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Introduction

San Francisco Bay is impacted by the numerous urban pollutants that flow from the surrounding
landscape during storm events. In San Francisco Bay, total maximum dailyNé&atd)(cleatup plans

are in place for polychlorinated biphenyls (PCBs) and mercury (Hg) (Davi2@®d&] Davis et al., 2012).
As municipalities strive to reach regulatory targets, green infrastructure (Gl) presents a promising
solution for managing stonwater pollutants while achieving additional environmental and social
benefits. Howeveremainingdata gapsncludingthe best design layoumedia compositionand

vegetation and submerged zone effects on performacaeprevent local managers from aaedely
assessing water quality benefits provided by green infrastructure as well as the maintenance needs to
sustain adequate performance.

Increasingly, studies from around the world report good performance for pollutant reduction using a

form of green ifrastructure called bioretention rain gardens (Davis et al., 2003; Li and Davis, 2009;
Diblasi et al., 2009; Hatt et al, 2009; Hunt et al., 2006). These studies have primarily measured nutrients,
metals and, to a lesser degree, organic contaminakithiough a number otudies have indicated

relatively good performance for copper ranging betweerl€0% capture, with effluent concentrations
generally <10 pg/L (Davis et al. 2003; Davis 2007; Hunt et al. 2008; Hatt et al. 2009; Li and Davis 2009,
David et al2015), only one published study (David et al,®0#&ports the capture of PCBs and only two
published studieseport the capture of Hg (Li and Davis, 2009; David et al520he Li and Davis study
showed influent and effluent PCB concentrations belaloratory detection limits.

Sources of PCBs in urban environments are mainly associated with residues from legacy uses in the older
commercial and industrial areas of atities thatwere developedr redevelopedrior to the PCB ban

in 1979. PCB souwgs include electrical dielectric fluids, heat resistant plastics, hydraulic fluids and oils,
and caulk (Erickson and Kaley, 2011; Klosterhaus et al., 2014). It is therefore expected that the greatest
reductions of PCBs using green infrastructure wouldKadyl to occur in the older urban and industrial
areas. David et al. (261 reported favorable performance for PCB reduction, but since the runoff came
from a recently redeveloped parking lot, the influent concentrations were(lo@an = 0.73 ng/L)

relative to concentrations more commonly measured in fl@msanatingfrom catchment areas that
includethe oldercommercial and industrial land usdeveloped during the era of peak PCB usage prior

to 1979(e.g. mean = 14.B8g/L: Gilbreath and McKee, 20IHpan =13 ng/L: McKee et al., 2017} is
theseolder developedareas where manageese focusnggreen infrastructureand other best practice

efforts to make greater progress towards meeting PCB TMDL targets.

Although there are legacy sources of Hg in ouepldrban areas frontegacyuses in paint, batteries,
thermostats,switches and many othearses, Hg is widely redistributed in the urban environment via
atmospheric circulation and deposition (Davis et al 20t 2pllows that wider distribution of green
infrastructure may be a very useful tool for reducing Hg ldadsldition to treatment in older urban

areas However, stormwater managers need more information about bioretention performance so that
Hg load reduction estimates can be generated with enocmtifidence for TMDL compliance. In the one
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study reporting on Hg performance, David et al. @0heasured reduced concentrations after
bioretention was implemented, but, complicating the performance results, the authors reported
increased concentration®f total methylmercury (MeHg). The authors attributed the elevated MeHg to
the anaerobic conditions caused by the incorrect installation of the subdrain which led to an
environment conducive to microbial methylation. Given that MeHg is the bioavailalitedbHg and
therefore of great concern in the region, the results from this single case study may contraindicate the
use of bioretention. Additional case studies are necessary to understand the dynamics of Hg species
capture in bioretention.

Green infragucture implementationin the Bay Area is on the rise, and in paratt®ls, lessons and
scientific data pertaining to improving that implementation and performance are being develdped.
goal of this synthesis is to collate and synthesize all ofrtbritoring data collected in the Bay Area to
date, including data from 10 green infrastructure bioretention projecgecondarily, a literature review
on available information for PCBs and Hg performance in Gl is summarized, along with additional
information on other pollutants and nol studies that may provide insights into how PCBs and Hg
performance mg be impacted by Gl design. Ttaa synthesis and literature review provileelpful
insights into design improvements for the Bay Area to maximiz®paance, and highlight the many
data gaps that remain.

Bay Area Green Infrastructure Water Quality Data
Review

Project overview

The Bay Aregreen infrastructure water quality ata utilizedin this synthesis wergathered from three
sources: The BaArea Stormwater Management Agencies AssocidB#xSMAA)California Department
of Transportation (CalTrangnd the San Francisco Estuary Insti{8EI)Each of these three
organizations has monitored and collected stormwater pollutant data reletgatite goals of this
synthesis.

BASMAA Green Infrastructure Studies

1 Only bioretention projects were selected although the CWA4CB project set included other green
infrastructure and BMPs. Additionally, one site in the CW4CB (Richmond 1st and Cutting Cell 1) was
omitted because only inlet concentrations were measured.
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BASMAA completed the Clean Watersheds for a Clean Bay (CW4CB) project in 2017, funded by a US
Environmental Protection Agency (USEPA) grant, that focused on urban runoff treatmefitgetiloe

MRP Provisions required permittees to install 10 pilot stormwater best management practices (BMPSs) in
locations across the Bay Area that had been identified as having elevated concentrations of pollutants,
based upon current or historical landeusr previous screeningvel sediment sampling. The project
monitored each location for BMP performanikased orthe removal of polychlorinated biphenyls

(PCBs) and mercury (Hg). The objective was to evaluate various types of BMPs, document the knowledge
gained, and evaluate the potential for achieving PCB and mercury load reductions through treatment
control retrofit (BASMAA, 2017).

Of the 10 pilot projects, a subset were green infrastructurthegibioretention orbioretention plus
other features. Onadditional project was a swa|l but no water quality data wereollected at that
location so it is not reported herdhe following provides a short summary for each of the projects
reported on in this synthesis:

Bioretention:

e El Cerrito Green Streethis bioretention project completed in 2010 created 19 individual rain
garden cells along San Pablo Avenue in El Cerrito to capture stormwater runoff from the
watershed comprising residential, commercial and transportation land uses. This monitoring
occurredin water year (WY14 and WY15 (BASMAA, 2017). Other monitoring at this location
was completed by SFEI (WY 12 and WY 17, described later).

e Bransten Roadrhis City of San Carlos bioretention project completed in 2013 created seven
curb extension rain gamhs in the Pulgas Creek Pump Station watershed, which has both
industrial and commercial land uses. Due tesite limitations, some cells have shallow soll
media without an underdrain, while others have a thicker soil media and an underdrain.
Pollutant manitoring was conducted in two of the cells for five storms during WYs-2016
(BASMAA, 2017).

e PG&E Substation at'and Cutting BlvdThis City of Richmond bioretention project completed
in 2014 created four cells for infiltration of stormwater. Howeuis project was unique in that
they varied the composition of soil media, including one cell with standard media and no
underdrain, one cell with standard media and an underdrain, and one cell with media
augmented with Biochar and an underdrain. Theréiention collected water draining from a
PG&E substation, although due to the small drainage basin area, some storms did not produce
enough runoff to sample. Pollutant monitoring occurred during WYs 2015 and 2016 (BASMAA,
2017).

e West Oakland Industrial &a: This project installed six Filtera tree well filters in a highly
industrial watershed in West Oakland. Each tree well was sized based upon the contributing
watershed area. Pollutant monitoring occurred in two tree wells during four storms in WYs 2014
and 2015 (BASMAA, 2017).

CalTrans Green Infrastructure Studies



Data wereincluded from theCalTran&ast Span Seismic Safety Progectductedat the San Francisco
Oakland Bay Bridge (SFOBB). The San Francisco Bay Regional Water Quality Control Besrd requi
stormwater dischargers, such @alTransto quantify PCB and mercury discharges as part of the Waste
Discharge Requirements of the San Francisco Bay TMDL for PCBs and mercury. As a result of
construction on the SFOBB, the Water Board required mitigatue to the impacts of the project, and
subsequent monitoring of the future mitigation sites. The mitigation focused upon installing pilot
stormwater BMPs, including six bioretention basins to treat stormwater runoff from the Toll Plaza area,
a bioswalea biostrip, and two detention basins. The basins were constructed with experimental design
features, so that the performance of these basins could be compared to control basins, with results
informing future stormwater BMPs. In additioGalTransvas requred to monitor the treatment

measures for five years post construction to characterize pollutant concentrations in the stormwater
discharge. The monitoring agdto evaluate the effectiveness of the bioretention basins for removing
PCBs and mercury, alongth other pollutants CalTrans2014).

SFEI Green Infrastructure Studies
The San Francisco Estuary Institute (SFEI) has worked cooperativetlyregthities across the Bay Area
to conduct stormwater monitoringn four Glinstallations The data inclded in this synthesis éve
collected inDaly CityEl Cerritoand Fremont
e At the Daly City Library, the EPA funded the City to install rain gardens in a small watershed that
drains a parking lot and recreation center buildings. The project monitoredtaothiduring 3
storms in WYQ9 before construction began (the influent), and monitored pollutants exiting the
gardens (effluent) during storms in WY 10Sampling entailed grab sample collection and are
reported on a grab sample basis in the original Dé#lyr€port (David et al., 2015J.0 provide
the best comparison to other studies reported in this synthesis, we first created pseudo
composites by averaging the samples collected within the same stoomsequently, results
reported herein differ from thos in the original reportA comparison of the results reported in
the original David et al. (2015) report and those presented here is available in Appendix A
e The City of El Cerrito constructed a bioretention project along San Pablo Avenue in 2010,
creating19 individual rain garden cells that would capture runoff from the watershed that
contains residential, commercial and transportation land uses. SFEI workelteinorationwith
the San Francisco Estuary PartnergSBERp conduct the monitoringvith funding fromthe
State Water Resources Control Board, through the Clean Water State Revolving Fund Project.
After an initial year ofisualobservations in WY11, stormwater monitoritggcapture samples
for laboratory analysis of pollutantgsas conductedn WY12 by SFEI (Gilbreath et al., 2013). In
addition, SFEI also conducted monitoring during WA¥illY separate funding undea California
Department of Water Resourcgsant alsan collaboration with\SFERGilbreath et al., 2018).
e |n 2011, the City of Freont installed two tree well filters on a major street in a watershed with
mi xed commercial, | ight industrial and transpo
with stormwater loading from the surface. The other tree well was designed sotthratwater
entered via a perforated subsurface pipe. SFEI conducted pollutant monitoring in both tree wells
during 5 storm events in WY 2013 and 2014 (Gilbreath et al., 2015). This pilot stormwater BMP
project was in response to the 2009 Municipal Regi@taimwater NPDES Permit which

4



required municipalities to implement esite stormwater management measures for large
projects that created or replaced 10,000 square feet or more of impervious surface. The City
installed the tree wells as part of the requinent that 10 pilot projects be installed across the
Bay Area to help document the costs, performance, and water quality outcomes so that future
projects could be better informed.
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Figure 1. Map indicating the location of each Bay Area green infrasteuocfBMP project described in
this report.



Project Details and Construction Specifications

Table 1: Project details

Green Date Site
Infrastructure  |Construction |Watershed Watershed
Data Source [Site Name Sponsor Type Finalized Area (km?) Area (acres) |Watershed Land Use
CWA4CB El Cerrito Green Streets City of El Cerrito Bioretention Jul 2010 0.0069 1.7 Transportation, commercial, residential
CW4CB Bransten Road City of San Carlos |Bioretention Nov 2014 0.0074 1.83 Industrial, commercial
CW4CB PG&E Substation 1st and Cutting |City of Richmond  [Bioretention Sep 2014 0.0067 1.66 Industrial
CW4CB West Oakland Industrial Area City of Oakland Media filter Nov 2013 0.0032 0.8 Industrial, commercial
SFEI Fremont Tree Wells City of Fremont Bioretention 2011 0.0014 0.34 Transportation, commercial, light industrial
SFEI Daly City Library Daly City Bioretention 2009 0.0162 4.0 Parking lot, recreation center
Caltrans SFOBB Toll Plaza Caltrans Bioretention 2008 0.58 143 Transportation

Table 2: Construction specifications

Total Green Monitored Green Ponding
Infrastructure Infrastructure Surface Soil Depth Drain Depth Depth
Site Name Monitored portion Surface Area (m?) Area (m?) (cm) Descrpition of soil media (cm) (cm) Other description details
El Cerrito Green Streets Northern cell at Eureka Ave 104 6.3 46 sandy loam 71 28 19 total cells. Not lined.
Bransten Road - 295 - - - - - 7 total curb extensions. Partially lined. Cells 2, 4, 5, 6 without underdrain.
Cell 7 = 28.3 46 bioretention soil mix 46 15
PG&E Substation 1st and Cutting - 178.6 - - - - - All unlined.
Standard bioretention media (60%
Cell 3 - 88.9 (cells 3 and 4) 46 sand 40% compost soil mix) 46 15
Standard bioretention media
augmented with biochar (75% soil
Cell 4 - 88.9 (cells 3 and 4) 46 mix 25% biochar) 46 15
1 bed is rhyolite sand; 1 bed is
rhyolite sand, zeolite, granulated
Ettie Street Pump Station - 706 76 activated carbon mix na na 2 media filter beds with different media composition
West Oakland Industrial Area - 10.5 - - - - - 6 total Filterra tree wells
Tree Well 2 - 1.5 53 Filtera engineered media 107
Tree Well 6 - 1.5 53 Filtera engineered media 107
Fremont Tree Wells - - - - - -
Top 4-6" river cobble; 18" class Il
permeable layer (with influent pipe);
18" treatment soil (60% ASTM C-
33 Sand, 40% compost); then 4"
Subsurface loaded 54 27 76 subdrain and 6" class Il perm layer 102 0
3" mulch; 18" treatment soil (60%
ASTM C-33 Sand, 40% organics);
then 4" subdrain and 6-12" class |I
Surface loaded 54 27 53 perm layer 91 15
50mm of gravel mulch over 380mm
of loamy sand filter soil material
(84.2% sand, 7.5% silt, 8.2% clay,
Daly City Library - 427 38 5.3% organic content) 51 4 cells total. Pea gravel drainage gallery. Soil percolation rate of 198 mm/hr.
6 bioretention basins (treats 102 acres), 1 bioswale, 1 biostrip, 2 detention
SFOBB Toll Plaza Catchment 5 485 to 2,145 76 15 basins (treats 41 acres)




Table 3. Monitoring information

Polluntant Inlet Outlet Outflow
Individual Monitored Pollutant Monitoring monitoring [Sample |monitoring [Sample |Flow Inflow monitoring |monitoring Other
Site Name Portions Monitoring [Sample Years [Number of events, type of events type n type n Monitoring method method |monitoring Data Output
2 events in WY14; WY 15 1 event. pipe connected to
El Cerrito Green Streets WY14-15 |Northern cell at Eureka Ave Y WY 14, 15 Rising and peak limbs targeted. composite 3 composite 3 Y gutter underdrain WY12 Loads
Pre-
construction 1
Bransten Road - Y (WY 14, 15, 16 |5 ewvents; Peak measured. composite composite Y storm WY13 Loads
\ertical riser above
Cell 7 Y 5 5 Y gutter underdrain -
Cell 2 water
level
obsenvation
PG&E Substation 1st and Cutting |- Y WY 15, 16 Y only Loads
pipe connected to
Cell 3 Y 8 events composite 8 composite 8 Y gutter underdrain -
pipe connected to
Cell 4 Y 6 events composite 6 composite 6 Y gutter underdrain -
6 Pre-
construction
pipe connected to  [street sediment
West Oakland Industrial Area - Y WY 14, 15 4 events composite composite Y gutter underdrain samples WY13|Loads
Tree well 2 Y 4 4 Y =
Tree well 6 Y 4 4 Y -
composite (3) WY11 wet
and discrete ISCO, tubing in curb [pipe connected to  [season
El Cerrito Green Streets WY12 Northern cell at Eureka Ave Y WY12 4 events grab (4) 7 composite 4 N cut inlet underdrain observations _[Concentrations
ISCO, tubing in curb [pipe connected to
El Cerrito Green Streets WY17 Northern cell at Eureka Ave Y WY17 4 events composite 4 composite 4 N cut inlet underdrain \WY12, 14, 15 |Concentrations
WY12 visual
N, observation monitoring (2
Fremont Tree Wells - Y WY 13, 14 5 events only events) Concentrations
discrete grab 16 HgT, subsurface pipe pipe connected to
Subsurface loaded Y (only WY13) 7 discrete grab | 11 PCB N draining into garden_[underdrain -
17 HgT, 17 HgT, pipe draining into pipe connected to
Surface loaded Y discrete grab | 11 PCB |[discrete grab | 11 PCB N garden underdrain -
3 WYO09 preconstruction storms, 9 pre-construction
Influent WY09; [WY10 post construction storms; 50% subdrain pipe Concentrations,
Daly City Library - Y Effluent WY10 |peak, 50% receding. grab 6 grab 12 Y draining site pipe from subdrain FWMC, Loads
WY14 flow
montoring in
SFOBB Toll Plaza Catchment 5 (Basins 1, 4, 5) Y WY 14 4 events composite 5 composite 5 Y weir and flume flumes Catchment 2. [EMC




Limitations of Interpretation

Results and interpretatiomare presented in the following section. Several limitations are present
concerning the interpretation of the data. First, there are many important differences between the sites
in terms ofdesign, constructionand maintenance For example, soil deptpresence of an underdrain,
depth of underdrain, soil compaction, media composition, vegetation species, density and health,
irrigation practices, etc. can all impact the performance of a site so when multiple factors vary between
sites, it is challengingtdiscern why one site performs better than another.

Many of the sites monitored were done so within a year or two of construction. This may still be within
the window of time that these bioretentioaystems are still settlingndso it can be difficulto
understandhow performance may be different once the initial period of maturation is completed.

The sampling completed was not a perfegpresentationof inlet and outlet concentrations. Sampling

in these storms was intermittent, not always flemeighted, and often did not capture the entire storm

(e.g. sampling may have begun after substantial runoff had already occurred). The sampling is typically
limited to <10 storms and does not represent the full range of storm types. Additionally, there is no
perfect pairing between inlet and outlet samples. What flows in one storm Inaay residence time in

the unitand flow out in a subsequent storm. You can get around this issue by sampling a large number
of storms, but these projects we only pilot level.

When increaseadoncentrations at the outleare observedcausation is often unknowrt could be the

result of too few storms sampleahd that higher inlet concentrations were misseu it could be that

the pollutant is being sourced from the media. Idgdbr Hg and Cu, pollutants in which we see mixed
results, initial soil testing should be done to verify the concentrations at the beginning of an installation.
Another reason could be that the initial part of the storm was not sampled well; the bulieof t

pollutant mass (360%) for many pollutants is transported in the first2@% of the volume (Stenstrom
and Kayhanian,@5) so by missing samplegiir initial onsetof a storm,the influent concentrations
mayappear low. In contrast, it is relativedyasy to capture the early portions of the effluent, asidce
effluent water quality igenerally less variabléhe sample result is more likely to have better
representation of the effluent on the whole.

Although these challenges to interpretation dangportant to mention such challenges should not
preclude attempts to angkze and synthesize the data. It is important to understand the data limitations
and then makeénferences that can further the field of Gl.



Results

The results for all 10 greenfrastructure units are summarized heMithin the body of this report, we
report and discuss data for SSC, PCBs, TOC, HgD, HgT, MeHg, CuD, Cuififcanchfkim on other
pollutants were collected in these studies but none with as many sites wheneolhgants were
collected and so just this subset is reported on in more deSaildy results for all the pollutants are
provided inAppendixB. In summarizing and describing the ués for each pollutantthe reader is
referred toa summary statisticsable in the section as well as Figure4,® andl0. Prior to discussing
the performance of the green infrastructure projects for each pollutant, the results of particle size
measurements are summarize@iven that one of the most important mechanisms potlutant
removal using green infrastructure is the physical filtration of pollutants adsorbed to particles, the
particle size dat@rovidesan important framework for assessing variable performance at each green
infrastructure unit.

Suspended Sediment Concentration (SSC)

Averagenfluent concentrations of suspended sediment to the 10 GI units ranged from 242mg/L
(Table 4, Figure 2). This represents a typical range for urban stormwater (Gleoff et al., 2017,

Gilbreath et al., 2018Retention of suspended sediment is the primary mechanism for which most
particle-associated pollutants are captured. Typicaieen infrastructure is good at trapping suspended
sediment (>80% captureé)ut common exceptions include when a unit is new and theeefbe soil is

still setling and compactingor when inlet concentrations are so low that high performance (when
evaluated as percent capture) is unlikely. Because sediment capture is so fundamental to pollutant
capture, in this section, each unit (or gmof units, where applicable) is described independently, and a
summary synthesizing the SSC results follows.

Bransten Facility No. Bioretention

Bransten Facility No. 7 is a partially lined bioretention cell monitored in the gutter of the inlet and in
vertical riser above the underdrain at the outlet. The unit is sized afrdi6 ofthe Gl area to Drainage

Management Area (DM})and had the standard bioretention mediB006 sand and 40% compost soil

mix).

In 5 storm events at the Bransten Faciy. 7 (Bransten), influent SSC ranged froma-236 mg/L, with

a mean of 145 and median nearly identical (TabldH)s was the highest mean and median influent
relative to all sites measure&eduction in the effluent was moderate at 59% of the mealuémit. Each
paired sample set of influent and effluent samples for the same storm event are graphed and compared
to a 1:1 line that represents zero reduction of concentrations to get an overall sense of performance
(Figure 3). Bransten effluent samples weypically lower than the influent samples; only in one case in
which the influent sample was low (compared to all other influent samples) did the effluent exceed the
influent in the same storm eventhis suggestthat in general the site receives great8SC
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concentrations than it discharges, though in times when SSC is very low at the inlet, effluent can exceed
the influent andthe unit can serve as a sediment source.

Performance, as calculated by the percent reduction in concentration, typically wapes influent
concentrations increase (Kadlec and Knight, 1996). That is the case for many pollutants summarized
here in this synthesjsand graphed for SSCRigure 4. Graphs such as these highlight exceptions in
which a site or two do not follow theypical pattern. In this case, it could be said that the Bransten
performance as a percent reduction relative to influent concentratiaiightlylow compared to the

other sites, especially SFOBB Toll Plaza 5/5 with very similar influent concentrations.

Particle size in the influent will affect capture by filtration, as well as potentially the removal of adsorbed
pollutants. Particle size distributidn influent and effluent samplewere averaged for each BMPhe
concentrations of total solids withinaeh classification, averaged for each BMP, are presented in Figure
5. The averagedistributionsas a percentage of the totake presented in Figur@below. Finally, Figure

7 shows the percentage reduction by particle size for each unit.

Asmentioned peviously for total SSC, the samples measured for particle size distrilattBnansten
Facility No. decreased by almost 60% (FigureB)e particle size distribution between inlet and outlet
samples (as a percentage of the total) was similar for the diasses 1 < 2bnmand 63 < 50Qu n{Figure

6), but changed for the other size classes, decreasing for the class 3b rebi@l increasing for the

classes above 500 mThesedata suggest that overall, there is moderate capture of the smaller size
classes, but the unit isot retainingsome of the larger size clasqe#though the grain size distribution

of the media is unknownBransten Facility No. 7 was recently built when monitoring began, so leakage
as the unit is settling is not uncommonhis kind of leakage sourtérom within the unit should not
necessarily lead to less pollutant capture if the media soils are free of the target pollutants.
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Table 4. Summary statistics for suspended sediment concentratioh ((B&C) at each site.

Influent/ |Event % 25th 75th

Site Effluent |Count |Mean |Reduction” |Std.Dev. |Minimum |Percentile |Median |Percentile |Maximum
Bransten Facility No. 7 Influent 5 145 69 13.1 139 142 163 236
Bransten Facility No. 7 Effluent 5 59.7 59% 34.5 20 38.9 52 80.8 107
Daly City Public Library Influent 3 21.2 12.8 8.45 14.7 21 27.5 34
Daly City Public Library Effluent 7 20.9 1% 24.4 7.1 8.23 11.9 18.1 74.5
El Cerrito Bioretention Facility | Influent 11 104 121 11.6 34 134 132 395
El Cerrito Bioretention Facility | Effluent 11 5.5 95% 4.92 0.33 1.78 3.6 8.36 15.1
Fremont Tree Well Subsurface | Influent 5 B7 68.9 15.3 23.2 B3.4 151 162
Fremont Tree Well Subsurface | Effluent 4 33.9 61% 6.45 24.3 33.3 36.8 374 37.7
Fremont Tree Well Surface Influent 5 87 58.9 15.3 23.2 83.4 151 162
Fremont Tree Well Surface Effluent 5 27.8 68% 14.3 12.2 15.8 26.6 41 43.8
Richmond 1st & Cutting Cell 3 | Influent 8 54.8 60.4 6.19 16.2 34.4 64.9 186
Richmond 1st & Cutting Cell 3 Effluent 8 51.1 7% 44.6 15.8 25.6 35.3 50.1 155
Richmond 1st & Cutting Cell 4 Influent 6 41.1 24.4 17.2 15.2 39.1 61.7 69.6
Richmond 1st & Cutting Cell 4 Effluent 6 53.5 -30% 96.6 4,27 7.25 17.8 25 250
SFOBB Toll Plaza - 5/5 Influent 3 144 198 20 29.4 38.8 206 373
SFOBB Toll Plaza - 5/5 Effluent 3 10.2 93% 4.79 6.34 7.56 8.78 12.2 15.6
West Oakland Tree Well 2 Influent 4 31.3 14.3 18.9 204 28.3 39.2 49.6
West Oakland Tree well 2 Effluent 4 6.63 79% 3.99 2.02 4,11 6.77 9.3 11
West Oakland Tree Well 6 Influent 4 60.6 47.8 15.1 30.2 51.3 817 125
West Oakland Tree Well 6 Effluent 4 17 72% 9.45 6.8 10.7 16.5 22.7 28.

A.Percent reductin is calculated as-4(Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 2015).0 provide the best comparison to other studies reported in this symshes first created
pseudecomposites by averaging the samples collected within the same stoomsequently, results reported herein
differ from those in the original repcst See comparison in Appendix A.
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Figure 2. Boxplot of influent and effluerdrecentrations for SS
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Figure 3. Scatterplot of influent and effluent paired samples. Sample points above the line indicate
sample pairs in which the effluent concentration was higher than the influent.
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Figure 6. Particle Size Distribution of suspended sediment samples.
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Figure 7. Percentage reduction by particle size of suspended sediment samples.

DalyCity Public Library

Daly City Public Library was monitored {i& storms) and postonstruction (7 storms) from a subdrain
draining the site. The unit is sized at 2.6% (GI:DMA) and has a pea gravel drainage gallery, with 50 mm of
gravel mulch lying ove380 mm of loamy sand media (84% sand, 7.5% silt, 8.2% clay, 5.3% organic
content).

At Daly City, the preand postconstruction averag&Sconcentrations were nearly equivalent although
the median postonstruction concentrations were lowéfable 4, Fige 2). Since this site was

measured preand postconstruction, rather than inlet and outlet during the same storm, this site is not
graphed in the Figure 3 scatterplot of paired sample dbtly City overall had low SSC, averaging just
21.2 mg/L precongruction and 20.9 mg/ L postonstruction.Consequently, the data point representing
Daly City in Figure 4 is far to the left, and has overall low total reduddespite this low reduction, the
point does not appear to fall off the performance curireother words, the low performance may be

due to low preconstruction concentrationsAnother consideration for the lower performance is that

the site was monitored immediately after construction and so it may have séh bettling. Grain size

was not meaured at this site.

El Cerrito Bioreention Rain Gardens

El Cerrito Green Streetd San Pablo and Eureka Ave. is a seri@9 bioretention cells in a rowThe
monitored cell was the first in the row amdeasured just 0.2% of the DMABhe cells were ndined and
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the bioretention media include@0% sandy loam, 10% clay, and 20% composited organic matter.
Influent was measured at the gutter to the inlet and effluent was measured in a pipe connected to the
underdrain.

The rain garden was very effectivecaipturing SSC, decreasing in mean concentrations at the inlet from
104 to 5.5 mg/L at the outlet (median inlet and outle¢re 43.4 and 3.6ng/L,respectively) (Table 4).

SSC at the dlet was the lowest of angite in this synthesis (Figure 2). SSC gapitas strong overall
(95%), and strong even in the first year (79%),darformancedid increasewith time after construction

(3 years monitored over 7 wet seasons).

In every storm the dfuent concentration was legkan the influent(Figure 3)In pat, the high

performance may be related to the relatively high influent concentrations (104 mg/L on average),
whereas sites with lower influent concentrations did not perform as well (FiguReadiicle size

distribution was measured in WYs 2014 and 2@L&ar(d 4 wet seasons pesbnstruction respectively.

Nearly all of the largest size classes were removed, shifting the percent contribution of each size class to
the finer fractions in the effluent.

FremontTree Wellsg Subsurface and Surface

Thetwo Fremont Tree Wells drainunoff from very similar dazinage areas, however one drain
stormwater onto its surface (a more traditnal style) and the other dragnstormwater into a subsurface
drainage system that distributes the influeatound the cellinfluent concentrationgor both of these
tree wellswere similar and, subsequentlgfter initial samplingt was decided to discontinue sampling
both inlets since they were not statistically differemherefore, the inlet concentrations fane of the
tree welswas considered to be representative ladth.

Inlet SS@vere moderate (average 87 mg/L) as were the reductions at the otletid 68% for the
subsurface and surfadeaded tree wells, respectivél{Table 4). The median concentrations were very
similar to the means. Effluent concentrations were much less variable than influent concentrations
(Figure 2)In some instances, the effluent exceeded the influ@igure 3) but mostly the samples fall
below the 1:1 lineThis is a good example of whystinportant to sample multiple storms to get a good
representation of a siteThe moderate inlet concentrations and associateoderate captureappear to
fall within the general trend on the performance curve (Figuréztain size was not measured at this
site.

Richmond % and Cutting Bioretention Cells 3 and 4

At 4.5% eachtpgether theRichmond 1 and Cutting Bioretention Cells 3 and 4 outside of a PG&E
substation had the largest surface area to drainage managementratieaf all the sites in the
synthesisCell 3 wadilled withwh at was t e rbmoetdntion snédsi rcahsistingg 060% snd
and 40% compostCell dmediawas 75% standard bioretention media mixed with 25% biochar. The
cells were unlined, the drain depth was among the shallowehe group at just 46 cm, and the site was
monitored in the gutter of the inlet and a pipe connected to the underdrain of the outlet.
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Mean and mediarsSanfluent and effluent were approximately equal at Cell 3, but Cell 4 was different

in that the aveage effluent was greater than the average influent, but the median effluent was lower
than the median influentln general, effluent at Cell 3 was less variable than the influent, whereas the
effluent from Cell 4 was more variable. While there is greaeutainty, it may be that the biochar

mixed with the standard bioretention mix was causing more variable intermittent releases of suspended
sediment.

A few samples, particularthose with very low influenESCwere above the 1:1 line for their paired
samples.Additionally,the Richmond 1st and Cutting sites have lower performance given their inlet
concentrations, relative to sites with similar inlet concentrations like West Oakland Tree Well 2 and 6.

While totalSSG@lecreased from influent to effluenniall of the other units, Richmond Cells 3 and 4
increased not just in the proportion of particles in size class<G®)0uy mbut also in total mass in that

size class. While at the same time concentrations of clay and silt at Richmond Cells 3 anékfeagber

a total decrease in particles <g3mThis suggests that it is the bioretention media itself that is the
source ofthe63<500 pm particles in the effluent. It s
will settle and compact, and expogrds suspended sedimefit it were to follow the time trajectory

similar tothe EI Cerrito systemNevertheless, it is promising that finer sediment (and presumably
coarser as well) in the influent is being largely captured, and trapping along with piaatigie-bound
pollutants. This example highlights the weakness of the inlet versus outlet comparison which is based
on the unreal assumption that what flows into the bioretention system is the same material as what
flows out in a single storm; rathen Bystems thaare immature and leaking sediment, the inlet

sediment may still be captured even if some soil media is leaking out the other side.

SFOBB 5/5 Bioretention

TheSFOBB 5/5 bioretention badieats the largest area (0.11 sq km)asfy of the #es in this study,

and has a moderate GI:DMA ratio at 1.3%. Additionally, the soil depth was amongst the deepest (76 cm)
of any of the other units in this studfwerage inlet concentrations were 144 mg/L whereas average
effluent 10.2 mg/L and not very kiable. Thisvery high performing Gl unitnstalled at the SFOBB Toll
Plazawasmonitored in WYs 2013 and 2014, five and six years after construction in 2008. This likely
allowed the unit plenty of time to settle after initial construction.

At this site there were no storms in which efflueBiS@xceeded influent (Figure 3). Given the relatively
high inletSSCthe performance as a percentage reduction falls in line with the performance curve
(Figure 4). Grain size was not measured at this site.

WestOakland Tree Well Filters 2 and 6

The West Oakland tree wellgere monitored in the gutter of the inlet and a pipe connected to the
underdrain at the outlet. Each tree well was just 0.7% GI:DMA, and had Filterra engineeredWedia.
do not have the specdations of this soil mixturélhe reductions in £3vere fairly good at these sites,
reducing SSC by %and 79% for Tree Wells 2 and 6, respectively.
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None of the influenSS@&xceeded the effluent concentrations in the same storm event (Figure 3).
Relative to performance at other sites given their influent concentrations, the tree wells may perform on
the better side, especially Tree Well 2 which had the lowest effluent concentrations of alyigites

4). It might be the case that the Filterra medidétter at retaining sediment in the earlier phases just
after construction. This hypothesis would need further testing @&®ort in the initial phases of
settling/compaction included excessive pollutant export.

The Tree Well influent was dominateg particles in the grain size class-2863u nfigure 5). The Tree

Wells did a good job removing particles in that size clagsaverage, like El Cerrito, the West Oakland

Tree Well 2 projects removed al/l or nearly all sa
(Figure 6 and 7)Nosubstantial change®r the larger particle®ccurred in West Oakland Tree Well 6.

Summary

Suspended sediment reduction as the result of the bioretention or tree wells ranged-3@¥h (net

export of SS) to 95%. With an overall large set of variabbasctiuld be contributing to differences
(GI:DMA, media composition, time since construction, soil depth, etc.) relative to the number ot sites,
is challenging to fully understarvdhy some sites performed better than others, though we can make
some hypoheses.

Most of the sites sampled with moderate or pdd(erformance were studied within-2 years of final
construction. Jia et al. (2015) found that SSC actually increased at the outlet in the first few months after
construction but in the second yeaf sampling, SSC was lower at the outlet relative to the inlet.

Similarly, he EI Cerrito bioretention rain gardemereased reductions in each successive study (3

studies over 7 years). The two sites with the highest performance (El Cerrito and SEPB&&/both
measured multiple years after construction. Figure 8 is a modified version of Figure 4 and suggests
different performance curves that may be related to different rain garden attribukas. yelloworange
dashed curve includes the El Cerritald®FOBB 5/5 sites. This represents a hypothesized curve for sites
with multiple years since construction.

In Figure 8, the dashed blue curve includes those sites measured in the wet season immediately after
construction.The hypothesis is that in the yeianmediately following construction, reduction in SSC is

only moderat e, and in cases where influent SSC i s
exclude the Richmond*land Cutting Cell 4, hypothesizing that that cell exported more sediment

because of the biochar additiontothe mediat ' s possi bl e with more studie:
shifted slightly downward to include that data poifitis also presumed that with time those sites would

shift higher in line with the yellowrange lire. And inally, the brown dashed cunie a hypothesized

curve for sites with the Filterra engineered media in the wet season after construction.
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Figure 8. Performance as a function of influent concentrations (modified Figure 4).

Size fraction of sedment <63y nwere reduced at all locations in the project where grain size was
measured. At half of the sites (including El Cerrito and the West Oakland Tree Wells), concentrations >63
p mwere reduced whereas at the other three sites (including the Richmé&rashd Cutting Cells 3 and 4

and Bransten Facility No. 7), concentrations p63increasedJust as with the performance curvas,

may be that newly installed sites perform differently than those older locations or with the Filterra
engineered media, and the spific difference is that the newly installed sites export coarser sediments
likely sourced from the bioretention media itself.

Given the hypothesis that 88xport is sourced from the media itselfmay be that even the sites

exporting sediment are p&rming well in capturing influent pollutants.i&n the hypothesis that this

SEexport will decreasever time (ith site maturity), it follows that the ratio between total pollutant

and SSC (sometimes referred tioclas o rd meamrrttriatlieo nm a
be used as a means to compare across years for the same site, and should only be used with caution and

full understanding when comparing between sites. In summary, althouGlesgffure is critical to

pollutant capture and pgormance of bioretention, comparison between inlet and outlet

concentrations- especially for recently installed sites which are still setthiegn be a false indicator of
particle-bound pollutant capture.

Total Organic Carbon (TOC)

Total organic carin was measured at six locatioMdedian influent concentrations ranged from 1.63 to
14.8 mg/L, while median effluent concentrations ranged from 9.2 to 20.9 mg/L. At five of the six
locations, effluent concentrations of TOC increased relative to the mfli®ichmond 1st and Cutting
Cells 3 and 4 had particularly large changes in TOC from inlet to outlet; at Cell 3 concentrations were
almost 5 times greater at the outlet, and at Cell 4, concentrations were almost 7 times greater. This
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corroborates the finthgs for SSC, in which these units performed most poorly of all the sites: if organic
carbon iclosely attached to soils ithe units, it could be exportedlong with the suspended sediment.

TOC does follow a consistent pattern of better performancmtéisent concentrations increase (Figure
4).Only at Oakland Tree Well 6 was TOC somewhat reduced (14%), and this site happened to have one
of the highest TOC influent concentratiofi$ie media in Oakland Tree Wells 2 and 6 is a proprietary
engineered medi, unlike the rest of the sites in which a bioretention soil mix specified for the region

was usedQrganic compost is a common portion of the bioretention soil mix m@gjmcallyup to 40%)

and can result in organic carbon leakagelike for SSC, howew there is not a clear pattern related to

soil mix or age of bioretention unit. Rather, regardless of the TOC concentrations in the influent, which
varied 9fold, effluent concentrations ranged from 9 to 20 mg/L, approximatelyf@@difference. It

maybe that TOC export is muted by the bioretention units and affected by the influent concentrations
such that the performance curve is strong.

The primary consequence of TOC release is that pollutants which attach to the TOC may be released as
well. Dissoled organic carbon can flow right through the system, and particulate bound organic carbon
on the finest fractions may also flow through without filtration. There is no strong correlation between
TOC performance and HgT or PCB performance in this dabasets is discussed in the literature

review (that follows) organic carbon does play an important role in pollutant capture and retention. It
may be that the organic carbon export is primarily coupled with bioretention soil export due to initial
settlingof the systemThis soil may not yet be polluted, which could explain why TOC does not correlate
well with either Hg or PCEsee detaildater). The pattern of TOC export does suggest that it is coupled
with bioretention soil exportThe pattern is similato that seen for SSChe El Cerrito bioretention rain
gardens and the West Oakland Tree Wells all have TOC effluent average concentrations between 9.2
and 11.6 mg/L, whereas the newly installed sites with standard bioretention soil media have effluent
concentrations nearly double, between 12 and 20.4 mg/L. Once the sites monitored directly after
installation become settled and there is less sediment export, presumably there will also be less TOC
export and the performance curve (Figure 10) will flattemswhat with the data points in the lower

left hand corner (the Richmond'and Cutting sites) rising in performance to some degree.

Dissolved organic carbon (not shown in the tablesrapls; refer to AppendiB) was only measureith

the effluent at @ly City andoth influent and effluent of El Cerrito Bioretention Facility in one of the
monitoring yearsin all cases, the total organic carbon was 90% or greater in the dissolvedafiorm
observation consistent with our other Bay Area stormwater stadiécKee et al., 2005 The dissolved
organic carbon is predominantly flowing right through the system, and in the case of El Cerrito for some
storms, dissolved organic carbon increases in the effluent and explains the increase in TOC. Although
there is noDOC data for the other sites, it may be the case that the increases in TOC are also the result
of increasing DOQ o reiterate a previous statement, dissolution and export of organic carbon from a
bioretention unit is problematic for pollutant capture ametention if it is organic carbon with pollutants
adsorbed to itlt would be useful to measure DOC in future monitg work to better understand the
capture and release of TOC and DOC in bioretention.
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Table 5. Summary statistics for total organic carTOC (mg/L)) at each site.

Influent/ |Event % 25th 75th

Site Effluent |Count |Mean |Reduction®|Std.Dev. |Minimum |Percentile |Median |Percentile |Maximum

Bransten Facility No. 7 Influent 5 16.4 6.59 10 13.9 14.8 15.7 27.5
Bransten Facility No. 7 Effluent 5 17.4 -6% 2.18 15.2 16.2 16.7 18.2 20.8
Daly City Public Library Effluent 6 223 11.1 8.02 15.2 20.7 31.1 36.4
El Cerrito Bioretention Facility | Influent 7 8.53 3.86 6.88 6.95 7 7.33 17.3
El Cerrito Bioretention Facility | Effluent 7 5.22 -8% 2.74 5.4 7.56 5.2 10.5 13.8
Richmond 1st & Cutting Cell 3 [ Influent 8 5.43 4 1.38 2.24 4.6 7.05 12.5
Richmond 1st & Cutting Cell 3 | Effluent 8 204 -276% 8.27 8.89 13.3 20.9 24.9 35.3
Richmond 1st & Cutting Cell 4 [ Influent 6 2.19 1.63 0.63 0.93 1.63 3.66 4.2
Richmond 1st & Cutting Cell 4 | Effluent 3] 12 -A48% 6.13 5.6 6.9 11.5 16.7 19.6
West Oakland Tree Well 2 Influent 4 8.94 7.47 3.6 5.4 6.07 5.61 20
West Oakland Tree Well 2 Effluent 4 11.6 -30% 7.07 5.61 6.8 9.75 14.6 21.3
West Oakland Tree Well 6 Influent 4 12.4 9.19 4.4 6.34 102 163 25
West Oakland Tree Well 6 Effluent 4 10.8 13% 7.97 2.27 5.42 10.3 15.6 20.

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 2015).0 provide the best aaparison to other studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stoomsequently, results reported herein
differ from those in the original report.
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Polychlorinated Biphenyls (PCBs)

Inlet PCB concentrations ranged from very low (mean at Daly City Public Library 0.73 ng/L) to very high
(meanof 149 ng/L at Bransten Facility No. 7) (relative to regional stormwater data concentrations
(Gilbreath et al., 2018)) (Table 6, Figuig. PCBs across most of the sites were-aafitured (>90%
reduction). On a per sample basis, virtually all samplesgai below the line indicating that influent
concentrations were higher than effluent in each storm event (Fig@gonly at Bransten Rodekcility

No.7 were effluent samples higher than influent samples. Again, with the exception of Bransten Road,
there is a very strong relationship between influent concentration and performance. The cases in which
performance was not as strong included those in which the influent concentration was very low to begin
with (Daly City Public Library, both Fremont Treel8YéFigurell, Figurel3), inhibiting high

performance metrics as indicated by percent reduction (yet still the effluent concentration was low (<2
ng/L) at these sites (Table 6Qternatively,performance was inhibited in some cases in which the
suspen@d sediment was not wetlaptured (also Daly City Public Library and Richmond 1st and Cutting
Cell 3 (Table 6)). Bransten Facility No. 7 constitutes an important exception. The inlet concentration is
very high at this site (mean 149 ng/L), but the efflueobcentration is nearly double. At this location,
although an underdrain was installed, only one side of the unit was lined with an impermeable liner. The
area is known to have polluted soils, and the authors of the CW4CB project report concluded #rat wat
infiltrating into the polluted soils may have commingled with the sampled effluent, thereby elevating

the effluent concentrations

Unlike for SSC and TOC, there does not appear to be any relationship with the time since construction
The performance awe strongly suggests that performance is largely based on influent concentration.
Also, he biocharamendmentin the Richmond and Cutting Cell 4 may have had an impact on reducing
PCB concentrations.
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At El Cerrito, the one location with sampling ovaultiple years (3 years of sampling over 7 wet

seasons), the average patrticle ratio (sum of PCBs divided by the SSC) in the effluent for each sampling

year shows a consistent increase from 0.12 to 0.69 to 0.88 ng/mg. This finding is consistehewith t

media loss hypothesis disciessin the SSC section. In other words, per PCB mass in the effluent, there is

more suspended sediment in the effluediiring the period right afteconstructionas compared with

later monitoring This is happening because the adifberiod of media loss does not have PCBs (PCBs are
not in the soil media). As the bioretention unit matures, the PCBs in the effluent do not increase but

rather the soil media loss decreases, leading to higher particle ratios.

Table 6. Summary statiss for PCBs (ng/L) at each site.

Influent/ |Event % 25th 75th
Site Effluent |Count [Mean |Reduction” |Std.Dev. |Minimum |Percentile |Median |Percentile |Maximum
Bransten Facility No. 7 Influent 5 149 115 13.4 70.9 129 252 280
Bransten Facility No. 7 Effluent 5 297 -99% 207 48.3 207 255 374 603
Daly City Public Library Influent 3| 0.733 0.332 0.498 0.543 0.587 0.85 1.11
Daly City Public Library Effluent 7| 0.811 -11% 1.13 0.205 0.297 0.482 0.521 3.35
El Cerrito Bioretention Facility | Influent 11 29.7 65.7 3.02 5.63 7.6 14.1 226
El Cerrito Bioretention Facility | Effluent 11 113 96% 0.613 0.35 0.73 1 1.4 2.5
Fremont Tree Well Subsurface | Influent 4l 488 5.82 0.926 1.28 2.59 6.18 13.4
Fremont Tree Well Subsurface | Effluent 3 1.99 59% 0.656 1.24 1.76 2.27 2.37 2.46
Fremont Tree Well Surface Influent 4]  4.88 5.82 0.926 1.28 2.59 6.18 13.4
Fremont Tree Well Surface Effluent 4 1.9 61% 1.04 0.359 1.73 2.28 2.45 2.66
Richmond 1st & Cutting Cell 3 | Influent 8 131 SR 1.56 7.84 9.78 12.2 12.7
Richmond 1st & Cutting Cell 3 Effluent a8 5.13 61% 5.64 1.43 2.16 2.73 5.35 18.2
Richmond 1st & Cutting Cell4 | Influent 6 15.7 19.7 1.99 3.66 4.9 22.5 50.5
Richmond 1st & Cutting Cell 4 Effluent 6| 0.676 96% 0.338 0.429 0.466 0.512 0.774 1.29
SFOBB Toll Plaza - 5/5 Influent 3 29.8 40.5 4.45 6.38 8.32 42.4 76.5
SFOBB Toll Plaza - 5/5 Effluent 3 2.24 92% 1.53 1.14 1.37 1.6 2.75 3.98
West Oakland Tree Well 2 Influent 4 24.3 13.6 6.29 19.8 25.9 30.4 39.1
West Oakland Tree Well 2 Effluent 4 1.92 92% 1.29 0.393 1.15 2 2.77 3.31
West Oakland Tree Well 6 Influent 4 135 109 28.8 83.7 112 163 286
West Oakland Tree Well 6 Effluent 4 7.97 94% 4.37 4.34 4.54 7.01 10.4 13.5

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report

(David et al., 2015).0 provide the bst comparison to other studies reported in this synthesis, we first created

pseudecomposites by averaging the samples collected within the same stdomsequently, results reported herein

differ from those in the original report.
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Figurell. Boxplot ofinfluent and effluent concentrations for PCBs, SSC and TOC.
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Figurel2. Scatterplot of influent and effluent paired samples. Sample points above the line indicate
sample pairs in which the effluent concentration was higher than the influent, and visa f@& sample
points below the line.
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E 0 50 100 150 @ West Oakland Tree Well 2

o @ West Oakland Tree Well 6

Influent Concentration
Figurel3. Performance as a function of influent concentrations.

Particle Size Distribution of PCBs

Nine influent and effluent sample pairs were measured for total PCBs and PCBs passing through a 10
sieve (thedifference of these two numbers equating to the amount of PCBs in particleg ¥i@&t one
additional location, PCBm particlessmaller and larger than 10 nwere also measured in the influent

only. At all sitesconcentrations of PCBs were greaterparticles that were largerthan 0m ( Fi gur e
14). The BMPs capturdasktween 55 percent and 98 percent (average 83 percenB@Bassociated

with particles > 1Qu m

These findings provide evidence that PCBs at these sites were strongly associalacgeitparticles,

and that the larger particles were wadaptured by the green infrastructure, likely through the process

of physical filtrationThis finding is consistent with the hypothesis presented by Yee and McKee (2010)
that PCBs are associated wviarger and heavier particleslative toHg. That hypothesis was based on a
settling experiment in which 3@0% of total PCBs easily settled out of suspension within 20 minutes,
whereas only 1€80% of Hg settled out.
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Mercury Species (HgT, HgD, and MeHg)

Total Hg was measured &0 locations.Median influent concentrations at the ten locations ranged from
6.36 to 53.Mg/L Relative to 56 stormwater samples collected in urban Bay Area tributaries between
WY 2015 and 2017, these concentrations range virtually the entire lower 3 quartiles (min = 5.6, median
=29.2, 75% = 49.{Gilbreath et al., 2018 Median effluent cacentrationsat the 10 Gl locationsanged

from 8.1 to 42.5 ng/L (Table 7, Figur®. At six of the 10 locations, effluent concentrations of HgT
increased relative to the influent. On a sample pair basis, about half of the storm samples had effluent
lessthan the influent and about haifiere greaterFigure 16) The largest increases in HgT were

measured at the Fremont Tree Wells and the Bransten Facility No. 7 where influent concentrations were
particularly low; in contrast, the greatest reductions in Hgport were achieved at the Oakland Tree

Wells where influent concentrationsere higher.
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The common pattern of performance increase given increasing influent concentrations is present for
HgT, but not as strong as for PCBs or TOC (Higurie may bethe case that similar to SSC, there are
two performance curves one for recently installed sites (lower 6 points) versus another for more
mature sites and those with the Filterra media (top 4 points).

Table 7. Summary statistics for total mercury (Ho@)L) at each site.

Influent/ |Event % 25th 75th
Site Effluent |Count |Mean |Reduction” |Std.Dev. |Minimum |Percentile |Median |Percentile |Maximum
Bransten Facility No. 7 Influent 5 6.53 5.33 0.22 4.26 6.36 7 14.8
Bransten Facility No. 7 Effluent 5 9.6 -AT7% 4.98 0.82 11 11 12.5 12.7
Daly City Public Library Influent 3 21.% 21.2 5.16 10 14.8 30.3 45.8
Daly City Public Library Effluent 7 20.2 8% 7.82 7.594 15 221 25.9 29.4
El Cerrito Bioretention Facility | Influent 11 21.3 21.6 8.57 10.1 14 22,1 23
El Cerrito Bioretention Facility | Effluent 11 11.9 24% 8.82 5.61 7.12 9.39 13.3 36.9
Fremont Tree Well Subsurface | Influent 5 11.2 6.29 4.45 7.93 8.12 16.3 19.4
Fremont Tree Well Subsurface | Effluent 4 15.1 -35% 1.54 14.2 14.3 14.4 15.2 17.4
Fremont Tree Well Surface Influent 5 11.2 6.29 4.45 7.93 B8.12 16.3 19.4
Fremont Tree Well Surface Effluent 5 16.6 -48% 2.84 12.8 15.4 16.2 18.9 19.9
Richmond 1st & Cutting Cell 3 | Influent 8 14.3 35.5 6.31 20 315 652.3 102
Richmond 1st & Cutting Cell 3 Effluent 8 49.1 -11% 18.3 28.8 38.0 42.5 60.7 82
Richmond 1st & Cutting Cell4 | Influent 6 27 24.5 6.3 8.56 17 42.3 65
Richmond 1st & Cutting Cell 4 Effluent 6 28.2 -4% 12.5 12.5 20 26.9 36 46
SFOBB Toll Plaza - 5/5 Influent 3 89.2 110 21.8 25.9 30 123 216
SFOBB Toll Plaza - 5/5 Effluent 3 55.6 38% 49.4 254 271 28.8 70.7 113
West Oakland Tree Well 2 Influent 4 24.6 5.12 17.2 23.6 26.1 27.1 29
West Oakland Tree well 2 Effluent 4 9.55 61% 5.17 5.01 7.25 8.1 10.4 17
West Oakland Tree Well 6 Influent 4 782 67 30.5 34.7 53.7 97.2 175
West Oakland Tree Well 6 Effluent 4 25.9 67% 15.8 5.85 17.1 29 37.7 39.9

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 20150 provide the best comparisda other studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stdomsequently, results reported herein
differ from those in the original report.

Dissolved Hg was only measurediagflocationsMedian influent concentrations at the five locations
ranged from 2.35 8.00 ng/L, while median effluent concentrations ranged from 6.13 to 10.0 ng/L.
Median effluent concentrations increased at all five locations relative to influent. fdsegt increases
were at the Fremont Tree Well Filtets. part, the extreme increase (>250%) nteybecause the

influent waslow to begin with. In the influent samples at all sites (with the exception of Bransten Facility
No. 7 which had only one HgD sale), HgD comprised baten 29- 42% of the HgT, buhe outlet
comprised 36 91%in the dissolved phas&imilar to DOC, HgD poorly filters out of the system.
Additionally, the data suggests HgD has net export from the systeall. cases, HgD increasattthe

outlet, except at El Cerrito where no significant change was measured. HgD export can iasréeese

result of dissolution if Hg attached to organic carbon dissolves. The source of this HgD could be that Hg
in the media itself dissolves or from igulate Hg stored in the system from previous events.
Unfortunately, there is too little HgD data and corresponding TOC or DOC data to develop hypotheses.
Only a few sitesneasuredfeported DOC and so we do not explore that analyte in this syrghiedithe

data can be founth AppendixB.
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Table 8. Summary statistics for dissolved mercury (HgD) (ng/L) at each site.

Influent/|Event % 25th 75th
Site Effluent |Count |Mean |Reduction”|$td.Dev. [Minimum |Percentile |Median |Percentile |Maximum
Bransten Facility No. 7 Influent 1 8 MA 8 8 8 8 8
Bransten Facility No. 7 Effluent 1 10 -25% MA 10 10 10 10 10
Daly City Public Library Influent 3 13.8 16.7 3.07 4.2 5.34 19.2 33
Daly City Public Library Effluent 7 5.18 33% 4.56 3.11 7 7.99 10.8 17.5
El Cerrito Bioretention Facility | Influent 7 5.599 159 3.07 4.79 5.87 7.44 8.54
El Cerrito Bioretention Facility | Effluent 8 7.47 -25% 3.93 4.83 5.11 6.13 7.85 16.7
Fremont Tree Well Subsurface | Influent 5 2.51 0.976 1.41 2.06 2.35 2.68 4.04
Fremont Tree Well Subsurface | Effluent 4 6.56 -161% 0.785 5.79 5.95 6.52 7.13 7.41
Fremont Tree Well Surface Influent 5 251 0.976 1.41 2.06 235 2.68 4.04
Fremont Tree Well Surface Effluent 5 9.64 -284% 3.9 4.78 8.72 898 101 15.6

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grglleshasis in the original Daly City report
(David et al., 2015).0 provide the best comparison to other studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stoomsequently, resulteported herein
differ from those in the original report.

Total MeHg was measured in five units. Mean inlet concentrations ranged from 0.177 ng/L (in the
Fremont tree well filters) and 0.63 ng/L at the Daly City Library. These concentrations aretsithiéar
range of MeHg concentrations measured in stormwater throughout the Bay Area (except watersheds
in which HgT is also elevated such as the Guadalupe River) (McKee et al. 2012; McKee et al., 2015).
Concentrations decreased at the outlet for most sridetween 23 and 69%, however, concentrations at
the outlet increased at the Daly City Public Library where an underdrain was unintentionally left out of
the construction. An underdrain was installed in all other units where MeHgT was measured.

Typically low inlet concentrations make it difficult to achieve a large percentage reduction. However,

the lowest inlet concentrations were measured at Fremont Tree Well Subsurface as well as the greatest
percent reductionFigure 17)One hypothesis for this ocaence is that because the surface of the unit

is covered in rocks, perhaps there was a less pronounced wetting and drying cycles and therefore fewer
occurrences of conditions favorable for methylatiéGtegardless, it is interesting that the performance

curve shows decreasing performance relative to increasing inlet concentrations. This is opposite of all
the other analytes. The Daly City point in the lower right hand corner is likely caused by the lack of an
underdrain, and without this point, it may bedhthere is not an evident performance curve. More data

is necessary for MeHg to better understand performance relative to influent, and what may be the
cause of deviation from other analytes.
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Table 9. Summary statistics for total methylmercury (ethg/L) at each site.

Influent/ |Event % 25th 75th
Site Effluent |Count |Mean |Reduction” |Std.Dev. |Minimum |Percentile |Median |Percentile |Maximum
Daly City Public Library Influent 3| 083 0.38 0.264 0.434 0.604 0.813 1.02
Daly City Public Library Effluent 7| 145 -130% 1.05 0.485 0.711 0.872 2.01 3.35
El Cerrito Bioretention Facility | Influent 8| 0.255 0.0525 0.153 0.205 0.252 0.301 0.323
El Cerrito Bioretention Facility | Effluent 8| 0.132 48%| 0.0329 0.075 0.114 0.137 0.154 0.178
Fremont Tree Well Subsurface | Influent 4| 0177 0.0726 0.1 0.125 0.179 0.231 0.252
Fremont Tree Well Subsurface | Effluent 2| 0.0349 69%| 0.00124 0.054 0.0544| 0.0549 0.0553 0.0558
Fremont Tree Well Surface Influent 4| 0177 0.0726 0.1 0.125 0.179 0.231 0.252
Fremont Tree Well Surface Effluent 4/ 0.102 42% 0.0417 0.0603 0.0743| 0.0973 0.125 0.155
SFOBB Toll Plaza - 5/5 Influent 3| 0.356 0.212 0.212 0.234 0.256 0.428 0.6
SFOBB Taoll Plaza - 5/5 Effluent 3| 0.275 23%| 0.0913 0.188 0.227 0.266 0.318 0.37

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 2015).0 provide the best compands to other studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stoomsequently, results reported herein
differ from those in the original report.
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Figurel5. Boxplot of influentand effluent concentrations for Hg species and SSC.
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points below the line.
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Figure 17Performance as a function of influent concentrations.

Particle Size Distribution of HgT

Nine influent and effluent sample pairs were measured for HgT and Hg passing throughrsit®e
(the difference of hese two numbers equating to the amount of HgT in particlesp>1p At one
additional location, HgT smaller and larger tharulBwere also measured in just the influe.
contrast to PCBs, both the influent and effluent at most sites and storms wenindted by those
particles that weresmallerthan 10y m

As written in the CW4CB report,
The mercury removed by the 10 pm filter was vari
an 89% reduction. The concentrations of mercury associated with larger padidles
not consistently decrease from influent to effluent. At El Cerrito and the Ettie St. Tree
Well Filter No. 2, the smallest size fraction remaining relatively constant between inlet
and outlet but the larger particles were almost entirely captur&tiRchmond 1st and
Cutting Cells 3 and 4, particles 941 0were the primary size fraction to increase and
cause increases at the outlet (though in 1/3rd of the cases, PCBs on particiesm10
also increased from inlet to outlet).

These findings provide evidee that HgT at these sites was strongly associated with smaller particles,

and at most sites the larger particles were somewhat captured by the green infrastructure, though
inconsistently across siteghis finding is consistent with the hypothesis prasernby Yee and McKee
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(2010) that Hg is associated with smaller particles than PCBs. That hypothesis was based on a settling
experiment in which 300% of total PCBs easily settled out of suspension within 20 minutes, whereas
only 1030% of Hg settled out.
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Figure18 Concentrations of mercury on particles <10 |
and effluent where measured.

Performance of Hg capture in bioretention is less clear than for some other analytes such as PCBs. The
capture performage appears related to the influent concentrations, with the higher influent
concentrations showing better performance and, as with SSC, it might be that soil media and years since
construction also play a role, though more data is necessary to verifyQvistall, capture performance

is not as strong as for other analytébe best capture percentage is just 67%, which might be d@e to

larger pecentage of the massn finer particles or in the dissolved phase.

Total and Dissolved Copper (CuT and CuD)

Total Cu was measured at five locatioMedian influent concentrations at the five locations ranged
from 16.4 to 37.31 g /These concentrations are similar to those sampled in other urban watersheds
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around the Bay (means of six wetimpled watersheds rged from 13.7 to 129 g j/Gilbreath et al.,

2015; note: median in most casisdower than the mean). Mdian effluent concentrations ranged from

7.03 to 27u g /ALfour of the five locations, effluent concentrations of CuT were reduced. At SFOBB Toll
Plaza 5/5, effluent concentrations increased. The increase in CuT at that site can largely be explained by
an increase in CuD.

Dissolved Cu was measured at four locatialsof the same sites as CuT except Daly City Library)
Median influent concentratins at the four locéions ranged from 6 11.9u g /These concentrations

are also similar to those measured elsewhere in the Bay Area (means of skampled watersheds

ranged from 2.74 to 22.p g j/Glilbreath et al., 2015; note: median in most cases would be lower than
the mean). Median effluent oncentrations ranged from 8.95 to 1 g /Median effluent

concentrations slightly decreased at all locations except the SFOBB Toll Plaza 5/5 [®bateuthors

of that study hypothesized that dur i nogorgardcl i ne
matter binding sites by other divalent <cations
prevented CuD from being capturéd/hile this hypothesis may be true, it does not explain why CuD
increasedhree-fold at the outlet.

With the excepion of SFOBB 5/5, performance increase with increasing influent concentrations again
held true for CuT and CuD. However, there are only a few samples for the curve.

Table 10. Summary statistics for total copper (CuTg ¥ at.each site.

Influent/ |Event % 25th 75th

Site Effluent |Count |Mean |Reduction” [$td.Dev.|Minimum |Percentile |Median |Percentile |Maximum
Daly City Public Library Influent 3 46 389 122 24.7 373 62.9 88.6
Daly City Public Library Effluent 7 9.9 785% 5.92 3.46 6.66 8.52 114 21.2
El Cerrito Bioretention Facility | Influent 8| 253 12.5 14.5 17 20.3 28.4 48,2
El Cerrito Bioretention Facility | Effluent 8 812 58% 2.27 5.46 5.85 7.03 5.74 11.7
Fremont Tree Well Subsurface | Influent 4 19.8 16.3 5.9 7.36 16.4 28.9 40.6
Fremont Tree Well Subsurface | Effluent 3 11 A4% 1.58 9.81 10.1 104 116 12.8
Fremont Tree Well Surface Influent 4 15.8 16.3 59 7.36 16.4 289 40.6
Fremont Tree Well Surface Effluent 4 122 38% 3.04 8.17 11.2 126 136 155
SFOBB Toll Plaza- 5/5 Influent 9 5.1 15.2 10 15 19 29 58
SFOBB Toll Plaza - 5/5 Effluent 9 399 -59% 316 13 18 27 56 9

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 2015).0 provide the best comparison tther studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stdomsequently, results reported herein
differ from those in the original report.
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Table 11. Summary statistics ftissolved copper (Cul)) @ Y ateach site.

Influent/ [Event % 25th 75th
Site Effluent [Count [Mean |Reduction® |$td.Dev. |Minimum |Percentile |Median |Percentile |Maximum
El Cerrito Bioretention Facility | Influent 3 15.8 12.6 7.51 8.54 9.57 15.9 30.2
El Cerrito Bioretention Facility | Effluent 4 8.6 A6% 211 5.72 8.06 8.95 5.45 10.8
Fremont Tree Well Subsurface | Influent 5 10.5 684 2.29 5.15 11.9 14 193
Fremont Tree Well Subsurface | Effluent 4 5.38 11% 2 749 7.76 53 10.5 114
Fremont Tree Well Surface Influent 5 105 6.84 229 5.15 119 14 1953
Fremont Tree Well Surface Effluent 5 105 0% 251 7.01 9.65 10.5 11.8 138
SFOBB Toll Plaza - 5/5 Influent 9 7.7 5.99 2.5 4.6 3] 6.6 21
SFOBB Toll Plaza- 5/5 Effluent 9 30.9 -301% 276 7.6 14 17 45 84

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 2015) 0 provide the best comparison bther studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stdomsequently, results reported herein
differ from those in the original report.
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Figure 20Scatterplot of influent and effluent paired samples. Sample points above the line indicate
sample pairs in which the effluent concentration was higher than the influent, and vice versa for sample
points below the line.
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Figure 21Performance as a function of influent concentrations.

At most sites, average total and dissolved copper decreased, with one major exception being the SFOBB
5/5 unit. Although it is not clear why concentrations at tlite sncreased, the majority of the increase in
copper was in the dissolved form. The outlet concentrations were higher than the influent at SFOBB 5/5
for almost all sample pairs. With the exception of SFOBB, the other sites follow a typical performance
curve pattern in that the higher the influent, the greater the percentage reduction.

Lead (Pb)

Inlet Pb concentrations ranged from 3.55 (at Daly City Public Litce®B8\3u g {atWest Oakland Tree

Well No. 6)YTable 12, Figure 2Zyhese concentrationare similar to those measured in other Bay Area
urban watersheds (e.g. Zone 4 Line A: flseighted mea concentration 1Qu g /rdnge 0.180u g/ L
Guadalupe River: flowveighted mea concentration 946 g /rdnge 0.281 4 g Y ekcept that the West
OaklandTree Wells had median concentrations on the higher gnggesting a locaburce) Lead

decreased at every site between 31 and 88%. On a per sample basis, virtually all sample pairs are below
the line indicating that influent concentrations were higheatheffluent in each storm event (Figure

23); with the exception of a few samples at each SFOBB, Richmond 1st and Cutting Cells 3 and 4.
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Lead somewhat follows the pattern of increasing performance with increasing influent concentrations
though it is not a strong as for some other analytes (Fig4&. There may be a pattern of performance
similar to that for SS@he West Oakland Tree Weld,Cerrito and SFOBB all have performance
between 7888%, while Bransten, Daly City and the two Richmdhant Citing cells have lower
performance betweerB1-55%. It could be thatie two West Oakland Tree Wehlsve their own
performance curveelated to the proprietary media usedeparate from the El Cerrito al®FOBB 5/5
which arethe two locations with more yaa of maturation, and separate from the locations with only 1
2 years since constructigBransten, Daly City and the Richmorithihd Cutting cells). This is difficult to
tease out, however, because these groupings also follow the same pattern of parfoenbased on
influent concentrations (the higher the influent concentration, the better the performance). More Pb
data in bioretention may be able to better support or negate these hypotheses.

Table 12. Summary statistics for total lead (Rby (Y at.each site.

Influent/ |Event % 25th 75th
Site Effluent |Count |Mean |Reduction”|Std.Dev.|Minimum |Percentile |Median |Percentile |Maximum
Bransten Facility No. 7 Influent 5 10 5.46 2.86 7.39 9.75 12.6 17.4
Bransten Facility No. 7 Effluent E] 4.46 55% 2.15 1.89 3.31 4.33 5.14 7.63
Daly City Public Library Influent 3 3.55 3.93 0.855 1.29 1.73 4.89 B8.06
Daly City Public Library Effluent 7 2.45 31% 2.07 0.966 1.12 1.42 2.91 6.7
El Cerrito Bioretention Facility | Influent 3 6.63 2.55 4,06 5.36 6.66 7.91 9.16
El Cerrito Bioretention Facility | Effluent 3| 0.983 85% 0.189 0.804 0.884| 0.964 1.07 1.18
Richmond 1st & Cutting Cell 3 | Influent 8 9.85 7.62 2.24 5.23 7.46 s 25.9
Richmond 1st & Cutting Cell 3 Effluent 8 6.24 37% 3.24 2.3 3.17 6.36 8.54 11.1
Richmond 1st & Cutting Cell4 | Influent 6 8.42 8.25 1.57 3.4 5.72 9.59 24
Richmond 1st & Cutting Cell 4 Effluent 6 4.81 43% 4.63 1.63 2.18 3.55 4.7 14
SFOBE Toll Plaza- 5/5 Influent 9 14.9 15.7 3.2 4.6 9.2 19 53
SFOBE Toll Plaza - 5/5 Effluent 9 3.01 80% 1.76 0.9 2 2.5 4.1 5.9
West Oakland Tree Well 2 Influent 4 30 10.8 15.1 27.8 32.1 34.3 40.9
West Oakland Tree Well 2 Effluent 4 3.73 B8% 1.34 2.27 2.77 3.83 4,79 5.01
West Oakland Tree Well 6 Influent 4 88.3 73 21.1 31.6 78.6 135 175
West Oakland Tree well 6 Effluent 4 19 78% 8.55 10.4 14.4 17.5 22.1 30.6,

A.Percent reduction is calculated as-{Effluent/Influent).

B. Sampling entailed grab sample collection and are reported on a grab sample basis in the original Daly City report
(David et al., 20150 provide the best comparison bther studies reported in this synthesis, we first created
pseudecomposites by averaging the samples collected within the same stdomsequently, results reported herein
differ from those in the original report.
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Figure 22Boxplot of influent and #luent concentrations for Pb.

Location
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Figure 23Scatterplot of influent and effluent paired samples. Sample points above the line indicate
sample pairs in which the effluent concentration was higher than the influent, and vice versa for sample
points below tle line.
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Figure 24Performance as a function of influent concentrations.

In general, bioretention captures leadoderately well and the capture performance appears related to
the influent concentrations, with the higher influent concentrations shovbetier performance. It

may be the case that soil media and years since construction also play a role, though more data is
necessary to verify this. Overall, capture performance for Pb fits nicely into the conceptual model that
bioretention is strong atapturing particle bound pollutants, and that performance can range up 1o 80
90%.

Water Quality Summary

The percentage concentration reduction is summarized for all sites and all analytes in Table 13 below.
Several analytes in the synthesis appeareddeehperformance impacted by the age of the bioretention

unit or the media composition (namely the West Oakland Tree Wells had Filterra engineered media).
Therefore, Table 13 is organized with the two older sites at the top (El Cerrito and SFOBB), fojflowed

the West Oakland Tree Wells and then the rest of the sites which were all monitored wizhjedrs of
construction.The greaterle positive reduction, théarker green the highlighting, and the more

negative reduction (or greaténcrease at the oudt) the darkered the highlightingTaken together,

most sites had positive reductions in the effluent for SSC, PCBs and Pb. HgT, MeHg, CuD and CuT all had
mixed results with some positive and some negative reductibosthe most pe, TOC and HgD had

net export.

Table 13. Summary of percentage reduction across all sites and all anAlypesitive reduction means
the mean influent was greater than the mean effluent, and vice versa.
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SSC PCBs {TOC {HgD {HgT {MeHg:CuD {CuT |Pb

Site (mg/L) i(ng/L) {(mg/L) {(ng/L) {(ng/L) i{(ng/L) i(ug/L) i(ug/L) i(ug/L)
El Cerrito Bioretention Facility =~ 95%  96% -89 -25% 44% 48% 45% 68% 85%
SFOBB Toll Plaza - 5/5 93%  92% 38% 23% -301% -59%  80%
West Oakland Tree Well 2 79% 92% -30% 61% 88%
West Oakland Tree Well 6 | 72%  OA% 14% | O7% o 78%
Bransten Facility No. 7 59% -1009 -6% -25% -47% B55%
Daly City Public Library 1% -11% 33% 8% -1309 78%  31%
Fremont Tree Well Subsurfaca  61%  59% -161% -34% 69% 11% 44%
Fremont Tree Well Surface 68% 61% -284% -48%  42% 0%  38%
Richmond 1st & Cutting Cell 3 7%  61% -2769 -11% 37%
Richmond 1st & Cutting Cell 4 -30% [ 96% -449% | -5% | .| .. ... 43%

The best performing sites for SSC were those with more years@nsguction (El Cerrito and SFOBB
5/5), and secondarily using the Filterra engineered media as opposed to the standard bioretention mix.
Net export of SSand TOC suggests that the bioretention media itsaif bea source, which appears to

be the case gpecially for sites monitored in the wet season immediately following installafibis. is

likely because those sites are still settling and compacting and likely that export will lessen with site
maturity. S&€and TOC export from the medild not necesarily influence effluent pollutant
concentrationsMost sites had positive reductions for PCBs, CuT and Pb. Like SSC, the more mature
sites and the sites with Filterra media were also the best performing for other heavy, particle bound
pollutants (PCBs anPDb).

The performance based on percentage capture, however, does not tell the whole story of performance.
The performance curves for most pollutants are in line with previous findings elsewhere that the higher
the influent, typically the greater the prmance when measured as a percent reduction. The
performance curve for £3s not strong, but possible explanations are previously discussed. The
performance curve for HgT is also not strong. Total Hg requires further study to determine why some
sites erform better than others, and what are the primary causes of net export.

In general, effluent concentrations were less variable than influent in most cases. Exceptions included
those special cases of net export, e.g. SSC for Richmond 1st and Cuttihdvieelp for Daly City Public
Library, and CuD and CuT for SFOBB 5/5

The Richmond 1st and Cutting sites and the Bransten Rd. Facility No. 7 shared some of the worst
performance reductions, despite having the largest GI:DMA. With this dataset, theraragpebe no
correlation between GI:DMA ratios and performance of treated effluent. However, it is important to
note that this synthesis does not consider loaéissiteswherebypass occurayvhich is more likely at
sites that are undersizethe net loadexport may be higher even if the volume actually treated has
lower effluent concentrations.
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Soil profile sampling results

At the EIl Cerrito Bioretention Facility, the soil profile was meastoedome contaminantsTwo

composite soil core samples werelleated in late spring 2017, at which time the cell had received

stormwater runoff from seven wet seasons since installation. The composite sampling design aimed to
represent two areas of the cell. The first composite consisted of homogenized samplesiirocores

collected in front of the two street inlets to the bioretention cell, thus representing the component of

the cel |l ftihealtd”i.s A nseeacrond composite consfiiseled” of h
cores spaced throughout the remainde of t he bi oretention cell (her eat
the bioretention cell). Cores were collected using a stairddssl hand shovel which was cleaned prior

to and between sample collection using an anionic friesing detergent and deiored water rinse. The

core composites were comprised of homogenized-saimples collected at four depths:5D0 mm, 50

100 mm, 106150 mm, and 15G00 mm, all of which were located within the engineered bioretention

soil mix. The soil segments at each dep#revcomposited into a cleaned glass receptacle, mixed with a

hand trowel for three minutes, subsampled into sterile glass jars and shipped frozen to the analytical
laboratories.

The soil core results showghod (Hg and MeHg) to excellent (PCBs) perfonadar reducing
concentrations of regulated pollutants in the San Francisco Bay. A small number of other field studies
have reported that the pollutant capture is dominant in the top layers of the soil profile and decrease
rapidly with increasing depth. Fexample, Komlos and Traver (2012) found that orthophosphate
concentrations were highest on the surface layer, decreased with depth frd@00nm, and then were
relatively constant from 10800 mm deep. Dechesne et al. (2005) found that in four infiirabasins
(ranging between 10 and 21 years old) heavy metal accumulation was greatest at the surface and
decreased rapidly in the first 3600 mm. Li and Davis (2008) collected cores down to a depth of 900
mm and analyzed for Cu, Pb and Zn 3.5 and 4.&\adter construction of a bioretention unit, and also
found high surface accumulations in the top 200 mm. The soil profile results from this study show a
similar pattern for PCBs, Hg and MeHg. Concentrations for each of the pollutants decreased with soil
depth, with a few exceptions (Figurgs-27).

Horizontally within the unit, each of the pollutants measured are found in greater concentrations
nearest the inlets (except at the 80 mm depth for PCBs, where the concentrati are equivalent)

In particular, PCBs accumulated heavily in the top 50 mm layer near the inlets with concentrations more
than 10 times greater than in the top layer of the rest of the unit (the body), as well as the deeper media
layers. Mercury and MeHg had slightly higher conctians near the inlets, but the difference was less
pronounced. This suggests that Hg and MeHg are not settling out as quickly once entering the
bioretention unit, and are therefore distributing more evenly across the surface.

Using the composite concemation data from this study and the soil mass in the unit, total pollutant

mass in each depth interval of the spibfile was estimated (Figure 28A greater proportion of the

overall Hg and Midg mass is present in thewer soil dephs than the PCB masConsistent with the

PCB and Hg fractionation data collected by Geosyntec Consultants (described previously in the Mercury
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species section), these findings are all consistent with the conceptual model that PCBs in stormwater
influent are attached to lamy particles in greater proportions than are the Hg species, and therefore
deposit more immediately in front of the inlets and are more likely to be filtered on the surface with less
downward mobility than Hg and MeHg. The findings also suggest thatiditirat the surface is likely

one of the most important pollutant capture mechanisms for PCBs. Filtration also likely plays a role for
Hg capture, but sorption in the lower layers may also be important.
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8 M Near Inlets
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PCBs (ug/kg)
Figure 5. Soil PCB concentrations (ug/kg) atiwas depths (6B00 mm) in the bioretention unit.
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Figure 26 Soil Hg concentrations (ug/kg) at various depth8@ mm) in the bioretention unit.

41



0-50

€

£ 50-100

=

2 100-150

8 B Near Inlets

150-300 m Body
0 0.2 0.4 0.6
MeHg (ug/kg)

Figure 27 Soil MeHg concentrations (ug/kg) at various depth&Z0dnches) in the bioretention unit.
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Figure 28Estimation of mass (mg) of contaminants by depth throughout the entire rain garden
(including both the inlets and the main bioretention unit by area).

Conclusions

The findings in this synthesis support the use of bioretention in the SeantiSco Bay Area as one
management option for meeting load reductions required by San Francisco Bay Pvielckarmance

curve can often explain the differences in performance between sites, typically with sites where influent
concentrations are greater king the best performance. This finding suggests that to achieve the
greatest pollutant reductions as the result of bioretention, it is important to place bioretention in areas
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where pollutant concentrations are highest, and less benefit from a wateitgysgdrspective is
achieved when units are placed in relatively cleaner areas.

In this synthesis, while the performance curves generally told the primary story for most pollutants,
there was an underlying theme that the younger systems monitored witkryéars of construction

were exporting suspended sediment and organic carbon from the media itself, and may be performing
less well for PCBs, HgT and Pb. This is caused by the systems still settling and compacting after initial
construction.

There has ben a single soil profile study in the Bay Area to date. In that studyiamidigo other soil

profile studiesPCBs, Hg and MeHg were all present at the highest concentrations in the top 100 mm in
the surface media layersOBs deposited nearest theenwhereas Hg was dispersed further from the

inlet indicating a slower settling rate consistent with its presence on finer particles. These findings are
important for managers to understand how frequently soil maintenance is required, especially since
green infrastructure is intended for PCB capture and in this unit, the trigger for industrial soils had
already been met for the surface layer near the inlet. This study highlights the importance of the surface
layer for capturing PCBs and Hg species, andgeswseful data for supporting decisions about media
replacement and overall maintenance schedules.

This synthesis brings into focus numerous katadaps:
1 Mercuryand Copper:
o0 How do wedesignbioretentionto trap finer particle®
o How do we prevent dsolution of Hg and Cu?
1 PCBs:
o Is Filterra media better at trapping PCBs than standard bioretention soil mixes? Why?
o0 After maturation, isbiocharenhancedsoil mediamore effectve at trapping PCBs?
91 Maturation:
0 As sites mature, do sites with different boiedia have differencin performance? And
how does that change iperformance differ for varioupollutants?
o Does performance decrease after some period of time i.e. when does breakthrough
occur?
1 Soil profile:
o s the distribution in the soil profile all sites similar to that for El Cerrito?

The® data gaps and others presented in the literature review section are important to address to
continue to move the Bay Area forward towards the greatest efficiencies in bioretention use.
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Hg and PCB literature review

Introduction

In addition to the synthesis of local data for PCBs, Hg, Cu, Pb and other ancillary data, this literature
review is intended to outline findings from peer reviewed literature for the purpose of understanding
how and for how long PGEand Hg are removed by bioretention unif¥ith this information as the
starting point, we also make recommendations for improved bioretention unit design as well as
highlight data gaps and make recommendations for additional studies.

The primary mechasms for pollutant removal in bioretention include filtration, sorption, and

vegetative uptake. These mechanisms, and their application to Hg and PCB capture in bioretention, are
explored in turn in this literature review. In addition, some of the major Inaeisms of PCB degradation

are explored. In each appropriate subsection, design considerations are put forth, and in the section
called “Overall Design Cons iomsare puttogethersfor propesall o f
of an idealized biorention unit for the enhanced capture of Hg and PCBs.

Mechanisms for pollutant reductions in the effluent

Sedimentation/filtration

Settling, surface straining and depth filtration all refer to the capture of partiolend pollutants as

they are physic#y restrained from further downward migratiofhis mechanism of pollutant capture is
the most important mechanism for PCB and Hg removal in bioreter@dbreath et al. (2017) found

that that the mass of PCBs, Hg and MeHg captured in the top 100 mifea old bioretention unit

was 91%, 75% and 58%, respectively. This top heavy accumulation may in part be due to immediate
capture through sorption of dissolved pollutants (Morgan et al., 2011), but more likely due to
sedimentation and filtration neamie surface.

Similar to the Gilbreath et al. (2017) study, numerous other studies have found that accumulation of
pollutants in bioretention occur in a tepeavy manner, with the greatest mass of accumulatiin the
top 150 mm of soil (Blecken et alQ@9; Li and Davis, 2008pnes and Davis (2013) found that the
greatest accumulations of Pb, Cu and Zn were found near the inlet and in the-If030@m of the unit,
with no evidence to suggest the metals had penetrated to lower depths.

Many factors infience pollutant removal by filtration, though primarily filtration is governed by the size
of the polluted particles in the influent and the size of the pore spaces in the bioretention media; the
inverse correlation of these two properties determine hoasgy a particldoound pollutant can travel
downward through the unit.
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Particulate bound pollutants in the influent are candidates for removal by filtration. With regards to
properties of the pollutants i mrfatelpaentiallrhebsuredras |,
zeta potential), and morphological characteristics (area, diameter, perimeter, aspect ratio, and shape
factor) of the fractionated sediment particles are expected to impact the effectiveness of particle
removal ” (& 20i2)lacom@aring 27/ tsamples of particle size distribution between influent
and effluent of three different detention basins, Kayhanian et al. (2012) found that the effluent samples
contained much higher proportions of the finest size fractions;lénger particles were

disproportionately filtered out.

For stormwater managers, the bioretention media pore size is the controllable factor they can use to
target pollutant capture through filtration. In a study by Morgan et al. (2011), the authors fthatd

compost had a smaller effective diameter than sand, offering greater filtering ability thanldattdet

al. (2008) observed that because clay particles and organic matter swell when wet, these soil properties
reduce porosity (a negative impact ogdraulic capacity) but enhance the capture of pollutants through
filtration (a positive impact on reducing effluent concentrations). This traifi®etween hydraulic

capacity and filtration performance is a key design feature that stormwater engineersffaeeust

grapple with.

In this section we explore the properties of Hg and PCBs as they relate to the sedimentation/filtration
mechanism of pollutant capture. The relevant properties include the typical particle size distribution for
Hg and PCBs from ldmises most likely to be treated by bioretention, the typical speciation of Hg and
PCBs flowing into bioretention and the pore sizes of bioretention media filtering those panifdes.
review these topics in detail below.

Mercury

Predominantly, bioretentin units are placed next to roadways and therefore much of the stormwater
runoff that bioretention is treating is the roadway surface runéfflarge proportion of Hg in roadway
surface runoff is atmospherically derivédearly 150 kg of Hg is estimatedhitanket the Bay Area each
year (Tsai and Hoenicke, 2001; McKee et al., 2003). Atmospherically derived Hg is commonly on very
small particles thaare depositedn rainfall, gaseous forms, or attached to windblown dust particles
(McKee et al., 2003).

Paticle size distribution in highway runoff has been reported in multiple studies, and possibly
represents a decent surrogate to the particle distribution from urban roadwRgdicles smaller than

50 min diameter account for >70% (by weight) of the TSS in runoff (Vignoles and Herremans, 1995;
Roger et al., 1998; Andral et al., 1999; Kayhanian et al., 2008a) and one study reported that particles
smaller than 2@ maccount for more than 50% of the giEulate mass in samples that have TSS
concentrations below 100 mg/L. These very fine particles also lhigher organic content (Kayhanian et
al., 2008a, 2015; Lee et al., 2005) and the highest metal concentrations (Sansalone and Buchberger,

45

t

h



1997; Rogerteal., 1998; Morquecho and Pitt, 2003; McKenzie et al., 2008; Kayhanian and Givens, 2011,
Kayhanian et al, 2015). Further, studies have shown that metal concentrations increase with decreasing
particle sizgLin et al., 2005; Herngren et al., 2006; Lilet2006; Tuccillo, 2006; Westerlund and

Viklander, 2006; McKenzie et al., 2008).

These very small particles are the most likely to be entrained from a roadway into stormwater runoff,
and early on during a storm. In a study of mass transport focusedeofirgt flush in storms, Kayhanian
and Stenstrom{2014) found that infiltration basins that can capture the first 20% of the storm volume
and bypass the remaining volume canthéce as effective as a feature typleat treats 20% of the

storm volume througout the entire period of runoffBut several studies have reported that particles
<10p nare not well captured in BMPs (Pettersson, 1998; Backstrom, 2002; Han et al., 2005; Li et al.,
2006; Backstrom, 2002; Han et al., 2005). If captured within a bicetennit, the smallest particles

are then the most likely to be rentrained, the least likely to settle, and therefore the most likely to
flow out with any overflow from a unit.

Another key explanation as to why small particles are not filtered wiibisthey have high surface
potential. This surface potential creates strong partiplrticle repulsion, which prevents a particle from
aggregating with other particles to form larger particles which are more effectively filtdredmmon
metric of surfze potential is called the zeta potenti&articles are more likely to aggregate when in
suspension if their zeta potential is closest to 0, or neutdddher positive or negative zeta potential
leads to greater particlparticle repulsion. Kayhanian at. measured the zeta potential of particles
from highway runoff and vacuumed solids from a parkingTboe zeta potential of these particles
ranged from-20 to-24 mV, indicating a strong partigiarticle repulsion. Wastewater treatment
systems often us a coagulant to neutralize these negatlearges and improve the particlemoval
from settling and filtration processeA. goal for scientists could be to identify what media
characteristics can promote the neutralization of these negatively chargéitlpar

A further challenge to filtration is due to the generation of macropores in the bioretention cell.
Macropores are pathways in the soil media for water to pass through quickly with little filtrédithet

al. (2008) saw evidence of macroporeatien in some of the media they were testing which they
hypothesized was due to cracking during the dry peri&Giisilarly Paus et al. (2014) hypothesized that
the increased hydraulic capacity in bioretention units they studied was potentially in pasu#i of
macropore generation due to root dieback of vegetation. The smaller the particle, such as the very fine
particles to which Hg is most likely to be associated, the more likely it would be to flow through these
macropores. Since wetting and dryirsgai characteristic of the serarid climate thatencompassethe

Bay Area region, vegetation and vegetation maintenance shmikcbnsidered carefully in designing a
system. Further, identifying the specific challenges and solutions associated with gificsgdanate
pattern is a challenge we face in trying to apply findings from other regions.
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PCBs

Filtration of particulatephase PCBs is the primary mechanism for overall PCB removal from stormwater.
PCBs have low water solubility, high molecular stghéind a tendency to adsorb to particles. Of the
209PCRcongeners, highechlorinated PCBongeners have increased stability and toxicity, decreased
solubility and volatility Passatore et al., 201#4eFevre et al., 20)4and tend to partition to partiglate

matter, rather than air, which explains why PCB content in soils are generally dominated by higher
chlorinated homologsRassatore et al., 20)4indeed, stormwater measured in 13 watersheds

distributed around the Bay had a particulate PCB portiowgirag from 66% to 100%évis et al., 2017;
Gilbreath & Wu et al., 201&ilbreath & McKee et al., 20L.8The mean particulate portion was 87% and
the median particulate portion was 90%.

PCB removal due to bioretention for most sites reported in thishgsis have excellent results (>90%

reduction), particularly for those locations in which the influent concentrations are greater. Filtration

works particularly well for PCBs likely because PCBxdamrbed tgparticles large enough to be filtered

out. Addtionally, the assumption that PCBs are mainly associated with particulates, and, therefore, are
removed primarily through filtration was further strengthened by analyses of PCBs in soil cores collected

from the El Cerrito rain garden. After seven wetather seasons, in April 2017, two composite soil
samples were collected to represent concentration
Both samples included subsamples from four depths within the engineered mesanth, 50100mm,

100-150mm, and 156300mm. The greatest particle concentrations of PCBs were found both in

shallower depths and closer to the inlets (FiguB. 2

The shallowness of PCBs and their proximity to the inlet are consistent with the hypothesis that PCBs in
stormwater irfluent are attached to largesind heavieparticles and, therefore, are more likely to be
deposited near inlets and be filtered out on the surface of bioretention units with little downward
mobility. This also suggests that filtration at the surface isnlost important pollutant capture

mechanisms for PCBs. Additional soil coring should be conducted to verify this distribution in other
bioretention units.

Design Considerations

The implications of these findings is that physical filtration of partidiesilsl play a critical role in the

design, selection and performance evaluation of BMPs. However, managers must grapple with the
opposing needs for hydraulic capacity and fines filtration. Managers should also consider if PCBs, Hg, or
both, are the pollutats targeted for capture; capture of HgT requires capture of finer particles, whereas

if PCBs are the target, managers may choose to use coarser grained soils in order to increase infiltration
rates and decrease the size of a BMP.
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Key recommended desigharacteristics:

e The first flush should be treated most vigorously since this portion of the flow is most likely to
include the highest proportion of metals (Kayhanian et al., 2012). This portion could be filtered
through the finest media possible, or alled to infiltrate with no underdrainin the latter case,
maintaining hydraulic capacity is prioritizeder fine media filtration.

e The first flush captured in the bioretention unit should be prevented from
overflowing/bypassing.

e Vegetation should be cormgred carefully, and studied further for improved design
recommendations: vegetation can be used to counter the creation of macropores due to
cracking during the dry periods (Hatt et al., 2009). This may be useful to prevent untreated
stormwater passing gakly through the systemAt the same time, vegetation may conversely
encouragamacropore generation, which may be useful to maintain hydraulic capacity because
root growth and senescence counter compaction and clogging (Paus et al., 2014). These counter
influences of vegetation and the specific impacts on Hg removal effectiveness should be studied
further.

e Design could include multiple stages, each stage with increasing porosity to ensure everything is
filtered to some degree while the initial first flughfiltered better through finer media.

e Design of pretreatment for sediment removal from storm water is considered important to
reduce clogging and extend thigetime of infiltration processes

e Because PCBs have been shown to deposit in shallow (<X@gior)s of biaifiltration cells
(Gilbreath & McKee et al., 20),8&ashallower design could allow for cheaper and easier
implementation of rain gardens with effectively equivalent levels of PCB removal. Various design
depths should be studied to understahdw performance increases with depth and at what
depth performance plateaus.

Adsorption

Although the particulate bound fractions for both pollutants are more dominant, the dissolved fraction
is particularly important because it is more bioavailable Hretefore on an equal mass basis, generally
has greater negative impacts to biota (Erickson et al., 2007; Kayhanian et al., 2012). In stormwater
monitoring from the Bay Area, mercury and PCBs have been measured to incl@8& ihean=22%;
median=23%) an@-34%(mean=10%; median=6%issolved fraction, respectively (Gilbreath et al.,
2018).Pollutants in the dissolved phase will not be filtered out like much of the particulate bound
fraction, but may adsorb to the bioretention media. Adsorption is the ailmesf ions, atoms or
molecules to a surface (e.g. bioretention media, or plant roots). In this case, we are talking about the
adsorption of a dissolved species (the sorbate) in a liquid form (stormwater) to a solid phase sorbent
(bioretention media)lf the sorbent has a higher affinity for the sorbate species, the sorbate is attracted
to the sorbent and is bound there by different mechanisittsis process occurs until equilibrium is
reached, after which time it is said that breakthrough occurs.
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Mercury

Metal sorption, in part, depends ahe characteristics of the metal (e.g., ionic radius, valance, and
degree of hydration) (LeFevre et al., 201balso depends on the characteristics of the sorbent. For
example, inorganic sorbents (e.g., clay minetiads), aluminum, and manganese hydroxides) may sorb
dissolved metals but humic substances (e.g., fulvic and humic acids), which have a wide range of
functional groups (e.qg., carboxyl, hydroxyl, methoxy, quinone, and phenolic groups), are generally
consideed more chemically reactive with dissolved metals (Breeuwsma et al. 1986; Sparks 2003 in
LeFevre et al., 2015). Studies have shown that organic matter plays an important role in sorption of
dissolved metaldn a study including quantification of dissolweetal removal in bioretention, Davis et

al. (2001b) attributed the dissolved metal sorption mainly to organic matter present in the bioretention
media and the overlying mulch layer.

The type, proportion and size of organic matter affects the removalaigpaf the filter media. Multiple
authors have found that compost had a larger sorption capacity than sand (Morgan et al. 2011, Liao et
al., 2009), and that time to breakthrough increased as compost fraction increased (Morgan et al., 2011),
suggesting thiasorption capacity is related to compost fraction. Similarly, Paus et al. (2014a) observed
increasing capacity for removal of dissolved Cd and Zn in bioretention columns with increasing compost
volume fraction of the media. Zhang et al. (2009) studiedHg@+ adsorption capacity of humic acids
versus fulvic acid$lumic acids had a higher adsorption capacity than fulvic acids, and also a lower
desorption ratio. Referencing Ramamoorthy and Rust (1978), Liao et al. (2009) stated that Hg sorption
was inversg correlated with particle size due to the larger surface area of smaller particles.

Metal sorption further depends on the solution chemistry (e.g., metal concentration, pH, ionic strength,
competing cations)Typicallyan equilibrium sorption model (g. Langmuir, Freundlich) is used to
describe sorption relative to the dissolved metal concentratloraddition to the proportion of metal
concentrations in the sorbate and sorbent, other variables that can alter the equilibrium include pH
(Sauve et al2000), ionic strength, and presence of competing cations.

For example, pH has been shown to have important impacts on dissolved metal adsorption. Elevated pH

can promote metalsdsorptionto the particulate species (Good et al. 2012), while low pH can

encourage dissolutionThere is evidence to suggest, however, that the bioretention media itself has a
buffering capacity. Taylor and Cadno TEC Inc. (20
hardness elements in bioretention fill medlaow pH rianfall water typically is seen to approach more

neutral conditions, with a corresponding increase in hardness at the outlet (Chapman and Horner 2010,
Dietz 2007).” Davis et al. (2003) experimented wi
this variation to have any impact. Nevertheless, organic materials can have acids, that lower the pH and
promote dissolved species (orgamtetal complexes) leaching from the system (LeFevre, 2015). A pH
amendment is useful in rain gardens to provide adegquatal metal removal and minimize any leaching

of dissolved metal species.
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Desorption

Once sorbed, Hg mafay sorbedand be removed permanently the next time the soil is replaced or
desorb and be lost during a subsequent rain evei#o et al (2009) s&ed mercury adsorption and
desorption in three different media types and found that media with higher organic content bound Hg
with high-energy sites that were very stable and led to very little desorption (<1% in many cases).
However, Hg can desorb or keken up by vegetation. Desorption is more likely for very small particles;
a larger surface area to mass ratio leads to equilibrium more quickly than for larger particles.
Additionally, if sorbed to organic matter, Hg could leach given any circumstamdddh the media
organic matter is leacheds an example, studies have shown a correlation between the release of
dissolved organic carbon and copper (Amrhein et al. 1992, Li and Davis 2009; Blecken et al. 2011).
Furthermore, Sauve et al. (2000) foun&@tii OC concentrations often slightly increased from inlet to
outlet, leading to increased dissolved metals mobility. That said, Li and Davis (2009) argued that since
free metals have higher toxicity and bioavailability (Santore et al., 2001) as comparaahpdexed or
particulatebound metals; therefore, even if leached with organic matter, metals toxicity would be
reduced. These statements warrant further investigation for Hg in bioretention specifically.

Climatic Influences

Both temperature and the weihg and drying regime of a given locale can influence the rate of
adsorption and desorption. In terms of temperature, the rate of sorption decreases with decreasing
temperature due to slower kinetics (LeFevere et al., 20Cbhversely, the equilibrium sation capacity

can be expected to increase with decreasing temperature due to weakening of the attractive forces
between the sorbent and metal ions at high temperature, and therefore increased capacity at lower
temperaturesBlecken et al. (2011) reportédcreased Cu removal with decreasing temperature (i.e.,

from 20 to 2°C), and explained this as the result of increased organic matter decomposition rates during
the warmer months leading to increased release of dissolved organic matter and associated Cu.
LeFevere et al. (2015) hypothesize that capacity (rather than slower kinetics), which occurs during cooler
temperatures, is the moranportant variable in terms of bed lifetiméf. this hypothesis is correct, it is
positive for the Bay Area since stormwatanoff typically occurs in the cooler months (November

March).

Drying of bioretention units leads to oxidation and in turn, changes the chemical phase distribution of
metals (Saeki et al., 1993). Drying and oxidation leads to more soluble/available (@ddle et al.,

2003; Stephens et al., 2001). When rewetting soils after a dry period, dissolved metal concentrations will
beelevatedAddi ti onally, extended dry periods “affect
occurrence of fissures), andgot activity (decreased plant activity, possibly drought induced damage) in
biofilters and thus the retention time and the plant effect on metals might change (Lefevre et al. 2015).

The Bay Area climate is characterized as predominantly dry betweemaib§ctober, wetter during
October through April, with this wet period having intermittent wet and dry periods with dry periods

lasting up to 6 weeks in lengtiihe alternating wet and dry periods can result in variable redox
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conditions, degradation and s8olution of organic matter and, in turn, metal mobility (Minton 2005 in
LeFevre et al., 2015). Laboratory experiments have shown wet and dry conditions up to 4 weeks in
unvegetated columns had no significant impact on metal removal (Hatt et al.m 2007) experiment
with vegetated columns, Blecken et al. (2009b) found that dry periods with duration longer than 3
weeks reduced metal removal performance, which they explained by the possible oxidation of
previously accumulated metals, mobilization of feedliments, development of preferential flow paths
(or macropores), and reduced metal uptake in plants during dry periods.

Blecken et al. (2009) found that by introducing a submerged zone at the bottom of the biofilter, the

negative effects of drying céaibe minimized and copper removal increased by 12%. LeFevre et al.

conclude: Increased knowledge of the behaviour of biofilters under natural conditions (e.g. variable
runoff volumes, extended periods of esithagyi ng) i s th
incorporating irrigation into bioretention can be an important factor not only in maintaining the health

of the vegetation but also in maintaining optimum Hg sorption. This is an area for further investigation.

PCBs

Adsorption of dissolved moletas increases as solubility decreases and degree of halogenation, i.e.,
chlorination, increasefi.eFevre et al., 20}4In general, dissolved PCBs exhibit a high tendency to sorb

to particulate matter.Sorption of organic compounds to particulate matteaisequilibrium process

that can be linearl y e st-wareapgartion caefficiemtepr Lag(Kovo) vaue® und’ s
where Kowis the ratio of particulate to dissolved, or aqueous, concentrati@azkér et al., 1986

In a microcosm experiménLeFevre et al. (2011) studied the fate of dissolved naphthglempelycylic

aromatic hyrdrocarbonin three columns (two planted and one unplanted) over the span of five

months. Comparable to 96% in the El Cerrito rain garden, 93% of naphthalenemageckin both

vegetated columns with the following mechanistic fate: adsorption to soil was the dominant

naphthal ene removal mechanism (56-73%), although
(2-23%) were also i mpor t aiD.04%n Bhotelysid veas notlcongidered. on  wa
The Log(Kow) value for naphthalene is 3.3 whereas the Log(Kow) for PCBs ranges from 4.56 (isomers

with one chlorine atom) to 9.6 (isomer with ten chlorine atomi®Kevre et al., 20)4Therefore,

because adsorptionis the quickest and most dominant mechanism for removal of dissolved

naphthalene, it can be assumed that, depending on the media, an even greater proportion of dissolved
PCBs are removed through adsorption during infiltration.

As the organic carbon aralay content increases, so does adsorption of PCBs and, thus, a decrease in
bioavailability Passatore et al., 20)4

51



Desorption

PCBs are extremely recalcitrant and difficult to remove from soil and sediment maBige®ecause of

its ir-reversibility, sorption of PCBs to organic matter should be treated as a holding tank for other
slower, important processes like biodegradation and plant uptake. To make matters more complicated,
the isotherms for PCB adsorption and desorption display hysteresis,ingetirat PCBs do not desorb at

an equal but opposite rate to adsorption. However, Dominic et al. (1Z32)dro et al., 198%ound

that PCB desorption isotherms can be approximated by a straight line. This linear estimation can only be
applied for the fist consecutive desorptions. Desorption kinetics depend on the sediment type and
agueousphase chemistry. The adsorbent must be carefully selected for properties that allow for
efficient extraction of PCBs while still allowing a rate of desorption thainmags the rate of
biodegradation. Additionally, certain root exudates have been shown to encourage desorption of
organic pollutantsWlrich et al., 201y

Design Considerations

Multiple key factors should be considered for enhancing adsorption whileedsing desorption,
including the bioretention media itself, bioretention cell structure and maintenance. The main
considerations are listed below:

e Organic and pH amendmentslumic substances tend to be better at adsorption of metals than
inorganic subsinces. The use of organic amendments such as mulch and/or leaf compost in
bioretention media may result in a media with a higher metal sorption capacity (Jang et al. 2005;
Sun and Davis 200Paus et al. 2014#&assatore et al., 20)4Exhausted coffee gumds have
also been identified as a strong Hg biosorbévia¢chet al., 1986)The tradeoffs for increasing
compost content, however, are decreased permeability of the media as well as thetipbfor
increased nutrient release, and desorption with dissolution of organic carbon. To minimize
dissolution, a pH amendment may be usefd.far as theuthorsknow, activated carbon or
biochar have not been studied for Hg capture in bioretertibtowever, activated carbon has
been shown to be useful for removal of Hg from the dald power plant flue gases, and that
industry is working to find adsorbents that efficiently remove Hg with a lower carbon to Hg
ratio, as well as a cheaper sourceagtivated carbon than currently available (De et al., 2013).

e Depth: After bioretention media composition, a critical design parameter is the media depth.
Greater media depth increases the number of sorption sites for removal of dissolved metals,
and henceaxtends the time until metal breakthrough. Davis et al. (2003) reported that flow rate
had a small effect on bioretention capture particularly for shallower designs, in which a slower
flow rate allows the metals more contact time to adsorb. More imporaittan depth,

2 BASMAA currently has a study underway investigating biochar effectiveness for both PCBs and Hg.
Results are expected in late 2018 or early 2019 (pers comm. Lisa Sabin, BASMAA representative).
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however, the authors suggested that avoiding bypagsportant to pollutant capture.
Furthermore, Davis found shallow designs (61 cm deep) still removed-88% (versus 78%
>99% of deeper designs (91 cm)) of metal (Cu, Pb and Zn) catimrdy thus in terms of metal
removal, it is important to keep in mind that a deeper design > shallow design >> no
bioretention. Developing performance curves relative to bioretention depth could help
managers better understand when bioretention is watethdespite the requirement for a
shallower design in sormapplications

Irrigation: Since drying and oxidation can promote dissolution of metals in the next storm event,
regular irrigation (and the literature suggests it could be as infrequent as dwery tveeks) is a

key factor in maintaining sorptiotrigation can also help maintain the health of the vegetation
for optimum metals uptak¢see below)

Submerged Zone#Another design modification to decrease dissolution is the use of a
submerged zon€elThe use of submerged zones can be very beneficial for removal of metals
(Blecken et al., 2009) (as well as nitrogen), particularly for systems that will be subjected to long
drying periods, possibly because the unit will not dry out as much. If variationstal outflow
concentrations in particular, intermittent high output concentrations after long drying perieds
are not acceptable, then using a submerged zone should be considered. Submerged zones,
however, have not been tested with Hg relative tetmylation of Hglf tested and a submerged
zone results in Hg methylation, submerged zones should be reconsidered and likely not used.

Multi -stage systemGiven the strong first flush signal for metals off roadways, enhancing the
capture of fine and dsolved Hg in the initial volume could be an efficient design optimization.
This may involve a mulstage system in which the initial stage accepts the earliest runoff and is
filtered through very small pore sized compost media, and/or is entirely inéireather than
utilizing an underdrainLater stages in the system could have coarser particle media that filters
more quickly and is underdrained. If underdrained, this initial stage could also benefit from
extended contact time between the pollutants dnetention media, which would encourage
slower reactions through decreased flow rates (17q). Alternatively, Hsieh and Davis (2005)
recommended a two media layer design. In such a design, the top layer would support
vegetation growth and Hg adsorption uginompost, and a lower saftbminated layer to assist
with Hg removal not otherwise captured via the compost. Further investigation into different
configurations of multstage systems could help to identify optimum designs for Hg and PCB
removal.
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Vegetative Uptake

Mercury

Vegetative uptake, or phytoextraction, of mercury by plants is also a mechanism for capturing pollutant

loads.* Pl ant roots accumulate metals through diffusic
uptake) and metabolic processe ( acti ve uptake)” (Al'l oway 1995). M
typically be translocated to the shoots over time. The primary benefit to phytoextraction would be that

it restores the adsorption capacity of the soil. Differences in root surface avet cation exchange

capacity, root exudates, and the rate of evapotranspiration result in variations in metal uptake among

plant species (Alloway 1995). Certain species, known as hyperaccumulators (e.g. Thlaspi caerulescens,

Salix viminalis, Helianth@mnuus), are capable of accumulating very high concentrations of metals (Salt

et al. 1998) (LeFevre et al., 2015). After a certain amount of time and pollutant uptake, the plants are

harvested and the pollutants are removed from the system permanently.

In studies using direct assay or mass balance calculations, plants have been shown to uptake between
0.2-10% of the total metal load capture in bioretention (Read et al. 2008, Dietz and Clausen 2006;
Muthanna et al. 2007b; Sun and Davis 200hese studiehave looked at other metals, not Hg, and
therefore study directly on Hg would be useful in bioretentiBarther, as LeFevre et al. (2015) points

out, the more limited metal phytoextraction that has been measured may be largely due to which plants
are typcally chosen for bioretention units; plants are typically natives selected for aesthetics and
drought toleranceThese are importangualities, butGl can be cdocated with other vegetation and

trees that might be outside the Gl unit but together withetksl create important habitat patchdsiside

the Gl unitthe benefits othyperaccumulation may be largad should be considered when designing a
bioretention systemThere are over 400 species of metal hyperaccumulatdentifying which of these

may ke ideal for Hg accumulation in bioretention in the Bay Area climate zone could help extend
bioretention bed life and optimize the ongoing capacity of each unit.

A few of the over 400 species of metal hyperaccumulators are highlighted below. The Brassicace
family, with 87 species identified for metal hyperaccumulation, is particularly promising (Prasad and
Freitas, 2003), three of which are briefly described.

Mustard Plant(Brassica juncéathe mustard plant is the most promising of all the Brassicadamily

for phytoremediation of a wide variety of heavy metals (Prasad and Freitas, 2003; Nasar et al., 2012).
Shiyab et al. (2009) found that in highly contaminated soils, Hg is phytotoxic for Brassica juncea, but
pointed out that the high accumulatiorf &1g in theplant suggested it would begood potential

candidate for phytostabilization. Roots had 8 to 100 times the accumulation rate of Hg than other
plants.Further study of Bassica juncea in bioretention should be investigated, and if determibed to
useful in Bay Area bioretention conditionssitould be studied whetlreattempts to remove roots in
addition to shoots is an important strategy.
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RapeseedBrassica napysis a brightyellow flowering member of the famiBrassicaceagmustard or
cabbage family), cultivated mainly for its-ggh seed. It is the thirdargest source ofegetable oiin the
world. Rapeseed hasden researched as a means of contaimadionuclideghat contaminated the soil
after the Chernobyl disastelRapeseed wasstiovered to have a rate of uptake up to three times more
than other grains.

Alpine Pennycress(Thlaspi caerulescensaflowering plantin the familyBrassicaceaé\lpine
pennycress has been citedphytoremediationto have specigbhytoextractionaproperties and is
known to absortcadmiumwith very good results, and in certain instances is said to have absaithed
as well.

Basket Willow(Salix viminalis a species okillow native toEurope Western Asiaand theHimalayas
Increasingly the Basket Willow is being used for effluent treatmentveastewater gardas, and in
cadmiumphytoremediationfor water purification Perttu and Kowalik, 1997).

Common Sunflowe(Helianthus annuys can beused inphytoremediationto extract toxic substances
from soil, such as metals and harmful bacteria from water. They were used to remove cd&Siiand
strontium-90 from a nearby pond aftehe Chernobyl disasterand a similar campaign was mounted in
response to thé-ukushima Daiichi nucledisaster

Chinese Brake Ferfteris vittata L): Known to hyperaccumulate arsenic, chromium, copper, lead,
mercury, nickel, and zinc (Duan et al., 2005).

Future studies should investigate which hyperaccumulators are best for Hg accumulation an&8ay the
Area climatic zone, the impact on Hg capture via the other mechanisms (e.g. does vegetative uptake
replenish the available sorption sites), and the related maintenance requirements.

PCBs

Dissolved contaminants can adsorb to plant roots and, depgndi plant and contaminanispecific
properties, can enter plant tissuéssatore et al., 20140nce the compounds enter plant tissue, they
may translocate to other areas of the plant and possibly volatilize, undergo mineralization, or become
bound in pgant tissues $alt et al., 1998 These tissuwbound forms usually undergo some degree of
transformation resulting in a decrease in toxicity and are usually unavailable to organisms which make
this a desirable mechanism for PCB remolaFévre et al., 2a).

Factors used to predict whether a target chemical will be adsorbed to and taken up by plants are the
lipophilicity and solubility of the contaminant in the water phase; the lipid, fiber, and carbohydrate
content in plants; and the pH, pKa, organic tem, water content, and texture of the sotbélt et al.,

1998 Collins et al., 20Q6.eFevre et al., 20)4A wide range of contaminaiiptake capabilities are seen
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across different plant species. Differences in plant partitioning and metabolizatioganic

contaminants should be considered during plant selection. Data to inform plant selections are lacking
but some can be found through the U.S. Department of Agriculture at
http://www.nal.usda.gov/fnic/foodcomp/Data/SR16/reports/srl6page.htm

Though PCBs have been found at high levels on plant rGotbns et al., 2006 only small amounts of

PCBs are taken up by plants. Wild and Jones et al. estimated that®ofe@micals with a Log(Kow)

greater than 4 will be retained by plant roots whereas Salt et al. (1998) estimated that organic chemicals
with a Log(Kow) ranging from 0.5 to 3.0 are more likely to be taken up by plants. The Log(Kow) for PCBs
ranges from 4.560 9.6. Using the Log(Kow) value and plant physiology, Passatore estimated PCB
fractions that were taken up by plants and compared her results to several field studies. She found that
PCBs trapped by plant roots would usually not be taken up into plautgisHowever, she found that

some weed species (Vicia cracca, Polygonum persicaria, etc.) and in zucchini (Cucurbita pepo) exhibited
higher translocation rates which would increase plant uptake of PCBs.

Design Considerations

Since vegetative uptake andatrslocation to shoots is more feasible for Hg than PCBs, bioretention unit
designers should emphasize the use of Hg hyperaccumulators. This would be particularly important in
units where Hg accumulation in the uppef. 3 inches will eventually reach eqbiium and no longer be

able to adsorb Hg, or Hg will accumulate so much that the soil must be replaced. Further investigation is
required before recommending a particular specitiis investigation should include identifying species

of hyperaccumulators;onsidering the irrigation requirements, likelihood of survival and growth in our
climate, and aesthetics.

PCB Degradation

Concentrations of PCBs in local bioretention media have been seen to exceed regulatory thresholds
(Gilbreath et al., 2018). Sevemdtions exist for handling contaminated soils including removal and
replacement, dilution, soil washing, etc. In situ degradation through phytoremediation and
biodegradation are possibly desirable mechanisms to prevent dangerous levels-at&@Rilationn
bioretention-unit media. Due to the persistence of PCBs, the following are the largest obstacles for
removal of PCBs through bioremediation: the low bioavailability of PCB molecules due to their sorption
to particulate matter and the slow rate of bigal degradationRassatore et al., 20)4

Biodegradation

PCBs may be eliminated from bioretention units through complete mineralization to carbon dioxide,
water, chloride, and biomasté¢Fevre et al., 201Abramowicz et al., 1995Complete degradatioaf
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PCBs begins with anaerobic bacteria that perform reductive chlorination on the higher chlorinated
congeners. Then, aerobic bacteria break down lesser chlorinated congeners through oxidative
degradation resulting in chlorobenzoic acids, which are rgaftigraded by indigenous aerobic bacteria
(Harkness et al., 19932bramowicz et al., 199%assatore et al., 204

Literature has revealed the following considerations regarding PCB biodegradation:

e Higherchlorinated congeners are more recalcitrangve a higher tendency to adsorb, and are,
therefore, less bioavailable which results in slow degradation rates in bioretention units.
(Abramowicz et al., 199%assatore et al., 20)4

e Anaerobic PCHegrading bacteria are often less abundant in the envitent. (Abramowicz et
al., 1995.

e Rain gardens (when properly draining) maintain aerobic conditioeBdvre et al., 20}2
Temperature and pH play a large role in determining routes of microbial dechlorination
(Passatore et al., 20)4

e Some metabolites pruced during oxidation are toxic to PCB degrading microbial populations
which could contribute to the slow kinetics of PCB mineralizafR@s$atore et al., 2014

e After PCBs are introduced to a native microbial population, there is a lag period of ayoend
to six months before activation of P@ixygenase genes necessary for PCB degradation. This
initial spike in degradation rate is usually followed by increasing rates of degradation due to
further enrichment of PGHegrading microbial populationséFere et al., 2014Passatore et
al., 2014.

e A wide range of kinetic rates of PCB degradation have been found. A study conducted on cores
in river sediment showed reduction of 2% of PCBs in 73 dal#atkness et al., 1993
Another study found reductivehtorination to be on the range of up to a-§éar halflife for
decachlorobiphenyl, the highest chlorinated and most recalcitrant PCB condtamsatore et
al., 2014.

e Results from several studies showed that PCB degradation depends highly on plarg apdcie
indigenous microflora and that degradation of highly chlorinated PCBs occurs under
methanogenic, sulfidogenic, iron (lll) reducing and denitrifying conditi®asdatore et al.,

2014).

Several studies showed that, when applied in the field, theufation of microbes (especially non

native groups) failed to induce increased metabolic degradaff@sgatore et al., 201#arkness et al.,

1993. Rather than introduce exogenous microorganisms, bioretention should be designed to encourage
natural popuétions to degrade PCBs as studies have shown that native microbial populations capable of
PCB metabolism are ubiquitouRgssatore et al., 2014

In order to encourage complete mineralization of all PCB congeners, a combination of aerobic and
anaerobic onditions are required and can occur naturally in the environmabrgmowicz et al., 1995
These conditions can also be enhanced through rhizostimulét®@ase of plant exudates that enhance
fungal and bacterial degradation in the root zone or rhizasp). However, to degrade the higher
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chlorinated PCBs bioretentiesiesign would need to encourage more anaerobic conditions.

Mineralization of PCBs can be induced through ensuring both aerobic and anaerobic conditions and the
supply of the following catgking agents: nutrients, carbon sources, electron donors, electron acceptors,
and mobilizing agents. Many of these can be further provided by plant roots (see section on
rhizostimulation). In several P@Blluted sites, the natural microflora, if adequatedtimulated, was

able to efficiently catalyze the degradation process.

Rhizostimulation

Several studies have seen increased removal of PCBs from vegetated soils compared-wéiipetated
soils LeFevre et al., 201€ollins et al., 20Q6*assatore eal., 2014 Salt et al., 1998 Phytoremediation

is an inexpensive, promising, and environmentally friendly technology that effectively targets PCBs for
removal Galt et al., 1998

Phytoremediation ex planta, or rhizostimulation, is the release of mantates that enhance fungal

and bacterial degradation in the root zone or rhizosphere. Rhizodegradation is executed as a
combination of the following four pathways: improving aerobic bacterial metabolism through diffusion
of oxygen, supplying energy amtkctrons through organic carbon release from root turnover and root
exudates, inducing P@Rtabolism enzymes through release of structural PCB analogs, and releasing
biogenic surfactants in root exudateRgssatore et al., 201#ieFevre et al., 2011Legh et al., 2005
Enhanced desorption in the presence of root exudates has also been obsHixiet €t al., 201} Root
filaments can bring about both aerobic and anaerobic conditions in the same location that could
possibly lead to all necessary stepsdomplete PCB mineralization. Furthermore, the mycorrhizal
hyphae network increases the ability of roots to expand and function in smaller pores.

Rhizostimulation is periodic and depends greatly on the sgetiplant. Many plant species are able to
survive in PCBontaminated soils and can encourage growth of d€@ading microorganisms.
Rhizostimulation can lead bacteria to degrade a wider range of congeners and to multiply two to four
times in population sizeS@lt et al., 1998 Because indigenoysants and microbes are naturally
contaminanttolerant and do not risk ecosystem disequilibrium, they are the preferred choice in
bioretention design. Generally, plants with deeper and denser roots lead to greater rhizostimulation
(LeFevre et al., 20)2

Numerous studies have revealed an increase of microbial density, activity, and diversity due to
rhizostimulation Passatore et al., 201€hekol et al., 2004 A screening of PCB phytoremediation with
seven different plant types determined that the presenof plants significantly increased PCB
biodegradation and found varying effects between plant specidskol et al., 2004 Another study

that tracked microbial activity in five species of matured trees in-&@Baminated soil found variability
betweentrees in rhizostimulation success. Leigh et al. (2006) also found that rhizostimulation is a
promising strategy for PCB removal due to the enrichment of efficiemd@giding organismé.éigh

et al., 2006. These studies have identified different desigpects of rhizostimulation that have proven
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effective for PCB removal. One highlight is Passa
impressive levels of biodegradation through their generation of plant secondary metabé&lassatore

et al., 2014. Passatore also found the willeagsociated rhodococcus genus to be well adapted for PCB
rhizoremediation and valuable because their resistance to dehydration makes themmadmtenance

choice for bioretention.

Volatilization

Volatilizat on i s a measure of a compound’s tendency to
(2015) found the percentage of dissolved naphthalene removed through volatilization to be negligible
(<0.04%) during infiltratwaher Nppht hal enehg ¢€taeff
ref 40)combined with the tendency to sorb to soil organic matter (log Kow = 3.33; ref 40) explains the

lack of volatilization. Because bioretention units are designed to allow for rapid infiltratiofrattgon

of PCBs removed through volatilization during infiltration is expected to be close to zero.

However, the longerm fate of PCBs in rain gardens is an important data gap. Aeaisein

halogenation leads to decrease in volatilizatiofLeFevreet al., 2014, so lower chlorinated congeners

have more potential to volatilize from the particulab®und phase. A few studies have found that
compounds with a Henry’'s |l aw constant (-Hho®) with
an affinityfor partitioning to the gas phase (Bromilow and Chamberlain (19) and Ryan et al. (18) from
Collins et al., 2006 The HCL for PCBs range from 1.e216 9.6*104 mol/(m3*Pa). Estimates show

that only 0.17% of environmentally accessible PCBs are in thesptmre whereas 9.2% are in natural

soils LeFevre et al., 20)4This lack of PCBs in the atmosphere may be partially explained by photolysis

(the decomposition of PCB molecules due to exposure to sunlight).

One study found the dimensionless HLC for 2B ongeners to increase from 1.22xB0td 3.67*10”

2 with the degree of chlorinatio(Dunnivant and Elzeman, 1988ased on these estimations, PCBs,
especially lowechlorinated congeners, are susceptible to volatilizing from particulate matter in the
biofiltration units. Whether they can volatilize from these units depending on depth and other factors is
an important data gap.

Design Considerations

e Use native plant species with deep and dense root systems to promote rhizostimulation.

e Manipulation of rative rhizospheric bacteria is the most important tool for in situ elimination of
PCBs. This could be accomplished by encouragingristence of aerobic and anaerobic
conditions with extra importance placed on anaerobic conditiprate: anaerobic contlons
should be below surface such that mosquito propagation is preven@uag way to encourage
anaerobic conditions is to include a submerged zone with an electron donor, such as shredded

59



newspaper, to stimulate anaerobic degradation of highklorinated PCBsLgFevre et al.,
2014.
Biodiversity in microbial populations should be encouraged.

e Use biosurfactants to encourage solubility of PCBs and subsequent biodegradagivet @l.,
1998).

A note about Mercury Methylation

Methylmercury a generic term for compounds with the formulaz8X, is #oxic contaminanthat is

found in many of our receiving watershey arise by a process knowrbasmethylation David et al.

(2015) reported that posinstallation concentrations of MeHg were higher thanmstallation

conditions, as opposed to HgT and HgD which both decreasednstaliation. The authors argued that
because of nsicommunication during the construction phase, a subdrain was left out, and the missing
subdrain may have caused anaerobic conditions on the bottom of one cell. These conditions would favor
MeHg production by bacteria. The authors suspected that anaeraodienfrom underneath the filter

media could have possibly commingled with rainwater filtering through the system, causing the higher
MeHg concentrations in the sampled effluent.

Design Considerations

No design suggestions are made at this time untilfartinvestigation is done.

Maintenance implications

Maintenance is critical to the loAgrm performance of bioretention unit§Several studies have

reported the challenge with surface clogging (Hatt et al., 2008) leading to the decline in infilti@tion r
and greater bypass, as well as concentration reductions (Lie et al., 2014). Hatt et al. (2008)
recommended scraping off top2cm of filter media every 2 years. Lie et al. (2014) reported on a study
in which the top 7.5 mm of media were scraped off top of two sets of bioretention cells and found it
to benefit the surface storage volume (increased it by 90%), and increased the infiltration rate by 10
fold. Additionally, overflows decreased from about 35% down to about 11%. And, the effluent post
surface soil removalvas less polluted than the effluent premoval.

Areas to focus on for soil replacement includepalits of the treatment ell but with special attention,

or greater replacement frequency, nearest the inlgkdlbreath et al. (2018), atescribed in the soll

profile section above, found that PCBs in particular were most heavily concentrated directly in front of
the inlet. This spatial profile was not pronounced, however, for Hghes and Davis (2013) also
recommend mulch removal and/@eplenishment, removal of significant particle deposits, and efforts
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to maintain even distribution of inflow across the cell surface. Mulch replacement would be especially
critical if the heavy car bon c¢ontmedhanisoofor mul c h
adsorbing metals.

Soil washing may also provide some benefit to the {tmrgn maintenance strategy for bioretention.
Instead of complete replacement of the top level of soil, soil washing involves using water to physically
separate the more€ontaminated soils, thereby concentrating the soils that actually needs replacement
from soil that can be reused on sifEhis may be an especially useful technique since, based on study
findings reported herein, it is the finest soil fractions that argpdbportionately associated with the
greatest pollution. An added benefit aking such a technique is that by removing the most polluted,
smallest soil fractions, greater hydraulic capacity would be regaiviile Xu et al. (2014)
acknowledged that sowashingg s a “wi dely used” technique for
further treatment, that study found that only 0.683.2% of the total Hg was removed by using wet
sievingPossibly important differences between the soil used by Xu et al.ilelg tharacteristics of the
most polluted soils in bioretention is that Xu et al. used coarser grained soils. Given the substantial
benefits potentially gained, the effectiveness of using soil washing in bioretention to concentrate target
pollutants, rede the mass of polluted soils for further treatment or disposal, as well as restoring
hydraulic capacity, should be investigated further and determined whether it is seffestive strategy.

Finally, maintaining the vegetation is a key component Hoththe sake of aesthetics, but also

performance to reduce clogging and macropore developmEuaithermore, if the use of

hyperaccumulators becomes a more common practice, maintaining the vegetation would possibly offset
some of the media replacemenit the same time, if hyperaccumulators are used, harvesting the
vegetation occasionally may become a necessary part of the maintenance.

Overall Design Considerations

The data synthesis in the first part of this report showed that bioretention is generaihyeffective at
capturing PCBs. Mercury is more challenging from a design standBetduse much of the load is

found on very fine particles, mercuty) is more easily entrained into surface water, 2) has a high surface
potential that contributes to partle-particle repulsion and resistance to coagulation, 3) reaches
equilibrium faster and therefore more likely to dissolve into solution, 4) will more easily pass through
macropores, and 5) will overall settle out more slowly and thus will disproportionagefound in
bypass/overflowAll other parameters being equal, the small size of particles that Hg tends to adsorb to
make it more difficult to be filtered out than PCBs.

Due to the first flush effect for metals (since they tend to have greater coragoris on finer particles

that are entrained relatively easily at the beginning of storms), it is good if the first flush can be filtered
most vigorously and have a long settlingtimen t he contrary, PCBs don’t
and therefae require treatment throughout the entire storm to ensure the greatest mass is captured,;
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furthermore, PCBs may be able to be filtered quickly through larger grain size media to get to capture
the majority of the mass and with a primary goal to minimizpdss.

Primary Design Implication:

This dichotomy leads to two overarching suggestidist, it is important for stormwater managers to
define which pollutant(s) are the primary targets of gplication of GISecondly, if a design must

target both Hgand PCBs, a mulitage system may be an efficient design optimization, with each stage
having increasing porosity to ensure everything is filtered to some degree while the initial first flush is
filtered better through finer media. The initial stage aptethe earliest runoff which is filtered through
very small pore sized compost media, and/or is entirely infiltrated rather than utilizing an underdrain;
or, if underdrained, this initial stage could also benefit from extended contact time between the
pollutants and retention media, which would encourage slower reactions through decreased flow rates
(17q). Later stages in the system could have coarser particle media that filters more quickly and is
underdrained. By passing storm volume more quickly thrazagrser media, some filtration will be
achieved for most or all of the storm volume, and minimize overall bypass. Alternative to multiple stages
across the surface of a bioretention unit, Hsieh and Davis (2005) recommendedayevonedia

design. In suta design, the top layer would support vegetation growth and Hg adsorption using
compost, and a lower sardbminated layer to assist with Hg removal not ativese captured via the
compost.

In addition to these overarching suggestions, below is a sefiadditional design considerations. Not

all of these design consideratie may be suitable for every @iit. For many of these suggestions, cost
benefit analysis has not been conducted and may be unique to each situation, so managers must use
discretion.For many of these suggestions, there has not been full scientific investigation but the
suggestion is included due to the likelihood that it would have a beneficial impact on capturing
pollutants.For many such cases, study suggestions are described $ec¢tien below.

e Pretreatment: Design of pretreatment for sediment removal from storm water is considered
important to reduce clogging and extend the lifetime of infiltration practices.

e Preventing overflow:Since the finest particles are least likelystitle and the first to be re
entrained (Kayhanian et al., 2012), the first flush captured in the bioretention unit should be
prevented from overflowing.

e Depth: After bioretention media composition, a critical design parameter is the media depth.

o Greater nedia depth increases the number of sorption sites for removal of dissolved
metals, and hence extends the time until metal breakthrough. Davis et al. (2003)
reported that flow rate had a small effect on bioretention capture particularly for
shallower desigs, in which a slower flow rate allows the metals more contact time to
adsorb. More importantly than depth, however, the authors suggested that avoiding
bypass was important to pollutant capture. Furthermore, Davis found shallow designs
(61 cm deep) stillamoved 66%>99% (versus 78%99% of deeper designs (91 cm)) of
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metal (Cu, Pb and Zn) concentrations; thus in terms of metal removal, it is important to
keep in mind that a deeper design > shallow design >> no bioretention.

o Because PCBs have been showndgpadit in shallow (<10 cm) regions of bioinfiltration
cells Gilbreath & McKee et al., 20},8shallower design could allow for cheaper and
easier implementation of rain gardens with effectively equivalent levels of PCB removal.

e [rrigation: Since dryin@nd oxidation can promote dissolution of metals in the next storm event,
regular irrigation (and the literature suggests it could be as infrequent as every three weeks) is a
key factor in maintaining sorptiotrrigation can also help maintain the healththe vegetation
for optimum metals uptake.

e Submerged Zone#t this time submerged zones may have contraindicating functions and we
cannot recommend a submerged zone without further investigation.

e Organic and pH amendmentslumic substances tend to be lbet at adsorption of metals than
inorganic substances. The use of organic amendments such as mulch and/or leaf compost in
bioretention media may result in a media with a higher metal sorption capacity (Jang et al. 2005;
Sun and Davis 200Paus et al. 201} Passatore et al., 20}4Exhausted coffee grounds have
also been identified as a strong Hg biosorbévia¢chet al., 1986)The tradeoffs for increasing
compost content, however, are deased permeability of the media as well as the potential for
increased nutrient release, and desorption with dissolution of organic carbon. To minimize
dissolution, a pH amendment may be useful.

e Vegetation:Use native plant species with deep and dense gystems to promote
rhizostimulation.

Bay Area Scientific Data Gaps and Recommendations

This synthesis has identified numerous areas where data gapsExsfollowing is a list of those data
gaps along with recommended studies to answer those data.gap

Layout

The primary design suggestion for targeting both Hg and PCB capture is-atagétsystem. Such a
system should be tested, preferably alongside a more traditional sgiglge systemGiven that a multi
stage system is more complex, a cbstefit analysis would also be useful.

Depth

After bioretention media composition, a critical design parameter is the media depth. Most of the
pollutant mass captured was retained in the top 100 mm of soil, with filtration likely being the most
important cagure mechanism for PCBs and possibly also for Hg. Because PCBs have been shown to
deposit in shallow (<10 cm) regions of bidiration cells Gilbreath & McKee et al., 20L8&shallower
design could allow for cheaper and easier implementation of raideges with effectively equivalent
levels of PCB removal. Various design depths should be studied to understand how performance
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increases with depth and at what depth performance plateaus. Performance curves could be developed
between performance and biorettion depth to help managers better understand when bioretention is
warranted.

Media Composition

Studies have shown that the media composition can have significant impacts on the degree of capture
and adsorption (LeFevre et al., 2015). The use of orgamémdments such as mulch and/or leaf

compost in bioretention media may result in a media with a high metal sorption capacity (Jang et al.
2005; Sun and Davis 2007; Paus et al. 2014a). Thet¢ffsléor increasing compost content, however,

are decreasedgrmeability of the medidleading to a slower flow ratgs well as the potential for
increased nutrient release, and desorption with dissolution of organic cagiémay be a major factor

in organic carbon dissolution, yet pH amendments may help presugett leaching_eaching should be
tested using various magnitudes of pH and also when utilizing pH amendments.

The zeta potential gbarticles in stormwater runoff is often very strong and leads to parpadicle
repulsion. Further literature review anpossible study should be conducted into what media
characteristics can promote the neutralization of these negatively charged particles.

Vegetation

Vegetation has counter impacts on Hg removal effectiveness and should be studied further. Vegetation
canbe used to counter the creation of macropores due to cracking during the dry periods (Hatt et al.,
2009). This may be useful to prevent untreated stormwater passing quickly through the spstigra.

same time, vegetation may conversely encouraggeroporegeneration due to root growth and

senescence (Paus et al., 2014). It would be useful to study vegetation impacts on mercury removal, both
with and without irrigation.

Also, it would be useful to identify and test out the various potential plants foryggraccumulation in
bioretention units. Future studies should investigate which hyperaccumulators are best for Hg
accumulation and in the Bay Area climatic zone, the impact on Hg capture via the other mechanisms
(e.g. does vegetative uptake replenish theable sorption sites), and the related maintenance
requirements.

Submerged Zones

The use of submerged zones has been recommended for improving PCB degradation and preventing
bioretention units from drying out. Manipulation of native rhizospheric baatés the most important

tool for in situ elimination of PCBs. This could be accomplished by encouragirgxistemce of aerobic

and anaerobic conditions with extra importance placed on anaerobic conditions. One way to encourage
anaerobic conditions i® include a submerged zone with an electron donor, such as shredded
newspaper, to stimulate anaerobic degradation of highklorinated PCB4.éFevre et al., 20)4A

submerged zone at the bottom of a bioretention unit will also help maintain moistuexgmting drying

out and macropore generation as well as decreasing oxidation which encourages dissolution (Blecken et
al., 2009). Submerged zones, however, have not been tested with Hg relative to methylatiorifof Hg.
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tested and a submerged zone resutlidHg methylation, submerged zones should be reconsidered and
likely not used.

Maintenance

Irrigation

Drying promotes oxidation and dissolution of metdls.prevent this from occurring, it may be useful to
irrigate. It would be good to study differentrigation regimes and determine what works best to
prevent dissolution.

Soil Profiles
Additional soil coring should be conducted to verify the vertical distribution of Hg and PCBs in other
bioretention units (in addition to the study at the El CerritorBtention Rain Garden).

Soil Washing

Soil washing is water-basedmethod for separating contaminants, which typically are sorbed onto clay,
silt or organic soilsfrom coarser solids, and therefore reduces the total mass requiring further
remediation ordisposal Given the substantial benefits potentially gained, the effectiveness of using soil
washing in bioretention to concentrate target pollutants, reduce the mass of polluted soils for further
treatment or disposal, as well as restoring hydraulic capashould be investigated further and
determined whether it is a cosdffective strategy.

Soil Replacement
A costbenefit analysis should be conducted on what to do when soil replacement is required.
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Appendix materials

Appendix A:

Table A1Comparison between David et al. (2015) reported performance based on grabs versus
performance reportedn this synthesis based on pseudomposites.

Synthesis David et al., 2015
% %
Count Mean Reduction Count Mean Reduction

SSC (mg/L) Influent 3 212 6 21
SSC (mg/L) Effluent 7 209 1% 12 15 29%
TOC (mg/L) Effluent 6 22.3 12 NR
Sun of PCBs (ng/L)  Influent 3 0.733 6 073
Sum of PCBs (ng/L)  Effluent 7 0.811 -11% 12 041 44%
Hg, Total (ng/L) Influent 3 219 6 22
Hg, Total (ng/L) Effluent 7 20.2 8% 12 18 18%
Hg, Diss. (ng/L) Influent 3 138 6 14
Hg, Diss. (nd) Effluent 7 9.18 33% 12 8.4 40%
MeHg, Total (ng/L) Influent 3 0.63 6 0.63
MeHg, Total (ng/L) Effluent 7 1.45 -130% 12 1.6 -154%
Cu, Total (ug/L) Influent 3 46 6 46
Cu, Total (ug/L) Effluent 7 9.9 78% 12 7.7 83%
Pb, Total (ug/L) Influent 3 355 6 3.5
Pb, Total (ug/L) Effluent 7 245 31% 12 1.7 51%
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Appendix B

Water Quality Dataas ee excel spreadsheet naWate!t S@uaPabioD§&{
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