., tree-box type biofilters or in-vault media filters) may be allowed.

This exception is applicable to projects that create or replace one acre or less of impervious area
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located in a designated pedestrian-oriented commercial district; facilities that receive runoff
solely from existing impervious areas, and historic sites (SWRCB, 2013). Permit does not
appear to include any special water quality monitoring requirements to evaluate the effectiveness
of the chosen LID controls. LID control measures are also applicable to projects that create
and/or replace between 2,500 and 5,000 square feet impervious surface in order to reduce site
runoff. These control measures include: 1) stream setbacks and buffers; 2) soil quality
improvement and maintenance; 3) tree planting and preservation; 4) disconnection of rooftops
and impervious areas; 5) porous pavement; 6) green roofs; 7) vegetated swales; and 8) rain

barrels and cisterns (SWRCB, 2013). One or more of these measures is required.

A revised Municipal Regional Stormwater NPDES permit for Phase | MS4 Bay Area
facilities was reissued on November 16, 2015 and appears to have the most robust LID
requirements. Based on the review of the permit, the numerical sizing criteria for LID controls
appears to be tied more to reducing hydrological impacts associated with the development and
less with water quality improvement (at least not explicitly). LID elements apply to all regulated
projects for source control, site design and onsite stormwater treatment or treatment at a joint
stormwater treatment facility (SFBRWQCB, 2015b). This requirement has not changed since
the last permit issuance back in 2011 (SFBRWQCB, 2011). The definition of a regulated facility
is more complex in comparison to Phase Il MS4 facilities. For example, the LID applicability
threshold for new commercial, residential and industrial development is 10,000 square feet or
more of impervious surface but 5,000 or more for parking areas, restaurants, gasoline stations,
and automotive shops (SFBRWQCB, 2015b). The definition is full of nuances and the reader is
encouraged to consult the actual permit language for a complete description. Exemptions from
LID site controls are just as complex. For example, on site LID treatment can be substituted for
a partial offsite LID treatment (SFBRWQCB, 2015b). With the Water Board’s approval, LID
controls can also be substituted with conventional controls in smart growth, high density or
transit-oriented developments (SFBRWQCB, 2015b).

The revised Municipal Regional Stormwater NPDES permit has one major new
requirement for the development of a Green Infrastructure Plan, which is to be endorsed by the

manager of each municipality (SFBRWQCB, 2015b). Several non-prescriptive elements are
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required to be addressed by the plan. These include: 1) prioritization and mapping of planned
developments on a drainage-area specific basis; 2) impervious surfaces retrofit projections; 3) a
process for tracking and mapping completed projects and making them publically available; 4)
general guidelines and standard specifications for the overall streetscape; 5) requirements that
regulated projects be designed to meet specific treatment and hydromodification limits (such as
TMDLs and Basin Plan water quality objectives for example); 6) mechanisms for ensuring green
infrastructure designs in urban planning; and 7) a work plan to complete prioritized projects.
The long term goal of this new requirement is to shift from conventional stormwater
management (i.e., storm drain infrastructure) to a more sustainable system that employs LID
control measures to treat, harvest, and infiltrate urban runoff (SFBRWQCB, 2015b). Thisisa
major shift in approach to management of stormwater runoff in SF Bay Area. A minor new
element in comparison, but important here, is a requirement to develop and adopt design
specifications for pervious pavement systems. It will be interesting to see if similar green
infrastructure requirements will be included in the next Phase 1l MS4 permit revision due in
2018.

V. STORMWATER QUALITY & POLLUTION SOURCES

Sources of metals and PAHs within the urban environment that contribute to stormwater
pollution loadings are numerous. Some sources have been studied extensively and quantified on
the basis of load and source. This section focuses on major diffuse sources and does not include
discussion of non-anthropogenic (i.e., naturally occurring metals in soil and release of PAHs
associated with wild fires), industrial (i.e., emissions from coal burning plants) and construction
related activities. Table 1 provides a summary of stormwater quality data from various
published literature reviewed for this project. As evident by the data, exceedances of water
quality objectives, as set in the San Francisco Bay Basin Plan, for both freshwater and marine

receptors exist.
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Table 1: Summary of Urban Stormwater Data (jug/L). Data in bold exceeds either marine or
freshwater objectives set in the Basin Plan. Water quality objectives for metals are based on the
dissolved fraction and total fraction for PAHs. Marine objectives for PAHSs are set as a 24-h

average. Data was compiled from the studies reviewed for this project.

Fraction Cu |Pb | Zn | PAHs | Location/Notes References
Total 335 | 48 | 187 Runoff from California highways. Data Kayahanian et al.,
Dissolved 1 129 176 | 6838 reported as mean values. 2007
Concrete lined channel fed by storm McPherson et al.,
Total 23 | 21 - 0.95-5.8 | drains (Ballona Creek) in Los Angeles, 2005; Stein et al.,
CA. Mean values reported. 2006.
Total 175 | 17 131 National data for mixed commercial use. Maestre and Pitt,
Median values reported. 2005
Dissolved 10 3.5 73
Total - 15 -125 | Lowe Anacostia river, MD and Hwang and Foster,
Washington, DC. Ranges reported. 2006
Total - 1.4 - 22.6 | Stormwater channel in Hayward, CA. Gilbreath and
Stormflow ranges reported. McKee, 2015
Parking lot in Daly City, CA. Mean values | David et al., 2015
Total 46 | 3.5 | 690 2.3 reported for runoff prior to bioretention
installation.
31|81 81 15 Marine Objectives (4-day average)
9 | 25| 120 - Freshwater Objectives (4-day average)

Deposition Routes

Atmospheric deposition of metals and PAHSs is one of the major stormwater pollution

pathways and is primarily associated traffic patterns, overall air emissions, from non-traffic

related sources, and local land use practices (Gunawardena et al., 2014; Gunawardena et al.,

2013; NRC, 2008). Atmospheric deposition can occur as either wet deposition during rain

events or as dry deposition at other times. Condensation and sorption of pollutants to water

droplets (i.e., rain) leads to wet deposition and is the primary deposition pathway for gases and

aerosols (NRC, 2008). When atmospheric turbulence is not strong enough to counteract

gravitational fall of particles from the air, dry deposition occurs (NRC, 2008). Atmospheric

deposition can be an especially important source of stormwater pollution in semi-arid regions

where long antecedent periods allow for a significant buildup of contaminants on impervious
surfaces (Sabin et al., 2006).
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Numerous studies have linked atmospheric pollutants with pollutants in urban
stormwater. Sabin et al. (2006) have quantified atmospheric deposition of chromium, copper,
nickel, lead and zinc to stormwater loadings in a small urban watershed in Los Angeles,
California. The authors of the study concluded that: 1) urban areas exhibit higher total
deposition rates than non-urban areas; 2) dry deposition (vs. wet) is a dominant pathway in a
semi-arid environment; and 3) atmospheric deposition could potentially account for 57% to

100% of total metal loads in stormwater discharges.

Pollutants can also be introduced directly to stormwater as in the case of accidental or
intentional spills of hazardous materials. Other direct inputs include runoff from source areas
such as roofs, buildings and landscaped areas (Pitt et al., undated). Non-exhaust related
automobile emissions come from particles generated from tire wear and brake pads. These
particles settle on road surfaces during dry periods and get washed away with the next storm (Pitt

et al., undated).

Metals

Metals in the urban environment come primarily from automobiles and structures with
metallic constituents (Davis et al., 2001; Pitt et al., undated). Vehicular traffic (both highway
and inner city) is thought to be a major source of metals such as zinc, cadmium, chromium,
vanadium, copper, and manganese (Li et al., 2009; McKenzie et al., 2009; Kayhanian et al.,
2007). Pavement itself can be a source of metals including copper, lead, zinc, and nickel (Apul
etal., 2010). Galvanized roofs and drainpipes can be a major source of zinc (Li et al., 2009).
Older structures that still have lead based paint on them can be a significant contributor of lead
(Davis et al., 2001). Historic uses of lead in gasoline still contribute to stormwater pollution
(Gunawardena et al., 2015).

Several studies have examined and characterized stormwater runoff to be related to the
average daily traffic, age of pavement overlay, brake and tire wear, road build-up, roofs, and
building components (Davis et al., 2001; McKenzie et al., 2009; Chang et al., 2004). Davis et al.

(2001) examined and quantified source-specific contribution of common metals to stormwater
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loadings. Sources they examined included dry and wet deposition; building siding and roofs;
automobile brakes; tires and oil leakage. Stormwater samples from buildings’ siding and
automobile wheels were collected using synthetic (i.e., laboratory made) rainwater, sprayed over
surfaces and collected in aluminum sheets for metals analysis. Loadings from used engine oil
were assessed by combining used engine oil with synthetic rainwater at a rate of 5%. This
mixture was shaken for 24 hours and chilled afterwards for oil/water separation to occur. After
separation, the water phase was analyzed for metals. Loadings associated with roof runoff were
determined under real rain conditions. First flush samples were collected from roof downspouts
using plastic bags with drawstrings. Rain water blanks were also collected in an open area using
plastic identical plastic bags. Loadings from tires were assessed by abrading tire surfaces with a
steel brush to produce tire powder. This powder was combined with synthetic rainwater (100 mg
of tire powder/100 ml of synthetic rain water) and shaken for 24 hours. The mixture was then

filtered through a 0.2 um membrane prior to analysis for metals.

A summary of the estimated metal contribution by source type in urban commercial
runoff is illustrated in Figure 7. Roof and buildings’ siding appear to be the major sources of the
metals studied. Zinc had the highest annual load of 2.16 kg/ha with all sources combined. In
addition, building materials themselves were determined to be as a source of metals, as opposed

to collecting atmospheric deposition.

Rooftop runoff has long been recognized as a major source of metal contamination in
stormwater (Lye, 2009; Davis et al., 2001; Yaziz et al., 1989; Chang et al., 2004). According to
Chang et al. (2004), there are at least two reasons why roofs serve as a source of stormwater
pollution. First, construction materials themselves can act as a source and may leach into the
runoff, especially in the presence of acidic rainwater. Second, roof temperatures are usually
much higher than that of other surfaces, which may aid the decomposition and leaching
processes. Numerous studies have focused on assessing the quality of rooftop runoff and its
reuse implications. The quality of the rooftop runoff depends on roof type, age and maintenance

regime, local climate, local air quality, and surrounding environment (Chang et al., 2004).
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Figure 7: Estimated Source Specific Metal Contributions (Davis et al., 2001). This figure
presents the estimated contribution of metals from various sources in urban commercial
stormwater. Total annual metal loadings were estimated to be 0.18 kg/ha for lead, 0.243 kg/ha
for copper, 0.0022 kg/ha for cadmium, and 2.16 kg/ha for zinc.

It should be noted that rain water itself can be contaminated with metals even before it
reaches a rooftop. Table 2 presents stormwater metal loads from various roof types from several
case studies reviewed for this project. As evident by the data presented and as concluded by
others, relative to other metals, zinc is found in high concentrations in rooftop runoff due to its
prevalence and the fact that it corrodes easily (Davis et al., 2001). Studies have also been
conducted to demonstrate that elevated metal concentrations are in fact due to the roofing

materials themselves and not to atmospheric deposition (Clark et al., 2008).
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Another significant source of metals entering stormwater, especially copper, is
automobile brake pads. Abrasion of brake pads results in road deposition of metals such as lead,
copper and zinc (Davis et al., 2001; McKenzie et al., 2009). Composition and amount of metals
in brake materials vary significantly and is often considered proprietary information by the
manufacturers (Thorpe and Harrison, 2008). A few attempts have been made to analyze and
estimate releases of metals into the environment from car brakes (Davis et al., 2001; McKenzie
et al., 2009; Thorpe and Harrison, 2008). Table 3 summarizes brake pad metal data found in
case studies reviewed for this project. Because metals concentration data is reported as a total
fraction, comparison to San Francisco Bay water quality objectives is not possible. As evident
by the data presented, the concentration of metals in car brake dust and brake linings is wide-
ranging. Therefore, one would expect stormwater metal loadings from this specific source to be
wide-ranging as well. In addition, copper and zinc are found in much higher concentrations than

lead and cadmium.

Table 2: Metal Loading in Rooftop Runoff (ug/L). This table summarizes data from several
case studies reviewed for this project. Comparison to San Francisco Bay water quality
objectives is not possible as all reported values are expressed as a total fraction and not as a
dissolved one. Relative to other metals, zinc dominated the runoff from the rooftops.

Reference Roof Type Lead Copper Zinc
(min/max) | (min/max) (min/max)
. A 38/203 25/126 1,372/13,590
Chang et al., 2004 ) ) e
g Composition Shingle (min/max) | (min/max) (min/max)
Aluminum 37/134 26/248 3,230/16,600
(min/max) | (min/max) (min/max)
Chang et al., 2004 4_9/255 2_8/224 11,78_8/212,330
(min/max) | (min/max) (min/max)
Davis et al., 2001 Galvanized Steel ND _ 7,600
(max)
Clark et al., 2008 _ 1,400 14,700
(max) (max)
28 1,080
Terra Cotta = |
(x) — (x)
. 56 2,330
Asphalt Shingle — "
Debusk, et al., 2009 p g (%) _ (%)
Metal With Aluminum 302 20 12,200
Paint (x) (x) (x)
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Table 3: Metal Concentration in Brake Lining, Brake Dust, and Simulated Rainwater.
Data presented here was compiled from case studies reviewed for this project. Comparison to
San Francisco Bay water quality objectives is not possible as all reported values are expressed as
a total fraction. The concentration of metals in car brake dust and brake linings is wide-ranging
making it safe to assume that stormwater loadings from this specific source to be wide-ranging.
Copper and zinc are found in much higher concentrations than lead and cadmium.

Mean concentration Concentration range Concentration range
(ug/L) from brake areas (mg/kg) in car brake (mg/kg) in car brake
using synthetic rainwater | linings (Thorpe and dust (Thorpe and
(Dauvis et al., 2001) Harrison, 2008) Harrison, 2008)
Copper 280 11— 234,000 70 — 39,400
Zinc 330 25— 188,000 120 - 27,300
Lead 11 1.3-119,000 4-1,290
Cadmium 1.9 <l1-414 <0.06 — 2.6

The States of California and Washington both have passed laws in 2010 (CA Senate Bill
346) severely restricting the amount of metals in brake pads. After January 1, 2014, the law bans
the sale of brakes in California that contain more than a trace amount of cadmium, lead,
chromium, asbestos, and mercury (DTSC, 2010). The amount of copper cannot exceed more
than 5% by 2021 and should be almost zero by 2025 (DTSC, 2010). This ban came as a result of
the municipalities in South San Francisco Bay not meeting Clean Water Act requirements
because of high copper loadings in urban stormwater and ultimately the Bay (Copper
Development Association, 2015). It was estimated that copper from brake pads in South San
Francisco Bay ranged from 16% to 75% of all copper loads contributed (WCC, 1994). Table 4

illustrates the estimated total annual loads into South San Francisco Bay from brake pads.

Automobile tires are another source of metals found in urban stormwater, especially zinc
(Legret and Pagotto, 1999). Abrasion of the tire treads from road friction creates particle
emissions which accumulate on the ground surfaces and eventually end up in stormwater. The
nature of the emissions depends on tire composition, road conditions, and vehicle operation and
maintenance (Thorpe and Harrison, 2008). In addition to organic compounds (such as PAHS),
metals such as zinc, copper, cadmium and lead are present in a typical passenger car tire. Similar

to automobile brakes, the range of tire types and their composition vary significantly. Table 5
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illustrates the range of metals found in tire treads. Releases of zinc appear to be of particular
concern since concentration is highest and ranges between 0.4 and 1.5% by weight (Councell et
al., 2004). In the mid-1990s for example, zinc from tire wear was identified as one of the major
sources (approximately 60%) of total zinc load to South San Francisco Bay (Councell et al.,
2004).

Table 4: Estimated Annual Mean Loads of Select Metals into South SF Bay from Brake
Pads (modified from WCC, 1994). Concentration of metals in brake pads is wide ranging.
Brake pads manufactured by General Motors have the lowest copper concentration and a
relatively low zinc concentration. Brake pads were once a major source of copper loads into
South San Francisco Bay.

Manufacturer Copper Zinc Lead
Group (Ibs/yr) (Ibs/yr) (Ibs/yr)
Ford 290 23 4.3
General Motors 8 168 55
Honda 3,549 1,125 4.2
Mercedes-Benz 937 ND ND
Toyota 435 74 2.8
Nissan 1,179 419 1.4
Volkswagen 1,319 1,311 421

Table 5: Summary of Metal Concentrations in Tire Treads (modified from Thorpe and
Harrison, 2008). Concentration of metals in brake pads is wide-ranging. Compared to other
metals, zinc is found in much higher concentrations. Tire wear was identified as one of the
major sources of zinc in South San Francisco Bay.

Metal Concentration
Range (mg/kg)
Copper <1-490
Lead 1-160
Zinc 430 - 10,250
Cadmium <0.05-2.6
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Polycyclic Aromatic Hydrocarbons (PAHS)

The primary sources of PAHSs in urban stormwater are automobile emissions, tire wear
and pavement degradation (Kose et al., 2008). By far, incomplete combustion of fossil fuels is
the largest source of PAHSs in the atmosphere and the road dust, especially on the West Coast of
the United States where coal burning is not as prevalent (Gunawardena et al., 2012; NRC, 2008;
Stein et al., 2006; Hwang and Foster, 2006). The majority of all PAHSs that enter the atmosphere
eventually find their way onto ground surfaces and into waterways (Prabhukumar and Pagilla,
2011).

A study by Stein et al. (2006) attempted to identify sources of PAHSs in the greater Los
Angeles metropolitan area by examining the relative distribution of individual PAHSs in
stormwater for source signatures indicative of origin (i.e., pyrogenic vs petrogenic). Petrogenic
PAHs are those that form at relatively low temperatures (i.e., 100—300°C) and are mostly
associated with petroleum spills in the urban environment (Boehm and Saba, 2008). Pyrogenic
PAHs form at much higher temperatures (i.e., > 400°C) and are mostly associated with fuel
combustion (Boehm and Saba, 2008). Most experts generally agree that the presence of low
molecular weight PAHSs is indicative of petrogenic sources, while the presence of high molecular
weight PAHs points towards pyrogenic sources (Mitsova et al., 2011). Stein et al. (2006) study
also looked at ratios of specific PAHSs (i.e., Fluoranthene/Pyrene and Phenanthrene/Anthracene)
to determine and confirm their origin. High molecular weight PAHs dominated the stormwater
runoff in the Los Angeles study, ranging from 61 to 89% (Stein et al., 2006). Similar PAH
concentrations were observed across all urban land uses, suggesting a regional source. The ratios
of Fluoranthene/Pyrene and Phenanthrene/Anthracene were also indicative of the aerial
deposition of combustion by-products.

Coal-tar-based pavement sealcoats are another significant source of PAHSs in the urban
environment. There are two main types of sealants used in the United States: coal-tar-based and
asphalt-based (Watts et al., 2010; Mahler et al., 2012). These sealcoats are used as surface
finishes for parking lots, airport runways, and driveways as barriers against weather and

chemicals (Prabhukumar and Pagilla, 2011). Coat-tar-based sealants contain up to 50,000 mg/I
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of PAHSs, whereas asphalt based sealants contain less than 100 mg/l (Prabhukumar and Pagilla,
2011; Watts et al., 2010). A byproduct of coke used in the steel production industry, coal-tar-
based sealants are used primarily in the Eastern United States where coke plants are more
prevalent (Watts et al., 2010; Mabhler et al., 2005).

Coal-tar-based sealcoats are a significant cause of high PAHSs in urban lakes, streams,
and sediments (Mahler et al., 2012). Because these sealants wear off rapidly over time due to
abrasion forces, a reapplication every couple of years is needed to maintain their barrier effect
(Prabhukumar and Pagilla, 2011; Mahler et al., 2012). Overall, annual loss of sealcoats from
parking lots is about 2.4% per year and 5% from driving areas per year, with higher rates in
colder climates (Mahler et al., 2012). Concentration of PAHSs in runoff from surfaces sealed with
coal- tar-based sealants can be 65 times higher than that of unsealed surfaces (Mahler et al.,
2012). Table 6 illustrates concentrations of PAHs in various media from coal-tar-based sealcoats
and asphalt sealcoats. Data is compared to San Francisco Bay water quality objectives for

PAHSs, which reveals exceedances.

Table 6: Concentration of PAHs in Various Mediums (modified from Mahler et al., 2012).
Concentration of PAHSs is reported as a sum of most common individual compounds. Across all
media, concentration of PAHs from coal-tar-based products are much higher than from asphalt-
based sealcoats. Values in bold indicate exceedances of San Francisco Bay water quality
objectives for PAHSs.

) Coal-Tar-Based | Asphalt Sealcoats )

Media PAH PAH Units
concentration Concentration

Sealcoat Product 66,000 50 mg/kg
Pavement Dust 685 - 4,760 <1-11 mg/kg
Runoff (particle) 3,500 54 mg/kg
Runoff (water) 52-71 2-5 Hg/L
Soil 105 2 mg/kg
Marine Objectives (24-hour average) 15 ug/L

Several experimental studies looked at whether coal tar-based sealcoats are a significant

source of PAHSs in stormwater runoff (Watts et al., 2010; Mabhler et al., 2005). Over a period of
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two years, Watts et al. (2010) collected stormwater runoff from two parking lots recently sealed
with coal-tar-based sealants and one unsealed lot. At the end of the study, a total mass of PAHs
(expressed as the sum of 16 most common compounds) exported by stormwater was calculated.
The lots sealed with coal-tar-based sealants exported between 9.8 and 10.8 kg of PAHSs per
hectare (or 0.54 and 1.41 kg per lot). The unsealed lot exported a total of 0.34 kg of PAHSs per
hectare (or 1.23 per lot). The authors estimated that 15% of the total mass applied prior to the
experiment was exported by stormwater. However, visual examination of the lots revealed that
only 25-50% of the sealant remained, leading the authors to conclude that other mechanisms
exported PAHSs, such as wind and physical abrasion. The study also looked at the effect coal-tar-
based sealants have on sediments. The authors found that sealant use on 4% of a paved

watershed resulted in a 100-fold increase in PAHSs in surface sediments near stormwater outfalls.

Coal-tar-based sealants are being used in California but the extent of the use is unknown
(CTFA, 2012). The State has been contemplating a complete ban on the use of coal-tar-based
sealants over the last several years, but a complete ban is yet to happen (CTFA, 2012; CTFA,
2013). On a positive note, Caltrans claims not use coal-tar-based sealants in the construction and
maintenance of their facilities (CTFA, 2011).

Automobile tire wear is an additional source of PAHSs in urban stormwater. PAHSs are
part of the aromatic oil that makes up between six to eight percent of the entire tire mass
(Aatmeeyata, 2010). Concentration of PAHs in the oil can range from thirteen to over one
hundred mg/kg (Aatmeeyata, 2010). It is suggested that release of PAHs from tire emissions
will surpass that of exhaust emissions as engines become cleaner over time (Aatmeeyata, 2010).
Average loss of tire rubber is estimated at ninety mg per kilometer, resulting in annual loss of
over one million metric tons in the entire United States (Allen et al., 2006). One published
study, which developed emission factors for the most common PAHSs found in tires, can be used
to estimate tire related emissions of PAHs (Aatmeeyata, 2010). Table 7 provides a summary of
the calculated emission factors by Aatmeeyata (2010).

Using emission factors for PAHs developed by Aatmeeyata (2010) for tires, annual

release of PAHSs in San Francisco Bay Area from this source was calculated for this project. In
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2007, almost 250,000,000 kilometers were traveled in the greater San Francisco Bay Area
(MTC, 2005). Assuming loads from four wheeled small cars only, a total daily release of all four
PAHSs would be 0.38 kg per day or 140 kg annually. This of course is a conservative estimate
since heavy-duty vehicles and large trucks are not included in this calculation.

Table 7: Emission Factors of PAHSs in ng/tire/km (Aatmeeyata, 2010). Emission factors are
based on the abrasion of tires from rolling friction.

Vehicle Type | Phenanthrene | Fluoranthene | Pyrene | Benzo[ghi]pyrelene
Two wheeled 22 21 105 59
Three wheeled 19 19 93 53
Small car 40 39 191 108

VI. URBAN STORMWATER TOXICITY

The study of the environmental toxicity of metals and PAHSs is multifaceted and
continuously evolving. In general, the effects of a contaminant on an organism can be seen as
either direct or indirect. Direct effect usually happens when a chemical causes an adverse
consequence on a physiological level, such as a change in cellular function, interference at nerve
synapses (i.e., neurotoxicity), disruption of the endocrine system, suppression of the immune
system, direct DNA damage, and macrophage disruption (Thompson et al., 2007). An indirect
effect involves a change in food supply and habitat availability due to alteration in

prey/competitor dynamics (Thompson et al., 2007).

Toxicological impacts of various anthropogenic contaminants on a range of San
Francisco Bay Estuary species was summarized by Thompson et al. (2007). Table 8 provides a
summary of select findings from this study. No claim is made here that the observed effects are
solely due to urban stormwater runoff. However, it is reasonable to presume that at least some of
the adverse impacts are due to urban stormwater runoff since it is considered to be a major
source of pollution in San Francisco Bay Estuary (SFBRWQCB, 2015c).
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Urban stormwater has been shown to produce acute toxicity and even genotoxicity
(Marsalek et al., 1999). With regard to metals and PAHS, there are a few intrinsic differences
that make them behave differently in the environment thereby affecting their toxicity,
environmental partitioning and mode of action. Metals do not biodegrade and cannot be broken
down into less harmful substances, which is generally not the case with PAHs (Luoma and
Rainbow, 2008). Low molecular weight PAHSs, such as those with 3 benzene rings or less, tend
to break down fairly quickly in the environment and are not considered persistent (Connell,
1997). If found in a favorable environment with reduced sunlight and reduced oxygen, high
molecular weight PAHSs tend to be recalcitrant and are capable of bioaccumulation. Aquatic
partitioning and bioaccumulation of PAHSs is fairly predictable, which is not the case for metals,
where water biogeochemistry, metal speciation and oxidation state are all at play (Luoma and
Rainbow, 2008). Knowing or predicting site specific partitioning of both metals and PAHS is
essential for developing effective treatment technologies. Metals do not tend to bioaccumulate to
the same degree that PAHs do except for some organometals such as methylmercury (USGS,
1999). In addition, most organisms from bacteria to humans require metals for life sustaining
purposes (Luoma and Rainbow, 2008). Antimony, arsenic, copper, cobalt, chromium, iron,
manganese, molybdenum, nickel, tin, titanium, vanadium, and zinc are considered to be essential
metals playing important biochemical roles in metabolic processes like protein functioning
(Luoma and Rainbow, 2008). Too much or too little of any specific essential metal can cause
adverse effects. In contrast, PAHs have no known essential biological roles in living organisms.

Predicting bioavailability of a specific metal in the aquatic environment is not a simple
task since such variables are at play as partitioning between particulate, colloidal, and dissolved
phase; dissolved organic matter; redox form; organic and inorganic ligands (Luengen, April 8,
2015). However, there is a general consensus that the dissolved fraction is the bioavailable one
(Luoma and Rainbow, 2008; LeFevre et al., 2015). In terms of toxicity mechanisms, one of the
major and most well-known is the “isomorphic substitution” where one metal substitutes for
another changing a specific biological function within the affected organism (USGS, 1999;
Luoma and Rainbow, 2008). The issue is a little more simplified with PAHSs, where toxicity
tends to increase with rise in molecular weight and octanol-water partition coefficient (Croshy,
1998). PAHSs can produce lethal and sub lethal toxic effects at very low concentrations (i.e.,
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parts per billion) and they can also be exacerbated by solar radiation (Connell, 1997; Crosby,

1998). Almost all PAHSs are thought to be carcinogenic to both humans and aquatic species

(Connell, 1997).

Table 8: Toxicity Effects of Select Contaminants in San Francisco Bay (modified from
Thompson et al., 2007). This table provides a summary of toxicological effects caused by select
pollutants. No claim is made that these effects are solely due to urban stormwater. However, it
is reasonable to presume that at least some of the adverse impacts are due to urban stormwater
runoff since it is considered to be a major source of pollution in San Francisco Bay Estuary.

Organism Type

Contaminant

Observed Effect

of Concern
Benthic Clams Decrease in total wastewater loadings from Palo Alto Water
(Macoma balthica Quality Control Plan, lead to an 87% decrease in silver
and Corbula Silver concentration in both sediments and clams located adjacent to
amurensis) the plant. Improvements in reproductive capabilities were
observed. A similar observation was found in clams from San
Pablo and Suisun Bay (Corbula amurensis).
White croakers Livers of both species from SF Bay showed greater incidences
(Genyonemus of lesions in liver conduits (i.e., biliary epithelial cells) due to
lineatus and Starry PAHSs elevated concentrations of PAHs in sediments and tissue.
flounder
(Platichthys
stellatus)
Benthic Clams Decrease in copper loadings from Palo Alto Water Quality
(Macoma balthica) Control Plan led to decrease in copper concentrations in
and Mussel larvae surface sediments followed by decrease in clam’s tissues.
(Mytilus Copper This decrease was associated with improved reproductive
galloprovincialis) capabilities. Elevated copper concentration in Grizzly Bay
sediments were showed to be toxic to mussel larvae.
Amphipods PAHs in sediments at two Central Bay sites were associated
PAHs with seasonal toxicity.
Ridgeway’s Rail Elevated concentrations of methylmercury in various marshes
(Rallus obsoletus) across the Bay are believed to be responsible for reduced egg
Methylmercury | hatchability of Ridgeway’s rails as well as overall poor

reproductive success due to embryo hemorrhaging, deformities
and embryo malposition.

Scientific studies dating back to the 1970s and 1980s were conducted to assess

stormwater runoff toxicity on marine and freshwater species (Pitt et al., 1995). Pinpointing a

single contaminant responsible for a toxic effect is challenging since runoff usually contains a

complex mixture of chemicals (i.e., metals, pesticides, petroleum hydrocarbons, polychlorinated

biphenyls, pharmaceuticals, etc.) that can modify each other’s effect (Kinsella and Crowe, 2015;
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Kayhanian et al., 2008; Selbig et al., 2013). Factors contributing to level and magnitude of
toxicity are many and include transport and fate of each contaminant, pollutants loading,
antecedent period, storm intensity, storm duration, site-specific physiochemical composition of
the stormwater, and ecological state and nature of the receiving water bodies (Greenstein et al.,
2004; Pitt et al., 1995). Therefore, attempting to generalize stormwater toxicity would be

misleading since many of the factors are intrinsically site specific.

A review of published literature on the subject of stormwater toxicity revealed that the
majority of work has focused on metal toxicity. According to Makepeace et al. (1995), arsenic,
beryllium, cadmium, copper, lead, nickel, and zinc are the metals of most concern when it comes
to stormwater toxicity. Very few studies were found that looked specifically at toxicity of PAHs
in urban stormwater. A complete synthesis of findings from the individual studies presented
here is not feasible since the design and approach that each study has for assessing toxicity is
intrinsically different. This also demonstrates the variation in approach to the study and

evaluation of urban stormwater toxicity.

Between 2002 and 2005, Kayhanian et al. (2008) evaluated the toxicity of urbanized
highway runoff in west Los Angeles, CA on three freshwater species (the fathead minnow
Pimephales promelas, the water flea Ceriodaphnia dubia, and green algae Pseudokirchneriella
subcapitatum) and two marine species (the purple sea urchin Strongylocentrotus purpuratus and
the luminescent bacteria Photobacrerium phosphoreum). To assess toxicity of stormwater
throughout the hydrograph, samples were collected hourly for the duration of the entire storm.
Specific causes of toxicity and concentration of metals in the runoff (i.e., copper, zinc, lead, and
nickel) were evaluated. EPA toxicity identification evaluation (TIE) methods were used to
identify a pollutant(s) responsible for observed toxicity. Several TIE treatments were applied to
stormwater: 1) addition of EDTA for divalent cationic metals; 2) addition of sodium thiosulfate
for oxidizable compounds; 3) C18 solid-phase extraction for non-polar organic compounds; 4)
C18, ethanol elution for confirmation of non-polar organics; 5) pH adjustment for pH-dependent
toxicants; 6) aeration for volatile compounds and surfactants; 7) zeolite extraction for ammonia;
and 8) EDTA to post zeolite treatment for ammonia vs. cationic metals. TIE treatments were

carried out on the select stormwater samples that were toxic to fathead minnows and water fleas.
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Purple sea urchin toxicity was measured as a reduction in ability to fertilize eggs. Toxicity to

photoluminescent bacteria was measured as a reduction in light output. Toxicity of stormwater

to water fleas was measured as a 7-day rate of survival and reproduction, and to fathead

minnows as a 7-day rate of survival and growth. Green algae toxicity was measured as a 96-hour

growth inhibition rate.

The results of the
study led to several
major conclusions.

First, toxicity was
observed to both
freshwater and marine
species. Out of the five
test methods, the sea
urchin fertilization test
was the most sensitive.
Table 9 illustrates the
toxicity incidence of both
grab and composite
samples. Fathead
minnows were more
sensitive than water fleas.

Green algae and

Table 9: Mean Incidence of Toxicity For 2002-2003 Storm
Seasons (modified from Kayhanian et al., 2008). First flush data
represents stormwater samples collected in the first 60 minutes of
each storm. “N” stands for the number of samples collected in the
entire storm season. Generally, first flush samples appear to be more
toxic than composite samples. First flush samples were least toxic to
green algae and photoluminescent bacteria.

First Flush CSompoIsne
Toxicity Test ampes
N % Toxic N % Toxic

Purple sea urchin 35 74 5 100
fertilization
Photoluminescent 35 20 5 80
bacteria
Water flea survival 34 66 2 50
Water flea 34 83 2 0
reproduction
Fathfaad minnow 34 80 2 50
survival
Fathead minnow 20 48 2 50
growth
Algal growth 33 49 1 0

luminescent bacteria showed an inconsistent response and occasional stimulation, most likely

due to a high availability of nutrients. Second, a large proportion of the toxic effects were

observed during the first flush (i.e., first 60 minutes of the storm) for all species tested. Third,

the majority of the composite samples were found to be non-toxic to the freshwater species even

with a strong “first flush” effect. Forth, zinc and copper were identified as the dominant

toxicants. In addition, a large number of samples with below threshold concentrations of

dissolved copper and zinc were still toxic. The researchers attributed this either to other
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chemicals being responsible for observed toxicity, or to environmental parameters like pH and

low hardness that can enhance toxicity of copper and zinc.

Table 10 provides a summary of dissolved metals concentrations measured in the
Kayhanian et al. (2008) study compared to the water quality objectives set in the Basin Plan. A
large amount of variability in the dataset appears to be intrinsic to stormwater loadings.
Although a direct data comparison might not be fully accurate, it is clear that concentrations of
dissolved copper and zinc are above those found in the Basin Plan and the toxicity effects
demonstrated by the study are not surprising. The highest measured concentration of dissolved
copper was almost 60 times higher than the lowest acute LC50 value for the water flea and 37
times higher than the lowest chronic LC50 value for the fathead minnow (Kayhanian et al.,
2008). The highest measured dissolved zinc concentration was 47 times higher than the lowest
acute LC50 value for the water flea and 14 times higher than the lowest acute LC50 value for the

fathead minnow (Kayhanian et al., 2008).

Selbig et al. (2013) attempted to assess the toxicity potential of stormwater transported
sediments contaminated with metals and PAHSs in the urban environment. The researchers
looked at four different sources of stormwater sediments characterized by different particle size
(i.e., silt and sand): suspended solids (particles in the stormwater were captured with filter
plates), streambed sediments (collected directly from the beds of three urban streams using
Teflon cores), street dirt (collected directly from the street with wet/dry vacuum), and storm
sewer bedload (collected using plastic sumps). Metals evaluated by this study included
aluminum, arsenic, barium, cadmium, chromium, cobalt, copper, iron, lead, magnesium,
manganese, molybdenum, nickel, silver, strontium, vanadium, and zinc. Of more than one
hundred PAHSs found in the environment, the authors looked at most common total PAHs and the
following individual PAHSs: acenaphthene, acenaphthylene, anthracene, benzo(a)anthracene,
benzo(a)pyrene, benzo(e)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene,
benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, 3,6-demethylnaphthalene, fluoranthene,
fluorene, indeno(1,2,3-CD)pyrene, 2-methylnaphthalene, naphthalene, phenanthrene, and pyrene.
Toxicity was assessed by comparing sampling results with the sediment quality guidelines
provided by the US EPA and the Wisconsin Department of Natural Resources.
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Table 10: Dissolved Metal Concentrations at Select Sites for 2003-2005 Storms (modified
from Kayhanian et al., 2008). Data in bold exceeds either marine or freshwater water quality
objectives as set in the Basin Plan. Exceedances of mean values only are shown here. However,
in some instances where mean values do not exceed water quality objectives, upper range values
do, as in the case of lead at site 7-202. Of note are standard deviation values (shown as SD
here). Standard deviation values for all metals are either larger or similar to mean values,
indicating high data variability. High data variability is also supported by wide-ranging values.
Sites 7-201 and 7-202 are both highly urbanized highway sites in Los Angeles, CA. First flush
samples represent 5 grab samples collected in the first 60 minutes of the storm.

_ Dissolved T Metal L
it . ng;lgnapr)rl]ep . Statistical issolved Trace Metals (ug/L)
Type Value Copper Lead Nickel Zinc
Range 8-161 0.25-1.9 0.99-35 6.8-880
47/All grabs | Mean 38 0.86 6.8 166
SD 38 0.4 6.8 189
7-201
Range 14.3-161 0.25-1.63 4.4-35.3 6.8-880
20/First
Flush Mean 55 0.99 11 241
SD 49 0.43 8.3 252
Range 3.5-560 0.19-13 0.42-100 18-4490
60/All Grabs | Mean 71 1.3 13 290
SD 107 1.8 19 617
7-202
Range 3.5-560 0.5-12.5 5.1-100 86-4490
25/First
Flush Mean 136 2.3 25 563
SD 141 2.5 25 890
Marine Objectives (4-day X ) 3.1 8.1 8.2 81
Freshwater Objectives (4-day X ) 9 2.5 52 120

With respect to metals concentration by particle size, the smaller silt particles had higher
concentrations of metals across all four sources. This finding is in line with a general agreement
that for the majority of metals, concentrations tend to increase as particle size decreases. There
was no statistically significant difference in total PAHs between the sand and the