ABSTRACT

Title of Dissertation: NUTRIENT MOVEMENT IN A
VEGETATED COMPOST
BLANKET AMENDING A
VEGETATED FILTER STRIP ON
A HIGHWAY SLOPE

Erica Rose Forgione
Doctor of Philosophy2022

Dissertation directed by: Dr. Allen P. Davis
ProfessorDepartnentof Civil and
Environmental Engineering

Dr. Ahmet Aydilek
ProfessorDepartment of Civil and
Environmental Engineering

Dr. Gary Felton
Associate Professor, Department of
Environmental Science and Technology

Excess sirmwater runoff caused by rapid urbanization and exacerbated by climate change
generates many challenges for public safety and the environment. Large runoff volumes contribute
to flooding and pollutants in stormwater runoff pose risks to human and eneinteinmealth,
includingtoxicity to the aquatic environment caused by heavy metalsutrient pollutioneading

to eutrophication, the cause of harmful algal blooms. An effort is being made to imprafdieacy

of existing highway stormwater control systems which have limited performance in terms of volume
reduction and pollutant removal. To address this issnendment of highway Vegetated Filter Strips
(VFS) with a Vegetated Compost Blanket (VCB)ayer of seeded compost placed on an established



slope,has been proposed. Compost has high water holding capacity and organic matter content which
can immobilize ontaminants of concern. However, the high nutrient content of compost poses a threat
to net beneficial performance since excess nutrient leaching occurs after application. This research has
posed the question: CanVCB be used as atormwater control meage (SCM)while avoiding
excessive nutrient leaching?

The VCB/VES systemwas assessed through lsicale, greenhousscale, and fieléscale
experimentsHydrologic performance was evaluated in field and greenhouse experiments through
evaluation of dynamic flow modification, event volume storage, and cumulative volume retention.
Water quality performance was assessed through analygisadiSuspended Sdk (TSS), Nitrate
+ Nitrite (NOXx), Total Kjeldahl Nitrogen (TKN), Total Nitrogen (TN), Total Phosphorus (TP),
filtered and total Copper, and total Zioencentration\itrogen (N) and phosphorus (P) in compost
are naturally transformed from organic toriganic, soluble forms through the microbiathediated
process of mineralization. Nutrient removal occurs through adsorption as compost leachate passes
through the VFS soil layerTo further investigate nutrient movementnal scale laboratory
experimentsvere completedio determine the N and P compost mineralization rates and theoretical
soil adsorption capacitie®Nutrient data from geenhouse and field experiments were empirically
evaluated usinthelab-obtained mineralizatiodata Nutrient release vgasimulated and compared to
experimental field data using a new ogurce software, OpenHydroQual, which combines hydraulic
and water quality modeling.

VCBs were found to have a significant impact on both flow and volume reduction,
though at the highefibwrates, VCBs were unable to significantly reduce flow and instead acted
as conveyance. A useful design estimate for representative storage capacity using the saturated
moisture content and wilting point of both the VCB and VFS was determined. Sighiff6&n
removal was observed in both the field and greenhouse studies and particulate metals were
largely removed; however dissolved copper leaching was observed in the field experiment, as
has been observed previously for some compost in stormwater syidighig.elevated
concentrations of nutrients (as high as 100 mg/L TN and 12 mg/L TP) were observed in the
effluent of both field and greenhouse experiments, resulting in net nutrient leaching and
concentrations above recommended EPA freshwater limitsafteant-2 years. Additionally,
mass loading rates at the field site (as high as 41 kg/ac/yr for TN and 14 kg/ac/yr for TP) were 1
2 magnitudes higher than observed influent mass loading rates (~38kfghTN and ~0.47
kg/halyr for TP).



Through laloratorymineralization studies, N and P mineralization rates were found to differ
between compost batches, with initial nutrient content anlieagéingof compost being important
factors.Adsorption experiments indicat&acreasing P adsorption from compteachate with
increasing soil Al+Fe content. Comparisons to greenhouse and field data showed differences in
N speciation, likely due to differences in moisture content and temperature causing differing
amounts of nitrification and volatilization. OpenHg@Qual modeling showed modest results,
with varying levels of accuracy for storm hydrograph simulation and mass ral€&®are not
currently recommended for use due to the risk of nutrient and metals pollution, especially in nutrient
and metals sensitvwatersheds. However, several impactful factors were identified that may reduce

nutrient leaching, includingaetnpost compositionrcompost age/leaching, and VFS soil type.
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CHAPTER 1:INTRODUCTION

Highway Stormwater Runoff

Rapid urbanization has resulted in worsening environmental and public safety issues due to the
increased volunsof stormwater and its associated pollutant load{iNggional Research
Council 2009) This increased volume of stormwater runoff has had a profound effeut @ize
and freqiency of floodgKonrad 2003)is a major contributor to stream channel erosion
(Trimble 1997) and changethe natural hydrologic cycle tife surrounding environment
( O6Dr i s c ol.Low-en¢comeacommurditi@slafd) communities of color are often the most
vulnerable to these negative effects due to structural/historical inadequacies in critical
infrastructurgHendricks and Van Zandt 2022Additionally, as climate change continues to
worsen these impacts, rapid adaptation of stormwater infrastructuraé®even more critical
(Cook et al. 2020; Moore et al. 2016)

While the hydrologic impact is a major concerrban stormwater is alsonaajor
contributor ofnon-point source pollutionStormwater unoff is a highly variable and complex
matrix which picks up and carriagban pollutioras it passes over impervious surfaceecHic
constituents and concentrations vary dependingpatial factors such aimactic regionand
land use as well as teimqal factors such aseason and storm siZz@esearch on highway
stormwater specifically has shown that runoff concentrations depend on the eaivdalht
storm intensity, antecedent dry period, drainage area, land use, and annual averagéfidaily
(Kayhanian et al. 2007; Lee et al. 201Bgcause of this variabilifynput stormwater runoff
concentrations from highway may vary greatlgmongstorm events and seasons. These large

ranges in concentration are evidencedbgcent assessmentsstdrmwater runoff characteristics



using thousands of data points from Negional Stormwater Quality Databased the
International Stormwater BMP Databggamuru et al. 2021)

Onemain category ofontaminants of concern gtormwateiis nutrients (nitrogen and
phosphorusyvhichin large amountpose ahreat tolocal ecosysters(Carpenter et al. 1998)
While nitrogen (N) and phosphorus) @e necessary elements of life in small amounts, ektess
and P infreshwater systentsan cause eutrophicatigHarper 2012)whereovergrowth of plant
life, often algae, removes oxygen from the water, killing aquaticWhtgle P is often the
limiting nutrient infreshwater system# has been shown thaducing concentrations of both N
and P in water bodies may be vital to mitigg eutrophicatiorfConley et al. 2009)
Additionally, heavy metals in urban stormwater runoff from vehicle wear and atmospheric
depositionare acause foecologicalconcern(Davis et al. 2001)Introductionof heavy metal$o
adjoining water bodies can result in toxicity to aquatic life through bioaccumu(@&ioun and
Mehana 2014and pose a risk to human health when consumed with aquatic life or through
contact with runoff itsel{Ma et al. 2016)Heavy metals are often affiliated with tbarticulate
phasdn stormwater runoff Br own and Peake 2 0@énuniegoki | et
complex processes in the aquatic environment that may make them more (Mabitela et al.
2021) This particulate fraction can befethed in numerous ways, one of which is by considering
particles that remain suspended in water, or Total Suspended Solids (TSS). DE§icate
from vehicle wear, but algmavement/asphaltear, natural plant matter, and sdilaylor and
Owens 2009)it reduces aquatic water quality by blocking light and temperature changes, and
canbe a source dfothheavy metals and nutrieniBilotta and Brazier 2008)

Elevated stormwater contaminasancentrations are the focus of national efforts to

reduce pollutant loadings from urban areas to the surrounding environment through the National



Pollutant Discharge Elimination System (NPDES$ EPA 2015h)Managing stormwater from
roadways and other impervious areas witbepartment of TransportatioDQT) jurisdictions is

a growing challengbecausenany state and local jurisdictions are facing TMDL (Total

Maximum Daily Load) requirements, where specific pollutant mass load reduftiraaspecific
drainage aremust be metThese mcreasingly stringentreironmental regulationisave driven
manyState Departments of Transportation (DOTSs) to address these critical environmental issues

in transportation infrastructure.

Stormwater Control Measures

Environmental issues resulting from urbanized areas have kb& development of green
infrastructure system®ational Research Council 2009reen infrastructure refers to an array
ofsustainabl e engineer ed aletteadtormlsiomeater t o figr ay
systems often involving storm drains and pipes that route stormwater away fromatienlot

rainfall impact. These green infrastructure alternatives are engineered systems designed to mimic
the behavior of the natural environment by retaining and infiltrating stormwater runoff on or
nearsite and removing pollutants via various remedmatnechanisms, effectively returning the

water balance closer to a prebanization statand preventing target pollutants from reaching
adjoining water bodies'hese systems are highly diverse, including practices such as wetlands,
green roofs, rain gards, swales, and other infiltration practices and are commonly referred to as
stormwater control measures (SCMs) or best management practices (BMPs)diss#risition

the term SCM will be used consistently to refer to green infrastructure sy3teess.systems

have been shown to reduce stormwater volumes and improve water Gladfyet al. 2010and

green infrastructure systems in general (not limited to stormwater systems) offer an array of
3



social benefits as well including aesthetic, public health, and climate b&efitds and Hahn
2015; Foster et al.A1) Implementation of green stormwater systems may also play a part in
reducing inequity of societal impacts created by stormwater r{ideffdricks2017)

In order to address stormwater issues concerning highways, DOTs are focusing on ways
to minimize highway stormwater impacts through improvement of existing SCMs such as
Vegetated Filter Strips (VFSs) and swaklekich have shown limited performee for water

guantity and quality goal§ RB 2006)

Compost

In additionto stormwater managemestate governments and DOTS increasingly look to
achieve sustainability objectives in conjunction with ongoing improvesnariuding the use
(and/or reuse) of recycled and repurposed mateFRalsthis reason,anposed materialgrom
various sources in urban areasbeing increasingly seen as/aluable, accessible resouticat
could be used in SCMand its use in DOT projecisayopen a pathway for compliance with
sustainability commitments

Compost is the product of a controlled aerobic process of biological decomposition in
which raw organic materials are transformett ia stable, humuigke material USCC 2001a)
Composting cosists of several microbiallgnediated stages, including a mesophilic,
thermophilic, secondary mesophilic, and maturation pHagere1-1). During thethermophilic
phase, high heat produced by bacteria kills pathogens, which acts to sanitize the compost, and
during the maturation phase ndagradable compounds are formed, which stabilize the
compostStabilized compost characteristic aetermined byegmperature and appearanicv

materials (feedstocks) are reduced in volume by-30%, the original organic materials are no
4



longer recognizable, the compost no longer generates a significant amount of heat, and the
material remaining has a dark crumbppaarance with an earthy od@iaz et al. 2007; Dunne
2013) Final maturation of compost is also determined by the oxygen uptake, germination
efficiency, and C:N ratioEach of these results are defined diffelyeby each state,

organization, county, or other governing body and there is no consistent specification that
defines a compost that has reached maturity before application. Therefore, a finished compost
will vary in composition and maturity by region, iy, and seasobut is primarily determined

by the original source materials used

IM';ShDDhT'TC Thermophilic Phase Mesophilic Phase
ase o o
(10-40°C) (40-75°C) (10-40°C)

60

Temperature (°C)

| | | | | | | | | | |
3 6 9 12 15 18 21 24 27 30 33 36

Time (days)

Figure 1-1: Composting Process Phases.
Compost goes through mesophilic, thermophilic, and secondary mestgiieratureinduced
phases. Maturation (also called curing) occurs after second mesophilic phase when compost has
cooled(Adapted from Trautmann and Krasny 2014)

The raw materials used to produce compasteferred to as feedstocks, and can include

a wide variety of organic waste materials, including agriculturgddoglucts, yard trimmings
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(yard waste/green waste), biosolids (sewage sludge) from municipal wastewater processing, food
byproducts, industriddyproducts, and municipal solid wagt¢SCC 2001h) These feedstocks
may have a wide range of sizes, chemical makeup, and nutrient availability. The diversity of
feedstocks, as well as the variability of the composting process, contribute to a wide range of
variability in compost materials. Each feedstock contains a unique blend of macronutrients:
carbon, nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur; and micronutrients:
copper, zinc, iron, boron, and mangan@iaz et al. 2007)The feedstock is broken down by
bacteria, fungi, and other organisms during the composting process to create a humic material
rich in nutrients. The combination of different feedstocks helps determine the quatieyfofal
composted product; i.e., feedstocks high in nitrogen will lead to a final compost that likely has a
large amount of nitrogen. Optimal composting occurs with a C:N ratio aroundC38zlet al.
2007; Rynk 1992)this provides enougavailable carboffor bacteria ad fungi tometabolizethe
material. If the feedstocks have a ratio much higher than 30:1, organisms might immobilize the
nitrogen(Diaz et al. 2007)Other essential elements that lead to garo#k complete composting
are oxygen, heat, and moistufacilitated by active management (turning and watering) of
compost piles

A finished compost will impact the physical, chemical, and biological characteristics of
the soil media to which it is applied. Compost is biologically active, and its benefits include
supplying macro and micronutrienggdingbeneficial microorganisms drorganic matter,
improving soil structure through increased porosity, increasing infiltration, reducing erosion and
runoff, improving water holding capacity, stabilizing pH, suppressing plant pathogens, and

binding and degrading pollutaridSCC 2001h)Many of these im@vements coincide with



stormwater treatment goals, including improved infiltration, reducing erosion, and binding and

degrading certain pollutants.

Vegetated Compost Blankets (VCBS)

As a recycled, sustainable mater@dmposts being considerefdr usein a Vegetated Compost
Blanket (VCB), a layer o$urfaceappliedcompost thats placed on an existing hillside or
embankment anthenseededA diagram of a VCB overlaying a VFS as would be applied
adjoining a highway is shown Figure1-2. Compost benefits include improvement of soll
structure, increased infiltration, and increased water holding capacity which improves
stormwater volume reductiomhile the organienatter supplied provides binding sites for certain
pollutants(USCC 2001a)The main performance goals@VCB are enhancecegetative

growth, erosion control, volume reduction, and water quality improvemerkeep costto a
minimum, application involves nmajor construction or site preparation; existingatated
slopedareas are covered with a compost blanket and then sé&desearch has shown that
compost blankets can be used effectively as erosion control systems on steefA85pH0
2010; Bakr et al. 2012; Bhattarai et al. 2011; Faucette 2008; Faucette and Risse 2002; Faucette et
al. 2007, 2009b; Fay et al. 2012; Mukhtar 2Q0®)wever there is little research on compost

blankets as SCMs.



VCB

VFS

Figure 1-2: VCB/VFS System Considered in this Research.
Compost layer in the form of a Vegetated Compost Blanket (VCB) overlaying a topsoil layer in
the form of a Vegetated Filter Strip (VFS).

While there is a potential for compost to absorb nutrients over time, one of the biggest
challenges witltompost treatments is that compoah release nitrogen and phosphorus in
leachat§ Ahmad et al. 2008; Brown et al. 2016; Butler and Coale 2005; Confesor Jr et al. 2009;
Dietz 2007; Eghball 2003; Hurley et al. 2017; Igbal et al. 2015; Li et al. 2011; Mullane et al.
2015; Reed et al. 2006; Storey et al. 2006Ese recent studies have giveasorfor cautionin
recommending the use obmpost as a material in SCMs, as there is a potential for negative
effects on water quality, mostly from the loss of nutrients (both N and P), thkeaching via

surface rundfand infiltration.

Research Goal

VCBs are intended to be placed along highway medians, which in total stretch for 264,000 km
(164,000 miles) acrosghe United Stateas of 2014FHWA 2014) Becaus&/CBs could be
implemented on a large scaitis imperative that VCBs are researched sufficiently before
widespread implementatioaspeciallygiven the potential issue of nutrient leaching. This

8



research will be importarior use of VCBs in the future, given that therelarted current
design guides, but also because future improper use or inefficient design of VCBs resulting in
added pollutant loading rather than removal might be avoided.

The intent of this work is tassess the efficacy of using a VCB to improve the
effectiveness ofivegetated filter strip (VFShrough stormwater volume reduction and water
guality improvementrd to quantify thgotentialimpact ofVCB compost leaching on receiving
waters.Specificdly, this work aimgo understand and predict nutrient fate and transport through
a connected VCB/VFS system on a highway median. This involves evaluation of nutrient release
from the VCB and subsequent nutrient removal through the VFS layer and developmen
model by which a range of designs can easily be evali@mtedmposts similar to those in this
study (yardwvaste compost of similar C:N ratiolhe ultimate objective is to determine optimal
designs for minimization of excess nutrient leaching,tarmqatovide a tool for future research on

a VCB/VFS system.

Research Objectives

The objectives of this research project are:

1. To evaluate the hydrologic performance of a VCB/VFS system
a. Through assessment of experimentalbtained hydrographs
b. Through assessent of experimentalipbtained hydrologic mass balance
2. To evaluate the water quality performance of a VCB/VFS system
a. Through empirical assessment of nutrient fate and transport in a VCB/VFS system
b. Through empirical assessment of TSS and heavy metalsridtéransport in a
VCB/VFS system
3. Toevaluate nutrient fate and transport in a VCB/VFS system
a. Through assessment of specific nutrient mechanisms in the compost layer

(mineralization) and the soil layer (adsorption)
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b. Through comparison of theoretical and pntal nutrient loss using pilot
VCB/VFS nutrient data
c. Through computer simulation of nutrient movement through a VCB/VFS system

These objectives will be met Isynallscale column studies to separate nutrient
movement in the VCB layer from thattine VFS layera set of mesocosm boxes in the UMD
greenhouse facilityanda field site on a highway median in Howard County, .MRisseries of
experiment®of different scaless proposedo help isolate and understand nutrient movement
through both theampost layeand the filter stripNutrient movement modeling will use the
program OpenHydroQual.

The firstexperimental scale consistsraini column experimentéExperiment 1}o
separate mineralization in the compost layer from adsorption in thesfiiggtayer. This will
provide the mathematical foundation for the interaction of stormwateravggecificcompost
and the resulting leachat®m that compost souraeith thesoil. The secondcaleis mid-size
mesocosm greenhouse experimégtgoerimen 2), which includes connected compost and soil
layers and vegetation. The results from Part 1 can be expanded to account for more complexity
with the controlled greenhouse experiment ddtae thirdscaleis afull-scale field experiment
(Experiment 3which experiences seasonality and complex hydrologic conditions. This stage
will necessitate the use of statistical methods to compare the results from the highly controlled
experiments in Part 1 and 2 with the randomly sampled, highly variable data dlaihe
field. By addressing the VCB/VFS system in stages, complexity can be added in parts rather than
attempting to fully model a complex reabrld system with many unknowns and unpredictable

events.
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Abstract

Excess stormwater runoff caused by rapid urbanization armgeaied by climate change

generates a host of challenges to public safety and the environment. In an attempt to reduce the
impact of stormwater runoff from highways, state Departments of Transportation (DOTSs) are
exploring ways to improve the existing Stavater Control Measures (SCMs) adjacent to
highways, Vegetated Filter Strips (VFSs) and swales, which have shown limited effectiveness
for hydrologic and water quality improvement. Amending existing VFSs with a Vegetated
Compost Blanket (VCB) has been posed to help DOTs meet recent sustainability and
stormwater permitting requirements. This study attempts to assess the hydrologic performance of
a VCB as a new type of SCM through evaluation of dynamic flow modification, event volume
storage, and cumulag performance over the full study period. Because VCBs are applied on

top of existing VFSs, assessment considered both layers as a single coaystsieOver 2.25

years 278rainfall events were observed at a highway median in Howard County, MD for two
fully monitoredfield VCBs of 7.6cm depth and 3t width along the highway, one ah3

length and one at@ length perpendicular to the highway.
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VCBs were found to have a significant impact for both flow and volume reduction.
Flowrates were lowered sidicantly by the VCBs in comparison to highway runoff, with peak
flows reduced by 39% for ther® and 72% for the-&n VCB, based on the median, but the
longer flow path (ém) consistently performed better than thm3or the full range of observed
flowrates. At the highest flowrates, both VCBs were unable to significantly reduce flow, and
instead acted as conveyance. A hoektgk fit was found to be the most appropriate description
of average volume retention performance for inflowtflow curves, in with a representative
storage capacity is reached after which the outflow volume is equal to the inflow volume. A
useful design estimate for representative storage capacity using the saturated moisture content
and wilting point of both the VCB and VFS wastermined. When a rough estimate is needed,
thecurve number@N) for a VCB overlaying a VFS was estimated to be 84. Total influent
stormwater volume capture over the entire study period was found to be 44% and 55%-for the 3
m and 6m VCBSs, respectively. ®plemental investigations in a greenhouse experiment
indicated similar performance across a variety of changing site characteristics, but also indicated
possible lower volume retention due to compost being applied above grade. Improvements in
VFS soil hydaulic properties over the course of the experiment were also observed due to the
addition of compost, indicating additional hydrologic improvement indirectly caused by addition

of the VCB.
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Introduction

Stor mwater caused by rapid urbanization coupl
infrastructure has become a major challenge to the resiliency and safety of urbéNatreaal
Research Council 2009y he increase in impervious surfaces produces larger volumes of
stormwater runofthat case an array of environmental and public safety ri€lapeland 2016;
Konrad 2003; OO0 .Dowirkane tcommunities an comr@uditled of color are
often the most vulner#dto these risks due to structural/historical inadequacies in critical
infrastructurgHendricks and Van Zandt 202Additionally, asclimate change continues to
exacerbate these impacts, rapid adaptation of reliable stormwater infrastructure becomes even
more critical(Cook et al. 2020; Moore et al. 201&reenstormwatetinfrastructure systems
sustainabl e engi neer drdctug havecbecoraetincrgasirgyly titiizedfing r ay 0
recent decades in an attempt to address the challenges presented by excess s{biatioastr
Research Council 2009ince theyetain infiltrate, and transpirstormwater on or neaite,
effectively returning the water balance closer to aysbanizaton state These systems are often
referred to as Stormwater Control Measures (SCMs).

In order to address highway stormwater challenges, state Departments of Transportation
(DOTs) are finding way® minimize highway stormwater impacts through improvement of
existing SCMs such as Vegetated Filter Strips (VFSs) and s({iid@&s2006) Use of a
Vegetated Compost Blanket (VCB) has been proposed as a sustainable, renewable amendment to
the VFS systems currently used on highways, as this can help DOTs meet both stormwater and
sustainability requements. VCBSs, loosely applied layers of compgmated directly over an
existing VFS system, then seeded, have been used successfully as an erosion control method on

steep slopeGAASHTO 2010; Bakr et al. 201 Bhattarai et al. 2011; Faucette 2008; Faucette
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and Risse 2002; Faucette et al. 2007, 2009a; Fay et al. 2012; Mukhtar BODBave not yet
been evaluated as SCMs. VFS systems have shown limited performance in volume retention
when applied to highlgompacted soil§Higgins et al. 2016)such as those on highway medians
(Davis et al. 2012a)Compost is expected to increase infiltration and water holding capacity,
improve soil structure, and increase vegetative gr¢Ww8CC 2001aand, as a blanket evaluated
for erosion control, compost has been shown to increase infiltratioredande runoffrolume
(Bakr et al. 2012; Beighley et al. 2010; Caltrans 2012; Glanville et al. 2003; Persyn et gl. 2004)
and increase vegeige cover(Faucette and Risse 2002; Mukhtar et al. 2008; Persyn et al.. 2007)
With the possibility of more widespread use of VCBs as stormwater control measures,
there is a neetb evaluate the hydraulend hydrologic performance to quantify benefits as a
highway SCM. The goal of this study is to evaluate the hydraulic performaine&Bs through
assessment of hydrograph characteristics and flow distributions as well as hydrologic
performance through assessment of volume storage and compost/soil characteristics. A field
study on the median of a felane highway in Maryland (USA) wasgplemented with a
greenhouse mesocosm study and compost/soil characterizations studies to describe the observed

hydrologic performance and develop design information.
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Materials and Methods

Field Site Layout and Sampling

A largescale field study wasonducted on a median on the eastbound side of Maryland Route
32 in Howard County, MD near a junction with Interstag51(39°08'39.4"N 76°49'12.7"W)
(Figure2-1). This site is the location of a previous VFS/grass swale stormwater(§eadis et

al. 2012a; Stagge et al. 2012)wo VCBs were installed, both6-cm (3in) deep,30.5m (100G

ft) along the highwayand directly adjacent to edge of paveméne VCB was 3n (10-t) wide
perpendicular to the highway and the otben (20-ft) wide perpendicular to the highway, both
receiving runoff as sheet flow from the eastbound-fave highway. At the downstream end of
each VCB, a 1'em (6in) half PVC pipe was installed to collect effluent flow. Installation was
completed on February 27029;yardwaste compost was used for the VCB. Design of VCBs
was completed by the Low Impact Development Center (LID) Inc. (Beltsville, MD) and
installation byDBI ServicegHarmans, MD). In compliance with Maryland Department of the
Environment (MDE) reglations, a straw matting wgdaced over the VCB areafter
installationand seeed with MDOT SHA approved turfgrass miMDOT SHA 705.03.03,
(MDOT SHA 2020). Influent highway runoff was monitored usin@@5-m (1006ft) section of

a preexisting concrete channel from the previous research study on highway(Baeis®t al.

2012a) The highway runoff channel and the two VCBs are shoviguare2-2.
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Figure 2-1: Map of Field Site Location in Howard County, MD.
Left: large map; right: zoomed in; balloon indicates the field site location, (39°08'39.4"N
76°49'12.7"W)
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()
Figure 2-2: Field Site Vegetated Compost Blankets.
a) Highway Runoff Channel: 30r& (100ft) along highway; b) 9n VCB: 30.5m (1006ft) along
highway, 3m (10ft) perpendicular to highway; c)-6 VCB: 30.5m (100ft) along highway, 6
m (20ft) perpendicular to highway; images of VCBs taken on May 04, 2019, 66 days after
installation
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A pre-construction soil surveglassified the VFS media as sandy topésiity sandper
USCS Classification, silty or clayey saper AASHTO Classificationpf varied depth (mean =
6.35cm/2.5in) overlaying a clay soilsandylow plasticclay perUSCS Classification, clayey
soil perAASHTO Classification) The clay soil had hydraulic conductivity of 2.5 x 2®cm/s
measured byanstant head infiltrometefvan Es et al. 1999vhich iswithin range of compacted
clays (Coduto et al. 2011)ikely due to compaction during the original constiare of the
highway.Because the effluent collection pipes were installed below grade into the compacted
subsoil layer, VFS effluent flow was limited at the collection pipe, meaning that effluent flow
can be considered as including both the VFS and VQBegifs. The acronym VCBS is used as

shorthand for both of these laydmsreafter

Althougheach collection area collected runoff from 35100ft) along the highwaythe
drainage areas differed slightly. A summary of drainage areas and ratios fayhtayhrunoff
channel, as well as ther3 (10ft) and 6m (20ft) VCBs is showrin Table2-1. Highway runoff
drainage area was estimated using a rainfadbff relationship and-3and 6m VCB drainage

areas were found using mapping estimations from construction specifications.

Table2-1: Drainage Areas and Drainage Area Ratios for Field Sampling Locations.
HighwayRunoff 3-m VCB 6-m VCB

VCB Area m(ft?) 0 136 (1460) 251 (2700)
Highway Area m(ft?) 446 4796) 338 (3640) 374 (4025)
Total Area m (ft?) 474(5100) 625 (6725)
Highway Drainage Area Ratio 249 149
Total Area Ratio 349 249

The halfl5-cm (6in) PVC pipes on the downstream edge of each VCB for effluent

collection were fed downward through manholes into subsupiges exiting at a concrete pad
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for monitoring. For the highway runoff channel, a custom stainless steel shaktwieinsert

was installed with 45-cm (6in) PVC pipeto collect and measure flow. For all three systems,
hydrologic data was collected usifigledyne ISCO 6712 autosamp@@&onnected to 16m (6

in) Thelmar weirs in each effluent pipe. Twir@nute rairfall data was collected usingl@ledyne

ISCO 674 rain gaugeonnected to the highway runoff autosampler at the site:mimate level

data was collected by ISCO 730 bubbler flow meters connected to each effluent weir and
converted to flowrate with the weiating curve. In some instances, flowrates were observed that
exceeded the Thelmar weir maximum, and data from a laboratory flume experiment were used to

estimate ovelimit values.

Greenhouse Experiments

Mesocosm boxes were magiean aluminurareinforcedslopedwooden bas and lined with an
inert (NSFANSI 61 certified drinking water safe) pond lir@rerlaid with an inerplastic

window screerno disruptpreferential pathwafjormation A porous plastic isert was attached to
the downslope end of the box to prevent soil loss while allowing effluent to be collectéd. A
cm (4in) layer ofengineeredopsoil (loamysandper USDACIassification)was placed as the
VFS layerfollowing MDOT SHA specification$or furnished topsoi(MDOT SHA 920.01.02,
(MDOT SHA 2020). A turf grass mixture of 95% tall fescue and 5%Kreky bluegrass

(MDOT SHA920.06.07(MDOT SHA 2020) was then apped according to MDOT SHA
specifications (MDOT SHA 705.03.0@yIDOT SHA 2020) at a rate 024 kg/ha 200 Ibacre.
Grasses were watered on a Mon/Wed/Fri schedule and allowed to establish for 2.5 months,
emulating field conditions where a VCB would be applied to an already established VFS. After

vegetation establishmentard waste composté€afgro obtained from The Montgomery County
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Yard Trim Composting Facility near Dickerson, Marylamdis placed on top of the VFS layer
and again seeded accordingd®OT SHA specifications

Rainfall and runoff were both applied: f@imfall, agentle flow watering cawas used to
apply deionized water over the top of the mesocosms at equal int®realte course of the
storm duration; for runoff, aynthetic stormwater was pumped to the top of theasosheet flow
at a constant diw rate.The rainfalldepthand drainage area ratilictated theainfall and runoff
volumes and resulting flowrates which were applieat. examplemesocosms with 3:1
drainage area ratiexperiencing &.5-cm (Xin) rainfall event receivethe equivalat volume of
2.5-cm (Z-in) of deionized wateover the mesocosm surface aagpliedat equal time intervals
plusthe equivalent volume af.6-cm (3in) of synthetic stormwateyver three times the
mesocosm surface arpamped to the top of the box to represent highway ru8gfithetic
stormwater was prepared ir6@0-L polypropylene tanland pumped to the top of each
mesocosm box usingMasterflex L/S Precision VariabigpeedDrive fitted with two
Masterflex L/S Easy.oad® Il 22Channel Pump Headsarge storm events necessitated use of a
Masterflex I/P Variable Speed Console Driteed with aMasterflexl/P EasyLoad® Pump
Head Applied storm event size and duration for esithly is shown iTable2-2. Mesocosms

tested with each study are outlinedrable2-3.
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Table2-2: Synthetic Storm Event Distributions Applied to Greenhouse Experiments.

Study 1
Rain Duration Intensi
(mm) (hr) (mm/hg Date
Compost Applied 12/18/2018
12.7 6.00 2.1 12/19/2018*
12.7 1.00 12.7 01/02/2019*
25.4 1.00 25.4 01/09/2019*
12.7 1.00 12.7 02/19/2019
25.4 3.00 8.47 03/13/2019
25.4 6.00 4.23 04/17/2019
12.7 0.50 25.4 06/07/2019
12.7 6.00 2.12 07/10/2019
25.4 6.00 4.23 07/25/2019
50.8 1.00 50.8 09/04/2019
25.4 0.25 101.6 10/10/2019
38.1 0.25 152.4 03/03/2020
Study 2
Rain Duration Intensity Date
(mm) (hr) (mm/hr)
Compost Applied 10/15/2020
12.7 6.00 2.12 10/19/2020
25.4 0.25 101.6 11/10/2020
25.4 1.00 25.4 12/14/2020
25.4 6.00 4.23 01/21/2021
12.7 1.00 12.7 02/23/2021
50.8 1.00 50.8 04/19/2021
25.4 4.00 6.35 07/15/2021

* Not tested for water quality.
1 Mesocosm with 2x drainage area was tested in Study 2 and received twice the runoff.
2 Topsoil layer vegetative establishment occurred over 2.5 months prior to compost application.
A custom inflow apparatus was built to evenly distribute synthetic stormwater to the top
of the boxfrom the pump tubing. In order to separate effluent exitiegVFS layer and VCB
layer, a custom outflow apparatus was installed to collect effluent from the VCB layer alone.

Separate plastic containers were used to collect outflow from each layer so that the total volume

for each could be measured. Mesocosm b@xw®l flow apparatuses are showkigure2-3.
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Several operational parameters were tested in the greenhouse, including a range of compost
depths, VFS tpsoil types, slopes, and drainage area ratios. A summary of the tested mesocosms

and variables is shown fable2-3.

I\ ad\'Va /i ,‘ “
T
| |

Figure 2-3: Greenhouse Mesocosms and Flow Apparatuses.
top left: mesocosm boxes prepared for a storm event; top right: pump system with influent
apparatuses; bottom right: influent synthetic stormwater st@estdistributor apparatus during
a storm event; bottom left: outflow runoff collection apparatuses.
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Table2-3: Mesocosm Parameters for Greenhouse Experiments Study 1 and Study 2.

Compost Drainage .
Mesocosm| Study| Slope Deppth Area Ra?io Topsoil Texture
Mesocosm A (Standar( 1 5:1 0 § 3:1 loamy sand (USDA
Mesocosm A (Standard) 2 5:1 0 § 3:1 loamy sand (USDA
Mesocosm B 1 5:1 M § 3:1 loamy sand (USDA
Mesocosm D 2 5:1 0 § 6:1 loamy sand (USDA
Mesocosm E 1 8:1 0 § 3:1 loamy sand (USDA
Mesocosm F 2 3:1 0 § 3:1 loamy sand (USDA
Mesocosm C 2 2:1 0 § 3:1 loamy sand (USDA

Compost and Soil Testing

A pre-installation field soil survey was conducted in summer of 2018 and angteiation

survey was conducted in summer 2021 to evaluate changes in media over the period of study.
Parameters and the methods used are shoWwahile2-4. Particle size distribution and plasticity
were measured for field topsoil and subsoil to determine soil classification. Laboratory tests of
bulk density, moisture content, asdturated moisture content were performed for soils and
compost to evaluate changes in soil physical properties. Infiltration tests were conducted in the
field to determine time to ponding and saturated hydraulic conductivity but were limited by the
underling compacted subsoil layer. These tests were augmented with constant head

permeameter tests for saturated hydraulic conductivity in the laboratory for soils and compost.
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Table2-4: Compost and Soil Atgses Conducted and Methods Used.

Soil Analysis Method (Source) Field Pre | Field Post

. : o Sieve analysis *
Particle size distribution (ASTM D6913 / D69134117) v

- Atterberg limits *
Plasticity (ASTM D431817e1) v
Bulk densit Soil core method

y (ASTM F301313(2018)) v v
. Oven drying method
Moisture content (ASTM D2216 19) v v
Saturated moisture Vacuum saturation via weighabl¢
content pressure cel(Klute 1965) v v
. o Miniature rain simulator

Time to pondindfield) (Ogden et al. 1997) v v
Saturated hydraulic Constant head infiltrometer
conductivity (field) (van Es et al. 1999) v v
Saturated hydraulic Constant head permeameter
conductivity (laboratory) | (ASTM D5856 15) v v

*Not expected to change significantly over ttairse of the experiment, so not tested pesperiment.
1 Particle size distribution and plasticity were only tested for soils for classification.

Vegetative Cover

At the field site, in addition to the fully monitored VCBSs, a third observational \Fifai(e2-4)

was installed for monitoring of vegetative growth, with compost depths ofc2i5d-in), 5.08

cm (2in), and 7.62Zm (3in). Brinno TLCTime Lapse camerabtfp://www.brinno.cony were

installed and programmed to capture one image per day, with data downloaded during site visits.
In the greenhouse, images of mesocosm® taken weekly using a Nikon D7100 HDSLR and
processed using an image analysis code written in Matlab (20Q&en et al. 2020)The

program operates through two steps: first, manual cropping of images by the user to find the area
of interest, and second, machine learning processes which determine the number of pixels
belonging to each category: grass, stravd soil. This is done through evaluations of color,

texture, and oriented gradient. Any uncategorized pixels are considered unknowns and any

images producing greater than 5% unknowns were not used in analyses.
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Figure 2-4: Observational VCB for Vegetation Establishment Monitoring.
Observational VCB is divided into three sections outlined by flags: furthest secticuns (40
in)), middle section is-6m (2in), and closest section is 2c (1-in).

Data Handling and Statistical Analysis

For field site datahie opersource programming software R was used to clean rainfall and flow
datasets and conduct QA/QC. Obserfreld flowrates below the level of detection (0.009

m3/hr) were excluded from analysis and any values above the maximum dfil&ene set as

the maximum. During QA/QC any storm events identified to exhibit evidence of equipment
malfunction (ex. missing data due to batteries dying) were excluded from the analysis. A code
was created to separate datasets into individual storm events (defineehbyeék in rainfall)

and calculate total storm event volumes for influent and effluent. Total volumes were found
through taking the area under the curve for each hydrograph (multiplyingniive@uration by

flowrate at each timestep and summing pemsitdihe total volume (V) is calculated as:
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Equation2-1

where Q is the measured stormwater flowrate at eachmiwvonterval and 7is the event
duration.

Influent volumes for the twheld VCBs werenot directly measurednd wereestimated
by multiplying therainfall depthwith drainage aredhis was found to be an acceptable method
based on validation of estimations of drainage area based on lane widths. For the section of 2
lane highwaydraining to the VCBs width is estimated atrhl(3.7m per lane, 34n shoulder,
0.3-m edge), which for a 3t length results in a 33#? drainage area and is withir1R2% of
the 338m? and 374m? highway areas estimated through mappifao{e2-1). For the highway
runoff channel collection area, this section of highway expands to an extra lane (3 total) for an
onrramp, with width estimated at 46 (3.7m per lane, 34n shoulder, 0.3n edge), resulting in
a 446m? highway drainage area. Adding ~i¥ for the channel itself results in 468 drainage
area, similar (within 4%) to the 446 estimated by the rairnfarunoff relationship for the
highway runoff channel.t8rm events for which calculated outflow exceeded estimated inflow
(4.6% of 3m VCB storms and 2.0% ofi VCB storms)storage was assumed to®and
outflow was set equal to inflow. Storage volufoeeach storm event was calculatsd
subtracting the total effluent volume from the total estimated influent volume.

Peak flow, timeto-peak, and flow duratiowere collected from individual storm
hydrographsPeak flow was considered as the highestiféde observed at a twainute interval
for each site locationverthe duration of each storm event. THioepeak was calculated as the

time from the start of rainfall until the peak flow rate. Flow duration was considered as the time
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thatflow began tolte time that flow ended in each collection afea.a better comparison of
VCB performancepeak flows were normalized by drainage area tchtgbwayrunoff by
multiplying themby the ratio ohighwayrunoff drainage area to VCB drainage area.

Flow-duraion curves were created by ranking all measuraterRinterval flow data for
the study period (normalized by drainage area) in descending order and plotting against the
cumulative duration (sequentially summing 2 minutes for every data point), alloaving f
comparison of the range of flowrates experienced by each treatment and the length of time they
were observed to occur.

Exceedance probability plots for comparisons of flow and volume data were created by
ranking data in descending order, with probapiit exceedance for each datapoint calculated

as:
Equation2-2
Q|
€ p ¢
where i is rankand n is the total number of observations, with a value of 3/8 used for alpha for a
normal distribution, as has been used previo(Bavis 2007) St u -test wds dsed td make
statistical comparisons based on mean and evaluated at a 5% significanctihetghvalues

of p arealsogiven
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Results and Discussion

Observed Storm Event Characteristics

Between April 2019 and June 2021, 278 rainfall events were observed. Observed rainfall depth
and duration are plotted Figure2-5 andseparatedasedon volume capture categories;
precipitation and duration distributions are plotted on the edges of the plot as well for
comparison. Rainfall depth over this period ranged from-h&5(0.0%in) to 56mm (2.2%in)

with a median depth of 1.748m (0.07in) and a mean of 7.28im (0.28 in). Rainfall durations
ranged from 0.0&ir to 38hr with a median of 1-hr and mean of 4-@r. 109 events had so little
rainfall (most of these ~0.2/%m (0.016in) and ~2min) that no measurable highway runoff

was observed. Ti& totals 39% of rainfall events, which is comparable to the 30% of rainfall
events with depth between 0.23464 mm (0.040.1 inches) and duration ofDhour as

previously reported for Marylan@reeb 2003) An additional 22% of events were large enough

to produce highway runoff but were completely absorbed by both VCBs, totaling 61% of events
producing no effluent flow. Rainfall events which exceed®#@mm depth and ~1&r duration
consistently produced VCB effluent, with only two storms just outside this range being fully
captured. 33% of rainfall events produced runoff, exceeding the volumetric storage capacity of
the VCBs, resulting in some amouwftdischarge volume. The 61% of fully captured storm

events only comprised a total of 11% of total rainfall depth, with storms exceeding the storage
capacity totaling 75%. While capture of the smallest storms is still significant, emphasis on
performanceluring larger rainfall events is considered to be much more important to evaluating

the VCB system performance.
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Figure 2-5: Observed Precipitatiouration Distributions at Field Site
Top) precipitation and duration correlation in center with individual frequency distributions
shown on plot margins; Bottom) top plot legend and event statistiltss shown in
precipitation event type align with dataset in the top plot.

Flow and Volume Retention Over Time

In the VCB systers flow reduction and volume retention are expected to occur primarily

through slowing of flow through the additionmiughness offered by the compost and

vegetation as well as pore water storage. As st@ter enters the system as direct rairdatd
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highway runoff available storage (dependent on the antecedent moisture condition) should be
filled to some extent in botthe VCB and VFSayers. Infiltration below these layers should be
insignificant during the period of the storm event, given the compacted subsoil b&heath.
retention of stormwater volume is also expected to be dependent on the antecedent moisture
condtion, rainfall intensity, and duration, as well as seasonality.

The dynamic performance of VCB treatments over the course of a storm event was
compared through a select set of hydrograpigu(e2-6). For a small storm everfigure2-6a)
(3.05mm (0.12in) 1.47 hr), all incoming veime is totally stored, resulting in no effluent flow
from either VCB system. During larger storm eveligiire2-6b and c), storage in the system
stats to fill, until some effluent flow begins. At this stage while effluent is being released, the
flashiness seen in the highway runoff hydrograph is considerably smoothed in the effluent
hydrographs, and effluent flows are still lower than influent, ingdigessome additional storage
during conveyance. IRigure2-6b, a 19.3mm (0.76in) 13.0 hr storm, the VCB systems were
able to dampen peaks and retstormwater volume through the full storm event. Additionally,
while peak flows for the-6n VCB are lower than for the-® VCB at the highest intensity
interval of the storm, they are similar for the rest of the event. This indicates that the majority of
storage was filled during the first part of the storm event, resulting in little difference between
treatments later in the storm when conveyance became dominant.

In comparison, a large storm event is showRigure2-6¢ at 55.8mm (2.20in) and 28.7
hr. During this storm event, similar flowrate reductions and volume retention were observed
through most of the storm event, however, during the highestsity rainfall (~8:00 AM) the
hydrographs for highway runoff and both VCB systems are almost indistinguishable. At this

point, it appears that the available VCB storage has been exceeded and the flowrates are no
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longer reduced through the treatments. dhgh assessment shows that thra 6ystem was able

to attenuate the first peak at 8:00AM but not the one approximately an hour later, whila the 3
was unable to mitigate either peak. SimilaFigure2-6b, while some of the higher peaks are
reduced by treatments after the high intensity period, significant volume retention no longer
occurs. For all three storm events, retention at the dtrestorm events shows that some
storage was available in the system, while other hydrographs observed during the study period
showed little to no volume retention, indicating a high antecedent moisture condition, and

therefore very little available stage.

31



Flowrate (ni/h)

Flowrate (ni/h)

Flowrate (ni/h)

14 VW\ /\[\[_‘ '-\[ Vv V 0
12 1
11/26/2020 2
10 3.05 mm (0.12 in), 1.47 hr 3
) 4
i 5
6 mm highway runoff 6
4 == 3-m VCB 7
8
2 == G6-m VCB 9
0 — e 10
2:00 AM 3:00 AM 4:00 AM 5:00 AM 6:00 AM 7:00 AM 8:00 AM 9:00 AM
(@)
14 —'_T'_'_'_'W"W'V'T'WWWW_MV LJ Li O
1
12 == highway runoff 03/18/2020 5
19.3 mm (0.76 in) , 13.0 hr
10 == 3-m VCB 3
8 | mm 6-mVCB ;‘
6 6
4 7
5 8
9
0 =N 10
6:00 PM 9:00 PM 12:00 AM 3:00 AM 6:00 AM 9:00 AM 12:00 PM
(b)
14 —ymmwr— | rmw.uww Y 0
1
12
08/04/2020 m= highway runoff | =~ 2
10 55.8 mm (2.20 in), 28.7 hr 3
== 3-m VCB
8 4
= 6-mVCB .
6 6
4 7
8
2
"\ ;
0 oA sl e Do e 10

4:00 PM 8:00 PM

12:00 AM 4:.00AM 8:00 AM 12:00 PM 4:00 PM
(c)
Figure 2-6: Selection of Field Site Hydrographs.

8:00 PM

Rainmall (mm)

Rainmall (mm)

Rainmall (mm)

(A) small storm event, (B) moderate storm event, and (C) large storm event.
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It is important to note that storms with high intensity peaksited in different behavior than
storms with consistent, long periods of precipitation. An example is shokigune2-7. At the
start of the event, a large pulskrain results in the first large flow peak for the highway runoff,
which is largely reduced by therd VCB but not the 3n. Subsequent high intensity peaks show
that the highest runoff peaks (generally above #are not greatly mitigated by then®
system, while the-n system was able to dampen all peaks a significant amount. This
demonstrates a better performance of tine $/stem during high intensity rainfall events.
However, the 3n system does not appear to have filled all storage space theihgyhest
pulses since later peaks at or below ffhrare also reduced significantly by then3system,
indicating volume retention. Instead, this suggests that conveyance could be forced during high
intensity pulses (for example, as surface flow dkierVCB) which bypasses storage in the
VCB/VFS. While some storage still occurs later in thm 3ystem, this gives credit to longer

flow paths as better protection against high intensity storm events.
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Figure 2-7: Hydrographs from a High Intensity Multiple Peak Storm.
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Peak flows, timeao-peak, and flow duration were compared for those storm events where
hydrographs were collected at all three sites (this biases towards larger storm events, median =
12.6 mm (0.50 in)). Normalized peak flows were greatly reduced by V@8=dlon the median
by 39% for the 3n VCB, which is similar to the 43% peak runoff rate reduction previously
found for a 3.75cm depth, 4.8n long compost blankéEFaucette et al. 200,/and 72% for the-6
m VCB (Figure 07). Both systems reduced high probability flowrates (>50% exceedance), while
the 6m system greatly reduced peak flows over the fubpbility range. At higher peak flows,

3-m discharges exceed highway runoff flows, which may be attributable to inconsistencies in
estimation of drainage areas used in normalizing datasets and/or unaccounted influent volume.
Similar difficulty in accuratef estimating the real contributing areas was previously experienced
at the same location on an earlier research pr(peotis et al. 2012a)At the highest peak flows,
datapoints for the-3and 6m VCBs plateau at the maximum measurable flowrate (15 and 11.4
m3/h for the normalized-3and 6m systems, respectively), Kiag it possible that higher

flowrates may have occurred, and eliminating ability to make conclusions about system
performance at the largest flowrates.

Time-to-peak was nearly doubled for VCB systems based on the median, increasing by
94% and 97% for thd- and 6m systems, respectively (Figure/f) As expected, for longer
peak delays the same level of benefit is not observed, as the systems reach saturation during long
storm events (~brs peak delay and longer) any additional attenuation is minimiadduaface
flow may also potentially occur. Flow duration, measured as the time from start of flow to the
end of flow for each site, shows little difference between treatments. Although SCMs are
generally expected to prolong event duration, median dusatiwrihe 3m and the 6n VCB

instead decreased by 10% and 9% compared to the highway runoff (Figuregtause the
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systems do not experience significant infiltration, they perform mainly as storage at the
beginning of the storm event until reachingusation, after which they mainly function as a
conveyance. The most significant delay in flow occurs immediately after rainfall, with little

delay in flow occurring late in the rainfall event to the end as obsenkdune2-6. Because of

this, flow duration was not significantly extended, but rather a small decrease was found for both

systems.
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Figure 2-8: Peak Flows, Tim¢o-peak, and Flow Durations Observed at Field Site.

Peak Flow (m3/h) is normalized to highway runoff drainage area
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Evaluation of hydraulic performance over the full study period can be done through a
flow-duration curve, which was also normalized Ipgidlage areaHjgure2-9). As expected, the
6-m system has the lowest cumulative duration of flow, followed by-tmesgstem, and then
the highway ruaoff, indicating that the larger the VCB, the less time high flow was being
released. For the highest flowrates th@ 3ystem consistently exceeds the highway runoff. This
counterintuitive result is likely due to differendestweeractual and estimatedalnage area, to
which data was normalized, as was discussed for peak flow rdsglisg2-8). The 6m system
had consistently lower flowrates than the highway runoff and a much steeper curve towards the
highest flowrates, indicating good performance throughout the majority ofatatam. Only at
the highest flowrates (~10 m3/hr and higher), is no difference found between the highway runoff
and the ém system, indicating that only during the highest intensity periods of rainfall is flow
not appreciably reduced. This is similar tsservations made during the large storm event
(Figure2-6), where a period of high intensity after a long period of volume retention resulted in
similarly sized peak flows for the highway runoff and the treatments.

While it is difficult to make conclusions about ther3system in comparison to the
highway runoff, some insights can still be derived. Tie 8ystem is much less able than the 6
m system to reduce higher flowrates, though some succesguning flows is found at the
lowest flowrates (< 0.5 #hr). It is likely that for the 3n system the shorter flow path and the
reduced storage capacity result in faster saturation and lessttibowiation in comparison to the
6-m system. Additionally, it is possible that ther3system is reaching saturation and unable to
offer additional flow reductioat higher flowrates, making it much more similar to the highway

runoff curve at high flows, thugh it cannot be confirmed without a more precise dataset.
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Figure 2-9: Flow-Duration Curves for All Flow Data Observed at Field Site.
Flow is normalized bgrainage area.

Flowrates for each sampling location can be compared as specific discharge (equivalent
rainfall per time over the entire drainage area). For the highway runoff site, the maximum
flowrate observed (:613/h was the maximum limit for field rmsurement) is equivalent to 861
mm/day, which is similar to pavement drainage areas evaluated previously: 933 mm/day
(Olszewski and Davis 2012nd 638 mm/day from the previous study éidavis et al. 2012a)
Maximum highway runoff discharge is ~10x higher than the maximum observed for a Maryland
forested watershedrsam (88 mm/day) frorfOlszewski and Davis 2012)Vhen considering the
median of all peak dischargdsdure2-8) observed for each site, (427 mnmydaghway runoff,

260 mm/day dn VCB, 120 mm/day n VCB), VCB/VFS systems have a sizable impact on

peak discharge reduction, with 39% and 72% reduction, respectively. In comparing the median
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flowrate using all flow data, highway runoff discharge is 18tb/day, which is of the same
magnitude of 10.6 mm/day found for the previous study(Bigeis et al. 2012a)n comparison,
median discharge for the 8hd 6m VCB/VFS systems were found to be 19.5 mm/day and 8.8
mm/day, respectively. While ther8 VCB is not an improvement over highway runoff based on
median flow (+6%)the 6m VCB provided improvement%2%). Median discharges for VCBs

are also much closer to the range of values for a forested watershed stream near Baltimore MD
(1-5 mm/day)(Davis et al. 2012a)The longer flow path had an improved performance for both
peak discharge reduction (largest flows) and median dischargeallgperformance) indicating

better flow attenuation at the full range of storm sizes and a greater return to predevelopment

hydrologic balance.

Volume Reduction

Normalized event volumes for events where highway runetfi,\3CB, and ém VCB datawere
all collected was compared on an exceedance probability Bagis€2-10b). For comparison,
the rainfall distribution for the same subset ofadatalso presente&ifure2-10a). Median
rainfall for this dataset wasrdm (0.24in), near the point in exceedance where effluent begins
for both VCB treatments. The-B and 6m treatments produced no discharge for a large portion
of events (~45%), and for those which produced effluent, a sizable gap was noted between VCB
treatment volumes and highway runoff volume. This indicates a benefit in vohametion by
both VCB treatments.
The 3 and 6m systems converge at low and high volumes, while in the center increased
performance is noted for thend system over the-B1 in volume reduction. It is possible that for

events with a high antecedent moistaontent, both systems have little remaining storage
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capacity (for example, with bag¢k-back storm events) and therefore less difference in volume
retention is found between the two treatments for some portion of storm events. A gap between
treatments &n be observed from ~45% exceedance; this indicates that for events producing
effluent from the VCB systems, then® system releases less volume based on the median. By
taking a subset of this data for only volumes greater than O;rthey&tem has awer (by

~43%) median volume than then8(3475 L for 3m and 1983 for the-f).
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Figure 2-10: Field Normalized Stormwatddischarge Volumes and Statistics.
Observed for Runoff Inflow;® VCB, and 6n VCB.

Comparison between inflow and outflow volumes for each event provide an overall

summary of hydrologic performance in addressing both storm size and stohage. Influent
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and effluent volumes for each event was compdraglife2-11), excluding events where

rainfall was so low that no influent highway runoff occurrédr each datapoint (individual

storm event), storage is found as the perpendicular distance from the 1:1 correlation line. For
additional comparison, the distributions for each variable are plotted at the edges of the main plot
as well as an inset boxplshowing the storage values for the same dataset (found by subtracting
outflow volume from inflow volume for each event). Because the highway drainage area for the
6-m system was only ~13% higher than for the 3the data in these plots was not normalized.

For both VCB systemd-{gure2-11) outflow volume frequency distributions (along the
axes) have peaks much closer to 0 and are much narrower in comparison fowhedhime
distributions, indicating more frequent lower discharge volumes for the outflow over the inflow.
Many storm events were completely captured by the VCB system, evidenced by the points on the
x-axis. The best fit of the system was determinedrasckeystick fit, where a fixed storage
capacity is reached after which the outflow volume would be equal to the inflow volume (slope =
1). This best fit was chosen through assumption that storage in the compost and soil layers was
the main means of volunretention, since infiltration was found to be nonsignificant due to
compacted clay soils under the VCB/VFS system. These fits are shown in the plots as solid,
colored linesSimilar attemptautilizing an initial storage or abstraction volumeedescribe
stormwater control measurbave been done previously for bioretent{Bravis et al. 2012band
for greenroof{FassmarBeck et al. 2016)

Linear besfit wasfound throughminimizing the sum of the squares of the residuals
between the predicted data and the observed datasetv@itage initiaktorage value using this
method was 2648 L fdhe 3-m system (RMSE = 1964 L,%R- 0.8012) and 4602 L for theem

system (RMSE = 3215 L, 0.7128) The5" and 9% percentilestorage values (dashed lines
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in Figure2-11) were also plotted using the same hoekigk fit to indicate the storage values

within which 90% of events fall. Conceptually, this accounts for the variability of available

storage space prior to the rain event as well as the storm sizeysingestorm events will be
completelycaptured but will not fill all available storage space due to their size (approximately

45% fromFigure2-10, as shown by thdatapoints on the-axis above 55% exceedahcBy

fiti ng the majority of the compl et e-btigkamdapt ur ed
remai ning event s t estick, this mdihedaacbmnidated for sntalkevemte c k e y
not reaching stage capacity while also estimating a representative storage value for larger

events which exceed storage capacity. The fit is further grounded by the @O¢HE. for 3-m

and3215L for 6-m) which issimilar to the storage volume dataset standard dengfar the3-

and6-m systemsZ071 L and3117L, respectively (Figure2-12b). Boxplots inset irFigure2-11

(a and bshowthe hockeystick mear(3-m = 2648 L, 6-m = 4602 L) falling near the '8 quartile

for each system (2823 L forr@ and 3602 for 6n (Figure2-12b)), further supporting using the
hockeystick mean as a representative initial storage over the mean or median storage, which
would underestimate performance. As discussed previously, them&aktained for each

particular storm event will depend on the storm size, duration, intensity, rainfall pattern,

antecedent moisture content, and seasonal changes (vegetation, temperature, etc.), making this
specific fit most appropriate for regions wtmilar rainfall distributions to Maryland and

conditions most similar to this study.
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Figure 2-11: Field Inflow Outflow Curves for-8n and 6m VCBs.
(a) 3m VCB/VFS system; (bjré VCB/VFS systerhockeystick best fit shown in solid line; 95% confidence intervals shown in
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A comparison of the distribution of storage volumes along with summary statistics is
shown inFigure2-12. The6-m storage volumes trertB% higherthan the am, based on the
mean. Determining a storage volume for VCB/VFS design may be approached similarly to
previous attempts utilizing ai@&etention Abstraction Volume (BAV) for bioretention SCMs
(Davis et al. 2012b)However, unlike in bioretention, there is no bowl storage for a VCB/VFS
system nor is the lowanedia expected to remove a significant volume of stormwater due to the
highly compacted subsoil. For the VCB/VFS, only the storage in the VCB and VFS layers
should be considered influential. For a VCB/VFS the difference between Saturated Moisture
Content(Sat MC) and Wilting Point Moisture Contem/P MC) of the compost is considered as
an average upper volumetric storage threshold since this would be the available storage after a
long dry period. This differends considered as the low threshold for vokiretention in
bioretention(Davis et al. 2012bBased on behavior of the VCB/VFS storage, many storm

events result in little to no storage, making 0 storage a consenatiee threshold.

The VCB/VFS design storage volume is obtained by:

Equation2-3

L, ., WEAOAQ YOO w006 WE a6 aQAYODO @O0 6
wWéE aoae

where Sat MGs the volumetric saturated moisture cont®vE MC is the volumetric wilting

point moisture conteny/CB indicates the compost lay@nd VFS indicates the topsoil layer.

Using this equation, wilting point estimates previously found for a leaf coni¢sMC

= 44%) and a topsoil\WP MC = 8% (Duzgun et al. 2021 and measured saturated MC found
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through a vacuum saturation test in the laboratorynpostSatMC = 75% topsoil Sat MC =
48%) result in design storage values of 2018 L for time &d 4036 L for the-&h VCB/VFS
(using field media depths of 6@m (2.5in) for topsoil and 7.&m (3in) for compost. These
storage volumes a28.8% and 12.3%essthan the average storage estimated by the heckey
stick method3-m = 2648 L, 6-m = 4602 L), making this conservative but figimccurate. Due to
the ease of estimation of both Sat MC and WP MC, this can be a simple estimation of average
storage performance for a VCB/VFS system, as long as the expected range of storage is
contextualized to be approximately from O storage to #ieV& and VCB lengths and drainage
area ratios do not deviate largely from those in this research. To obtain the-btickdiy, the
following two-part equation can be used:
Equation2-4

1) Q¢wé addQ QQi 008 dld Wwe aoaQ m

2) QEDEAOGEAQ QQI ORH A WENO6AQ weEao6aQ

where inflow volume can be calculated ascip#ation*total drainage areand the design

volume is calculated usirfgguation2-3.

Thecumulativeinflow andoutflow volumes for each VCB fahefield experimat were
calculated over the entire studycludingtheeventswhich didnot produe highwayrunoff
(Table2-5). Due to nissingVCB data caused by equipment issues quality control the
number of eventased in this assessment are less tha@7B¢otal observed stormvents
Although the VCBVFSis thin (~14cm (5.5in)), relatively short inength (3 and 6m (10 and

20-ft)), andlittle to no significant infiltration is expected to occur in the subsoil layer over the
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course of a storm everthe 3-m VCB systemcaptured 44% of influent stormwater volume and
the 6-m captured 55%These reduadns are similar to those found previously for compost
blankets of 3.7%m depth and 4:& length (5660%) (Faucette et al. 2005, 2007Mhe addition
of the VCB to the VFS improved volume capture performawié, larger volume reductions
attained at shorter flow paths, as evidenced by tolahve reductioaobserved previouslior a
VFS alone o36% for an 8m length and 59% for a 2@ length(Knight et al. 2013and 2040%

for a 25-m length and 620% for a 815-m length(CVC and TRCA 2010)

Table2-5: Field Total Volumes and Storage over the Full Experiment.

Rainfall
3-mVCB Volume () (mm) (in)
Inflow 703 1484 58
Outflow 392 827 33
Retained 311 656 26
Retained 44%
n 248
Rainfall
6-m VCB Volume (n¥) (mm) (in)
Inflow 952 1524 60
Outflow 425 680 27
Retained 527 844 33
Retained 55%
n 249
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Figure 2-12: Field Storage Volumes arftatistics for 3n and 6m VCB Systems.
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laboratory estimations; Saturated Moisture Content (Sat MC), Wilting Point Moisture Content
(WP MC), and the estimated mestorageare presented for comparison.
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The SCS curve number approdBtRCS 1986)s often used for describing the hydrologic
benefit of SCMgDawvis et al. 2012b; Fassm&ck et al. 2016; Olszewski and Davis 2Q12)
including an attempt previously on compost blankets used for erosion q@dighley et al.

2010) A compositecurve number@N) thatincludesthe surface area of the highway and each
VCB, was found through linear best fit for eaystem. For th8-m system the composite CN
was determined to be 97 (RMSE = 1767 E=0.8227) and 95 for th@m system (RMSE =
2533 L, R=0.7667). Separating the CN for the VCB araglameresulted in a CN of 85 for the
3-m and 83 for thé-m systemyesulting in a mean CN of 84. This value is comparable to CNs
found previously for compost blankets on steep slopes used in erosion (Beigbley et al.
2010) where blankets of depth 5dbn (2in) over a 4:1 slope resulted in a CN of& during
rainfall simulation experiments (in this field study blankets werecih@3-in) depth and ~10:1
slope).

A CN is awidely usedool in stormwater design and implementation, however, has certain
drawbacks for use in this particular system. The NRCS method was intended for use at the
watershed level, making it less accurate for small systems and it does not acctinentléov
path of the system, rather estimating a percent runoff over the entire surface area. In reality,
highway runoff flows into the VCB area before exiting, making a more complex system in series
not accounted for by the CN. When possible, the hoslely method(Equation2-4) with the

representative volume storage value should be. used

Impact of Site and Design Characteristics

Because field site slopdrainage area ratio, and compost depth were fixed, a series of

greenhouse mesocosm experiments were used to supplement field observations and better
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understand VCB system performance over a range of possible site conditions. For each synthetic
storm eventthe inflow volume consisted of the sum of rainfall and runoff volume, and outflow
volume was collected and measured at the end of the event. The-aitthow curves for these
experiments is shown frigure2-13 along with best fit statistics. The best fit for mesocosms was
also determined as a hockstyck fit, with linear besfit determined through minimizing the sum
of the squares of the residustween the predicted data and the observed dataset. Best fit
storage is presented as volume (L) and also normalized as volume peuxf@& area (L/A)
to account for differences in VCB length for comparison with field storage best fit storage. Using
Equation2-3 and the same values for Sat MC and WP MC to estimate the design volume for the
mesocosm boxes (18 length, 0.46n width, 7.6cm compost depth, 3€m soil depth), results
in a value of 26.87 L for the hockesick fit design value, which is on the upged of the
storage found through regression for all mesocosms ((EZ828® L) but the 2x DA (which is
discussed more later). The fit is likely an overestimate for some mesocosms due to higher slopes
and differing conditions than the field site (greenhaagqeeriments had steady flow rates applied
instead of fluctuating hydrographs). However, field storage irf (24.77 L for the 3n and
28.50 L for the &n VCB) is more comparable to the design storage value, and field performance
should be used over greenitse studies for a more accurate estimate of performance. Differing
field conditions should have an impact on the average storage performance, but for an estimate
of average storage performanEguation2-3 should still be appropriate.

While mean storage was found to decrease with increasing slope, as expected, this result
was not found to be statistically significant, which shows that VCB systemscazfebtive for
volume retention for slopes between 20:1 (field site) to 2:1, which is the maxpewmitted by

Maryland Department of Transportation State Highway Administration MO SHA). For
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compost depth, there was also no significant differencedfaumean storage, suggesting that a
thinner layer of compost (2&m (1-in)) may achieve similar results to a -€@ (3in) layer.

However, this also further supports evidence that for many storm events, all storage space is not
utilized. This result main part be due to storm characteristics, however, observations in the
greenhouse showed that compost was often not satanagethe full length of the mesocosm

during low flow events. Because compost was installed above grade (over the existing VFS) and
also because the system is sloped, larger volume attenuation for some storm events may be
prevented, especially those producing lower highway runoff flows, as water is more likely to
move downward to the VFS layer and be transported downslope.

Comparison of differing drainage area ratio mesocosms further supports the idea that all
storage space may not be utilized. One system experienced twice the runoff (representing twice
the highway drainage area at 6:1 DA ratio) and was the only mesocbenfidiond statistically
significantly improvedp~0.05)by 94% increased storage over the standard (3:1 DA ratio) based
on the mean. All other factors, including rainfall over the top of the mesocosm remained the
same, isolating the runoff flowrate as thever for increased storage (and this improvement can
be seen irrigure2-13A). Greater runoff flow rates from the highway should force a taller
wetting front in the compost layer, which is above grade. This is further supported by the
behavior observed in the high intensity hydrographisgare2-7. During this event, large
flowrates were observed before all storage space was filled, with rainfall starting and stopping
several times allowing for subsequent peaks to be attenuated and abiditiomee to be stored.

In the greenhouse, however, flowrates remained constant through the storm event; this may
allow for steadily increasing storage throughout the event, as the system is continuously

inundated. Both datasets give some credit to theyhibat higher runoff flowrates (whether
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they are caused by a larger highway drainage area or a higher intensity storm event) result in
greater contact of highway runoff flows with the compost layer (which has a much higher
volumetric saturated moisturerdent than the topsoil: 76% vs 44%), resulting in increased total
storage.

Even though water storage increases, however, the net result was not improved for the 2x
DA (6:1 DA ratio) greenhouse system over the standard (3:1 DA ratio). While the mean storage
increased from 24.64 L to 47.57 L, the total outflow volume (over the full experiment) increased
from 447 L to 703 L (not shown), making the utilization of available storage more efficient, but
the overall stormwater volumetric performance much less ssftdeFinding ways to increase
stormwater runoff contact with the compost layer while still maintaining lower drainage area

ratios could improve storage efficiency.
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Standardl 9.58 0.9269 | 22.09 26.42
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1 in Depth 7.11 0.9597 | 18.69 22.35
2x DA 21.31 0.9041 | 47.57 56.89
8:1 Slope 16.27 0.7890 | 28.03 33.52
3:1 Slope 13.41 0.9198 | 17.84 21.34
2:1 Slope 10.41 0.9517 | 15.29 18.29
hockeystick design
(Equation2-3) 26.87 32.14
3-m VCB 28.50
6-m VCB 24.77

Figure 2-13: Inflow-Outflow Curves for Greenhouse Experiments.
With bestfit statistics; lines indicate hockestick best fit for each mesocosm; max storage for
the Xin compost depth mesocosm is 54 L and for all others is 88 L; B&tbFage refers to the
x-axis intercept of the befit line, which can be considered an estimate of the representative
storage value.
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Media Propertiesand Vegetative Growth
Soil testingdonebefore VCB installation andt the end of thexperimen{~2.25 yeark
provided evidence that compost properties as well as its effect on underlying soil structure was
influential in increased hydraulic performance. Comparisongré postVCB installation
included lulk density, satrated moisture content (porosity), and saturated hydraulic conductivity
(Table2-6). Number of observations differs within tests due to safety limitations and other
practical considerations at the field site. At the end of the field experi2& yearsbulk
density decreasd@6%) though not significantlyp~0.075) saturated moisture content
significantly increase{9% (p~0.009) and siturated hydraulic conduetty increased by
approximately an order of magnitude (p~0.0id5the topsoil all expected positive benefits of
compos{USCC 2001b)as has been observed previoyElyzgun et al. 2021; Khaleel et al.
1981;Kirchhoff et al. 2003)However, subsoil characteristics were not changed except for
saturated hydraulic conductivity, which significantly increased by an order of magnitude
(p<0.001). Despite this increase, hydraulic conductivity measurements shadsklssed with
caution due to the high spatial variability, and even for one order of magnitude difference, this
still places the subsoil in the range of a compacted clay soil with low infiltréGioduto et al.
2011) Improvements in topsoil properties over the course of the study period would allow for
increased moisture retigon in the VFS layer in addition to the improvements offered by the

VCB alone.
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Table2-6: Field Soil Hydraulic Properties and Statistics.
Bulk Density, Saturated Moisture Content, and Saturated Hydr@alndluctivity.

Field PreCondition Field PostCondition
Compost | Topsoil Subsoil | Compost| Topsail Subsail
Bulk mean | 0.286 1.226 1.654 0.360 0.977 1.636
Densiy stdev| 0.0086 | 0.049 0.059 0.058 0.187 0.056
(g/cP)
n 3 3 3 10 4 9
Saturated | mean| 75.5 44.38 35.40 60.7 62.9 33.4
Moisture = ciev | 1.06 2.35 253 6.39 0.38 4.82
Content
6> 0 & n 3 3 3 11 4 9
Saturatel mean | 7.87E02 1.62E02 | 2.53E06 | 1.32E02 | 2.04E01 | 1.61EO05
Hydraulic 1= 11 57802 | 9.70E03 | 3.10E06 | 1.93E02 | 8.25E02 | 1.06E05
Conductivity
(cm/s) n 3 5 30 6 4 12

*VVolume basis

Hydrologic performancand soil media changsfiouldalsobeattributablein large part
to a significant improvement in vegetative establishment by compost, which dfferedsed
rooting depthaddednutrients and higher moisture retention all contributing to improved
growing conditions for turfgrassegCB treatments werebserved to havetatistically
significantlyimproved establishmenf MD DOT SHA turfgrasses over a VFS (topsoil) alame
greenhouse experiments through assessmdintraf grass cove(p < 0.001) and total cover
(living grass and residue) (p < 0.0@Mer the study perio@Table2-7). Images ofjyreenhouse
turfgrass growth over the experiment periodaseshown in the Appendixn all greenhouse
mesocosm experimentompost placed overegetatedopsoil increased living vegetative cover
between ~3®0%, with compost treatments reaching 90 to >99% total cover (living and residue)
by the end of the monitoring period (~ 1 yr) compared 3% for a VFS aloneBecausall

mesocosm variationsadean improvement in vegetative cover over topsoil ala@Bs should
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improve vegetative establishment for a range of site slopes (8:1 to 2:1), compost deftirs (2.5

(1-in) to 7.6cm (3in)), and drainage area ratios (3:1 to)6:1

Table2-7: Comparison of Grass Cover Before and After Greenhouse Experiment.

Living Grass (%)
End of
Experiment

Mesocosm Pre-
Compost
Standard 31
1" Depth 28
8:1 Slope 72
Standard 2 51
2x DA 25
3:1 Slope 39
2:1 Slope 5

92
61

100

86
89
97
97

diff

+61
+33
+28
+35
+63
+57
+92

Living Grass + Residue (%)

Pre
Compost
39
34
74
63
40
55
31

End of
Experiment
98
91
100
100
99
99
98

diff

+60
+57
+26
+36
+60
+44
+67

Grass overdatafrom both the greenhouse and field site wen@pared to specifications

set in MD SHA

will be granted after all operations have been completed, and when the seedlings of turfgrass

705

Turfgrass

Est abl

shment

species have grown at least 4 in. tall, exhibit dark green color, and are least 95 percent

gr ound®bQT&SHA2020) Rainfall depth to 95% cover was used to directly compare

between the greenhouse and field sisasce rainfall patterns differed between experiments

(Figure2-14). Images of field sites after vegetative establishment are also included in the

Appendix.For both the greenhouse and fi€d8% vegetative cover was achieweithin the first

3 months and ainfall depths were similar for all experiments with the exception of ther2.5

(1-in) depthgreenhousenesocosm and the 2x drainage area ratio meso¢asrthe shallower

compost depth (2:bm (Zin)), vegetation that had already been established betiheatiompost

layer more quickly emerged through the compost than for the other mesocosoms (2.8)),
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producing 95% cover more quicklyhe 2x drainage area ratio mesocastperiencec 10
cm/hr (4in/hr) intensity stormevent appliedefore full vegettion establishmenivhich resulted

in erosion of composinddelayedfull vegetative establishment.

N
o

[EEN
o1

Rainfall (inches)
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: ]
1" 3"

8:1 1 3:1 2:1 6:1 31
Slope Slope Slope Slope depth depth DA DA
20
T 15
S
£ 8.66 8.66 778
= 10
T
i<
‘S
x 5
0

1" depth 2" depth 4" depth
Figure 2-14: Rainfall Applied Until Vegetative Establishment for Field and Greenhouse.

a) greenhouse mesocosms; b) field observational blanket: comparison of three sections with
differing compost depths.
Improved vegetative cover can increase resistance to rainfall impact, improve infiltration,
and slow flows through increased roughn@gsood et al. 2006; Pan and Shangguan 200i6¢

improvement of vegetative growlly compost treatmentahich occurred over the first three

months therefore likely contributed significantly to improved hydraulic performance in VCB
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systems. The results from this study mirror those for VCBs as erositmolocmeasures, which

have shown them to be successfuaume retention, dissipation of rainfall impact, soil

structure improvement, and improvement of vegetative gr¢hAtsHTO 2010; Bakr et al.

2012; Bhatteai et al. 2011; Faucette 2008; Faucette and Risse 2002; Faucette et al. 2007, 2009a;

Fay et al. 2012; Mukhtar 2005)

Conclusions

Two field-scale VCBs experiencing real precipitation events were monitored over the course of
2.25 years at highway median to evaluate their hydraulic and hydrologic performance as

SCMs. Performance was evaluated as a combined system of a VCB overlaying the preexisting
VES. Differing lengths from edgef-pavement were evaluated to assess the influence of flow

pah and potential storage volume with both discharge flows (hydrographs) and total event
volumes being used in their evaluation. A range of greenhouse mesocosm studies were used to
supplement field data through volume storage comparisons as well as evaloati

compost/soil hydraulic properties.

Due to highly compacted subsoils, infiltration was not a significant removal pathway for
stormwater volumes, with storage being the main stormwater removal pathway. VCB application
improved the hydraulic propertie$ VFS soil but did not have a significant impact on the highly
compacted subsoils over the period of study (2.25 years). VCBs were found to improve site
hydrology in comparison to highway runoff alone for both runoff flows and volumes. A large
portion ofsmaller storm events (61%) were completely captured, and significant volume
reductions were found for many larger storm events, resulting in 44% and 55% total volume

removal over the full study period for thexBand 6m VCBSs, respectively. VCBs were showo
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mainly function as storage for small storms, at the beginning of larger storms, and between high
intensity peaks of rainfall. At the highest flowrates and after saturation was reached, however,
both VCB lengths were forced to mainly conveyance.

Eventhydrographs were improved by VCB treatments, with evaluation of peak flows,
time to peak, and event duration obtained from event hydrographs showing reductions of 39%
and 43%, increases of 94% and 97%, and decreases of 10% and 9% for #mel $m
systens, respectively, in comparison to highway runoff based on the median-mh&3B had
a much improved performance over thm3/CB for both high flows and for overall flow
reduction compared to the highway runoff, however both systems were unableuatattbe
highest flowsComparisons of specific discharges (in mm/day) using observed VCB discharge
flows from this study to drainage areas and forested streams from previous studies indicated a
closer return to predevelopment performance for smaller dl@sy however little reduction was
found for the largest observed flows. In most cases, the VCB/VFS system would be considered a
pretreatment likely to be uphill of a highway swale system. In this case many smaller storm
events could be mitigated by th&€B/VFS alone while for larger storms significant reductions
in flows and stormwater discharge volumes could be attained before discharge to the swale
system for further treatment. However, for some events of high intensity and/or high antecedent
moisture ontent, VCBs may have little to no effect, relying on downstream systems to mitigate
stormwater impacts.

Because infiltration was found to be negligible, the most appropriate description of
VCB/VFS volume retention performance was found to be a heskey/fit, where a
representative average storage capacity is reached, after which no additional storage is provided

by the system. For use of this method for design purposes, representative average storage
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capacity can be estimated using estimated or measakhges for saturated moisture content (Sat
MC) and wilting point moisture content (WP MC) for both the VCB and VFS |ayere
estimates of these parameters are widely available. Because curve numbers are often used in
design guidelines, a CN of 84 westimated for a VCB overlaying a VFS, which should provide
a fair estimate of hydrologic performance if needed but is not considered the best representation
of VCB functionality.

Greenhouse experiments used to evaluate a range of site characteristangsstatived
that volume retention was not significantly changed with over a slope range of 20:1 to 2:1.
Volume retention by a thinner VCB layer (ZB vs 7.6cm) was not found to be significantly
different, indicating that not all available VCB storage Wwamg utilized and significantly
greater storage observed for a higher drainage area variation (6:1 vs 3:1) indicated that higher
flowrates resulted in greater storage, but also higher net stormwater volume discharge. These
observations highlighted a patel inefficiency in VCB implementation; since VCBs were
applied above grade over the existing VFS, greater flowrates may be required to increase the
highway runoff flow wetting front with the VCB layer. Greater drainage area ratios are not
recommended aduto the higher net discharge, but future designs may consider addressing the
potential for increased storage capacity.

It is important to note that compost has been shown to release large amounts of nutrients
immediately after application (see Chaptem3aking water quality performance of VCBs
critical in decisioamaking. Overall performance evaluation and recommendations given here
were considered through evaluation of hydrologic performance alone. Both hydrologic and

pollutant removal improvements amportant goals for SCMs, and further research on overall
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water quality performance of VCBs will be essential to making appropriate design and

implementation recommendations.
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Abstract

Urban stormwater poses seriouskd to human and environmental health, including
eutrophication caused by nutrient pollution and risk of toxicity to the aquatic environment caused
by heavy metals. In an effort to improve the performance of existing highway Vegetated Filter
Strips (VFS)which have limited performance in terms of volume reduction and pollutant
removal, amendment of VFS with a Vegetated Compost Blanket (VCB), a layer of seeded
compost placed on an established slope, has been proposed. Compost may improve water quality
through increased volume retention through its high water holding capacity as well as
immobilization of contaminants via its organic matter content. However, excess nutrient and
heavy metal leaching may occur after application, which risks net beneficialpanice. This
research attempts to evaluate a novel VCB/VFS system primarily for water quality performance
as a Stormwater Control Measure (SCM).

A largescale field study of a-Bh and 6m VCB as well as a greenhouse mesocosm study
utilizing a synthetic stanwater were conducted and concentrations of Total Suspended Solids
(TSS), Nitrate + Nitrite (NOx), Total Kjeldahl Nitrogen (TKN), Total Nitrogen (TN), Total

Phosphorus (TP), filtered and total Copper, and total Zinc were analyzed. Exceedance
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probability aswell as calculated mass removals were used to evaluate VCB performance and
concentrations were also compared to water quality criteria to quantify potential downstream
effects. Speciation of nitrogen was used to evaluate nitrogen movement and partitioning
copper was used to evaluate heavy metal transport pathways.

Thirty-threerepresentative field storm events, assesyegtason and storm event size
and duration, were sampled for water quality from the field site over a period of 2.25 years.
Influent concentrations were much lower than expected, potentially due to biasing to larger storm
events which produced outflowas well as decreased pollutant loading caused by lower traffic
volumes during the COVIEL9 pandemic. Significant TSS removal was observed in both the
field and greenhouse studies, with effluent TSS likely originating from the media itself rather
than remainingnfluent particles, as evidenced by differences in metals partitioning between the
influent and effluent. A large intensity (102 mm/hr (4 in/hr)) storm event in the greenhouse
resulting in erosion prior to vegetative establishment supports use of amnerostrol matting
for VCB installation. Particulate metals were largely removed, while the initial compost copper
content was likely influential in observations of dissolved copper leaching in the field
experiment, which was not observed in the greenhdtighly elevated concentrations of
nutrients (as high as 100 mg/L TN and 12 mg/L TP) were observed in the effluent of both field
and greenhouse experiments, resulting in net nutrient leaching. Despite positive performance
benefits for particulate polluthnemoval and associated heavy metals from influent stormwater,
compost nutrient leaching (and possibly copper) risks causing a net detriment to downstream
water bodies, and compost composition and nutrient/metals release potential should be

considered cafully before widespread implementation.
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Introduction

During storm events, rain washes with it an array of pollutants from impervious surfaces,
resulting in ahighly variable and complestormwater solution. This resulting urban stormwater
runoff has becomthe focus ofntemational efforts to reduce pollutant loading from urban areas
to the surrounding environmem the U.Sthrough the National Pollutant Discharge
Elimination System (NPDESUS EPA 2015h)This challenge has precipitated the use of novel
green infrastructure systems called Stormwater Control Measures (SCMs), which are designed to
reduce ®rmwater runoff volumes and decrease pollutant loadings, and are increasingly being
utilized across the U.$National Research Council 2009) the U.S. State Departments of
Transportation (DOTSre faced with botincreasingly stringent environmental regulatiéms
transportation infrastructugswell assustainability objectivethat include the use of
recycled/repurposed materials. In addressing both of these challenges, the use of a novel SCM
has been proposed, a Vegetated Compost Blanket (VCB), which would be used as an affordable,
sustainablenodification to an existing highway SCM, a Vegetated Filter Strip (VFS).

A VCB is alayer of compost loosely applied to an existing slafieéBs havebeen used
previouslyfor erosion contro{fAASHTO 2010; US EPA 2012and has beerhewn to
successfully increassmlume retentioninfiltration, and vegetative growtfAASHTO 2010; Bakr
et al. 2012; Bhattarai et al. 2011; Faucette 2008; Faucette and Risse 2002; Faucette et al. 2007,
2009Db; Fay et al. 2012; Mukhtar 200B) addition, compost has a large organic matter content,
which may provide binding sigefor certain pollutantdJSCC 2001a)These benefits may
improve on current highway VFS treatments, which reewvn limitedperformance both

hydrologically(Davis et al. 2012agnd for water qualityBarrett et al. 1998; BlaneGanqui et

65



al. 2004; Boger et al. 2018; Deletic and Fletcher 2006; Knight et al. 2013; Magette et al. 1989;
Stagge et al. 2012)

Particulates, nutrients, and heavy metals are all contaminants of concern which can be
transported to critical waterbodie®ifn urban and highway areas as4p@int source pollution.
Nutrients (nitrogen (N) and phosphorus (P)), while necessary to life in small amounts, in excess
have threatened ecosystems by causing eutrophication, a phenomenon which leads to algal
blooms(Carpenter et al. 1998; Conley et al. 2009; Harper 204jvy netals are introduced to
urban environments througiehicle wear and atmospheric depositiBravis et al. 2001)and
are harmful to humans and aquatic ecosystems due to toxicityicaatumudtion (Ma et al.

2016; Zeitoun and Mehana 201PRhrticulate matter negatively affects aquatic ecosystems by

blocking light but can also be a major source of nutrients and heavy metals, which dan sorb

the particle surface. Heavy metals in particala often affiliated with the particulate phase of
stormwatef Br own and Peake 2,Gtdéqgrendyalwkpariiculates shauld. 2 0 1 ¢
be important in asessment of metals removal.

One major challenge in the use of VCBs for improvement of stormwater quality is the
potential for contaminants leaching from the compost itself. Compost is a nuiclent
microbially active material, which may leach large concentrations of N and P iatelgdifter
application, slowly decreasing over time, as has Ipeeviously reportedAhmad et al. 2008;

Brown et al. 2016; Butler and Coale 2005; Confesor Jr et al. 2009; Dietz 2007; Eghball 2003;
Hurley et & 2017; Igbal et al. 2015; Li et al. 2011; Mullane et al. 2015; Reed et al..20008¢
SCMs containingompost have shown to be effective for metals remibwaligh positively
charged metals attaching to negatively charged organic rfaéelsaen et al. 20Q©ompost

also contains heavy metateluding Cu and ZifFinney et al. 2010; Khan et al. 2009; Lim et al.
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2015) which are essential elements for plant life and so present in compost feedstocks as well as
the resulting compost, amday be released witie dissolution of organic matteBpecifically,
copperleachinghas been observed previously in studieBiofetention mediaontaining
compost(Colton et al. 2014; Herrera Environmental Consultants, Inc. 2015; Mullane et al.
2015)

VCBs may offer improved water quality through increased stormwater retention,
resulting in corresponding pollutant removal and as well as sipefifiow velocities and
increased roughness caused by denser vegetation which can increase settling of particulate
matter. When considering the overall performance of a VCB, both the VCB and underlying VFS
layers should be considered. In the VCB layanaeal of smaller particles through filtration as
well as adsorption of heavy metals and nutrients to the organic fraction of the compost may be
influential. However, leaching of nutrients and possibly metals is also likely. In the VFS layer,
soil mayremowe metals through adsorptionttee organic mattefractionor iron and aluminum
oxides(Davis et al. 2010)There is also potential for the VFS layer to adsorb the soluble,
inorganic nutrient specigblH4*, PQi-P) (Gérard 2016; Li and Davis 2014; Zhang et al. 2001)
In both layers, microbiological transformations and plant uptake of nutrients and metals also play
a role in transport and fates, especially since compost is hightglmady active.

The goal of this study is to evaluate the performance of VCBs as an amendment to
existing VFSs on highway systems for improvement of stormwater quality. At adeatgefield
site, 33 storm events were collected over 2.25 years, anthighsize greenhouse experiment 19
synthetic storm events were conducted between two sets of experiments for assessment of water
quality performance. Total Suspended Solids (TSS), nitrite + nitratg) (N@al Kjeldahl

Nitrogen(TKN), Total Phosphorus (T)Ptotal and filtered copper, and total zinc were collected
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on a storm event basis as Event Mean Concentrations (EMC) and used to assess the overall
performance of the VCB/VFS system. Additionally, assessment of VCB/VFS system
performance under varying sitslope, drainage area ratio) and design (VCB depth, VCB length)

conditions was completed through comparison of field and greenhouse data.

Materials and Methods

Field Site Description

A largescale field study was conducted on a median on the eastbolenaof $1aryland Route

32 in Howard County, MD as described previously (Chapter 2). The site includes two VCBs
directly adjacent to edge of pavemdmith7.6-cm (3in) deep and0.5m (1006t) along the
highway Widths differed with one VCB at-B (10ft) wide perpendicular to the highway and

the other6-m (20-t) wide perpendicular to the highway, both receiving runoff as sheet flow from
the eastbound twtane highway. Additionally, 80.5m (100t) section ofa preexisting

concrete channel was used to monitor influent highway stormwater runoff.

Field Sampling

Rainfall and flow data were collected using ISCO 6712 autosamplers as described previously
(Chapter 2). Autosamplers were programmed to collectil@mghted composite samples, and
therefore the collected sample concentrations can be considered Event Mean Concentrations
(EMCs). Only rainfallevens large enough to produce effluent runoff from the VO&se

sampled for water qualitgnalysis &pproximately>0.25in), thereforebiasof the dataset to

larger storm eventsas necessaryrior to sample collection, field site maintenance was

conducted, including cleaning collection pipes and the highway runoff channel, calibrating flow
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meters, and connectingeeln collection bottlePue to equipment installation and

troubleshooting immediately after installation on February 27, 2022, data collection was delayed
by 21 days, during which time 12cm (5in) of rainfall was not monitored, as estimated by a
nearbyrain gauge. After collection, samples were prepared and transferred immediately to the
Washington Suburban Sanitary Commission (WSSC, Silver Spring, MD) EPA Certified

Laboratory for analysis.

Greenhouse Experiments

Both simulated rainfall and runoff weapplied to two sets of mesocosm experiments (Studies 1

and 2) with a range of design variations, as described previously (Chapter 2). Mesocosms were
0.45m wide by 1.8m long (1.5ft by 6-ft), so results can be compared to field results by length

(3-m and6-m (10t and 20ft) length in field). Synthetic stormwater run@ifulaing real field
stormwater runoffvas made by mixing pr&eighed chemicals into a measured volume of tap

water, whichwas dechlorinated using sodium bisulfite. The chemical maketimpsofynthetic
stormwater recipe includes target contaminants TSS, nutrients, and heavy metals and background
constituents and isased on national studies on runoff characteriaBosell asighway runoff
concentration datareviouslyobtained from thdield site(Collins et al. 2010; Liu and Davis

2014; Stagge et al. 201Fynthetic stormwater composition is showable3-1.
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Table3-1: Chemical Composition of Synthetic Stormwater Usgdreenhouse Experiments.

Constituent Value Source
pH* 7.0 HCIl or NaOH
Organic Carbon/COD  ~10 mg/L COD Aldrich Humic Acic
40 mg/L as CaGC

Hardness* 15 mg/L as Ga CadG
Dissolved Solids* 80 mg/L CaCl
Suspended Solids 100 mg/L Local sievedoll

Inorganic Nitrogen: NG: 1 mg/L as N NaNQ

Organic N 2mg/L as N Glycine

Phosphorus 0.5mg/LasP NaHPQ

Copper 0.06 mg/L Cud
Zinc 0.5 mg/L ZnCl
Lead 0.04 mg/L PbC{

* Already present in tap water

Synthetic stormwater was mixed irf6@0-L polypropylene tankvith a Ryobi drill fitted
with a stainlesssteel pitched blade impeller rotated at 580 RRMample was collected from

the influent tank after mixing/ell to obtain a representative inflow composite sample. All

mesocosm effluent from either the VFS or VCB layer was collected in a single container so that

the total volume could be measured. After mixing well, a sample was taken from each effluent

contaner. Because of this, influent and effluent samples from mesocosm experiments can be

considered EMCs. After collectiogreenhouseamples were also prepared and transferred
immediately to WSSC through the same method.

Samples collected from the greenhoagperiment were either collected from the VCB

layer (passing through compost only) or from the VFS layer (passing through compost and soil

layers). Summary performance for Studies 1 and 2 in the greenhouse were separated because the

first three storm eves for Study 1 were not sent for water quality analysis. Results for

greenhouse Studies 1 and 2 are summarized Tiabde3-4 andTable3-6), with detailed EMC
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and mass performance tables included in the AppeXdR effluentdata was not able to be

statistically evaluated for each mesocosm due to the small number of observations.

Water Quality Methods and Data Analysis

New plastic bottles were used for every sample collection, with preservation for metals analysis
done with tace metal grade nitric acid and filtration for filtered (dissolved) metals done with a
0.22um filter. After preparation, samples were immediately transported and submitted along
with a DI water sample as a field blank with a chafirtustody form to a fegerator at the

WSSC. WSSC laboratory chemical analyses methods are shdwablagB-2.

Table3-2: WSSO aboratory Methods.

Preservation Detection
Analytical Parameter Method # Equipment . Limit
Requirements
(mg/L)
Total Suspended Solid ~ SM 2540 D Metlor /226C M 1
Balance
H,SQ to pH <2,
Total Phosphorus EPA 365.1 FIA | 228C K 0.2
Total
Kjeldahl HSQ to pH <2,
Nitrogen EPA 351.2 FIA | 228C K 0.5
Total
. (TKN)
Nitrogen .
Nitrate + H.SQ to pH <2
Nitrite EPA 353.2 FIA S 2pr W 02
(NG)
Total Copper EPA 200.8 Rev 5. ICRMS HNQ to pH <2 0.005
Filtered Copper* EPA 200.8 Rev 5. ICRMS HNQ to pH <2 0.005
Total Zinc EPA 200.8 Rev5.| ICRMS HNQ to pH <2 0.005

*Vacuum filtered with a 0.22 um filter
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Data Handling and Statistical Analysis

All displayed concentration data for nitrogen is as equivalents of N-INOKN-N).
Exceedance probability plots for comparisons of concentration data were created by ranking data

in descending order, with probability of exceedance for each datapoint calculated as:

Equation3-1

‘Q |
t p ¢
where i is rank and is the total number of observations, with a value of 3/8 used for alpha for a
normal distribution, as has been used previo(3avis 2007) Comparison of EMC data to
water quality criteria wagsed to assess effectiveness ofsystem to protect downstream water
guality. Concentrations for zinc were compared to criteria found in the US EPA National
Recommended Water Quality Criteria (Aquatic Life Talfl¢$ EPA 205a) TN and TP
concentrations were compared to Region I X (co
Ecoregional Nutrient Criteria for Rivers and StredldS EPA 2013)TSS and copper
concentrations were compared to water quality criteria outlin®duis and McCuefDavis and

McCuen 2005a; b)lo calculate mass removal, the mass of pollutant (M) in the inflow and

outflow for each storm event was calculated as:

Equation3-2

b 2008
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where EMC is the event mean concentration (mg/L) and V is the volum&/éighted removal
was calculated as the total pollutant percent removal (or release if negative) over the time period

of the full expeiment. It is calculated as:

Equation3-3

O'QMOOV0E ¢ VR pmBO O TBD

where Mn and Mout are the total pollutant mass in and out for each event, as calculated by
Equation3-2. Any values below the detection limit wereated by replacement wittalf the

detection limit, as recommended by USER/SEPA 2000) St u -test wds dsed td make
statistical comparisons based on mean and evaluated at a 5% significance level, though values of
p are given as welKendall Tau test was used to detect statistically significant time series trends

at a 5% significance level.
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Results andDiscussion

Water Quality Sampling Collection Characteristics

A monthlysummary of all storm events sampled for water qualigh@wvn inFigure3-1B. Also
included is a timeseries bar chart displaying the total rainfall resulting in VCB effluent (and
therefore potentially large enough for datdlection) for each month compared to the rainfall
depth of collected storm eventadure3-1A). Gaps in datalue to drought and COVH29

lockdown restrictions aredicated. In addition, during winter months, freezing conditions at
times necessitated pausing collection due to potential equipment damage, so less events were
sampled in those months (DEeb). Of the 33 water quality evengpring(Mar-May)

constituted the mogii2 events)followed bysummer(JunAug) (10 events)thenfall (Sept

Nov) (8 eventsihnd finally winter (3 events). Sampleliection is approximately representative

of precipitation in that spring rainfall constituted 32¥%rainfall and 36% of sampled events;

summer: 34% and 30%, fall: 20% and 24%, and winter: 14% and 9%.
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Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
B
Year Month # Observed # Tested _Observed _ Tested % of _Total
Events Events Rainfall (mm) Rainfall (mm) Rainfall
April 4 2 37 25 57%
May 10 3 143 72 49%
June 5 2 51 11 17%
July 3 1 34 8 17%
2019 August 4 0* 60 0 0%
September 0 0* 0 0 0%
October 4 4 105 105 99%
November 1 1 17 17 94%
December 5 2 65 30 36%
January 4 0 53 0 0%
February 3 1 30 19 41%
March 6 2 56 26 42%
April 5 0** 119 0 0%
May 4 0** 26 0 0%
June 5 2 100 34 30%
2020 July 4 1 54 13 19%
August 9 3 185 104 54%
September 5 1 106 37 33%
October 2 1 85 34 36%
November 2 1 66 56 80%
December 1 0 23 0 0%
January 0 0 0 0 0%
February 2 0 62 0 0%
March 4 2 79 37 35%
2021 April 6 2 45 36 7%
May 4 1 65 7 10%
June 6 1 119 38 31%
Total: 108 33 1787 709 40%

Drought ** Testing suspended due to coronavirus restrictions

Figure 3-1: Rainfall Occurrence and Water Quality Testing Totals.
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Storms were also representative of the range of rainfall events observed at the field site
over the study periodVhen plotted as a range of rainfdépths and duration&igure3-2A), the
rainfall-duration distribution for sampled storm events is similar to that of the full dataset (for
storms producing VCB outiv), discussed in Chapter 2. When comparing distributions of
precipitation Figure3-2B) and durationKigure3-2C), the sampled dataset has a slightly higher
mean precipitation (21-61m (0.85in) sampled, 16-5m (0.65in) full) and duration (11.8 hr
sampled, 8.4 hr full) than the full dataset. This is likely because samplingiasesl towards
storm events which would produce enough outflow from VCB systems to obtain a representative
sample Although collection prioritizedevents producing runoff from botHCB systemsnot all
samples were collectddr all 33 storm eventdue to equipment errgreesulting in different size
datasets for theighway runoffdata (n = 28)3-m outflow data (n = 27), ané-m outflow data (n

= 27).
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Figure 3-2: Water Quality Event RainfaDuration Distribution Compared to Full Dataset.

Runoff Characteristics
Highway stormwater runoff concentrations are expected to be highly vaifateuru et al. 221
Pitt et al. 2018nd dependent on factors such as rainfall depth, storm intensity, antecedent dry
period, drainage area, land use, and Annual Average Daily Traffic (Adahanian et al. 2007,
Lee et al. 2011; Li and Barrett 200&ctual highway stormwater runoff was collected at the
highway ruoff collection channel, while a synthetic stormwater was used in greenhouse
experimentsKigure3-3). The synthetic stormwater used in the greenhexperiments matched

well to the intended target values (some variation was expected as the base solution used was tap

77



water). Field concentrations, however, were much lower than expected over tiye @28ction

period in comparison to the previousleasured data from 2013tagge et al. 2012There are

two likely reasons for this discrepancy. First, concentrations observed in the highway stormwater
runoff may trend lower due to dilution of contaminants by larger storm event volumes. In order to
collect highway runoff and effluent from both VCB systems, selectionatémguality sampling
events required a bias toward larger storm events, with storms aboven@.8h25in) selected

as targets, and a resulting mean precipitation of-2itrb(0.85in) for all collected water quality
events. Second, the study period sphApril 2019June 2021, during which the COWD®
pandemic hit, resulting in lower traffic volumes and potentially adstucedpollutant loadings.
COVID-19 restrictions began in March 2020 in Marylarekulting in 11 months of the 27 total

in the prepandemic period and 16 in the pgstndemic period.
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TSY NO-N TKNN TP Cu Zn
(mg/L) (mg/L) (mg/L)| (mg/L)| (mg/L)| (mg/L)
Field Inflow| mean| 16.5 0.159 0.627 | 0.104| 0.0149| 0.1454
(n=31) stdev| 256 0.1% 0.790 | 0.106| 0.0165| 0.1652
Greenhouseg mean 121 3.3868 4.6055| 0.5951| 0.1172| 0.4124
Infl
(nc1g) Sidev| 426 0.4506|  0.3432| 0.0344| 0.0208 0.1511
Synthetic tarcet
Stormwater 9 100 2 4 05| 0.06 0.5
mean

*(From Stagge et al. 2012)

Figure 3-3: Comparison of Greenhouse and Field Stormwater Influent Concentrations.
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On highways, entaminantsncluding TSSand heavy metals are expected to originate
primarily from vehicles and pavement wé¢Bavis et al. 2001; Minnesota Stormwater Manual
contributors 2021)Unexpectedly low pollutant concentraticer® therefore likely in padue to
lower traffic volumes experienced during the COVIB pandemiperiod which were reduced
by as much as 50% in the state of Maryland at the height of the pandemic and did not reach pre
pandemic levels until July 20ZMDOT 2021) This is corroborated bfnnual Average Daily
Traffic (AADT) data for a selection of Mgland highways showing approximately 50%
reduction at the beginning of the pande(@®&&K 2020). The 2019 AADT (average annual
daily traffic) for MD Rt. 32 was 77,881 in 2019 as per mapping provided by the Maryland
Department of Transportation State Highway Administration (MD DOT Siaja Services
Divisionds Traffi c Mo,andtsmcouldrbgestitngtedtae3® 940 forie) 2 0
early portion of the pandamperiod. AADT was shown to have a significant effect on
constituent concentrations when other effects (antecedent dry period, rainfall depth, rainfall
intensity, land use etc.) were also accountedKayhanian et al. 2003, 20Q7h order to
address the lower input concentrations, expected highway pollutant concentrations were included
in plots and tables facomparison, and discussion includes contextualization for both the

observed and expected input values.
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Table3-3: Summary EMC Statistics for Fiekperiments.
a) highway runoff statistics; b)-8n and 6m VCB statistics;xpected highway mass loading was calculated using mean
concentrations expected in stormwater runoff; this comparison was made because field observed concentration were nhach lower t
expected

(@)

Highway Runoff (n = 28)
o Expected Measured . Criteria
Criteria Mgan* Mean(Range) Median Exceed.
Parameter mg/L mg/L mg/L mg/L %
TSS 25° 100 26 (4.3126) 134 25
NG 0.2 2 0.19 (0.10.614) 0.1 39
TKN 0.49 4 0.77(0.253.79) 0.677 75
TN 0.69 6 0.98 (0.354.34) 0.856 61
TP 0.0356% 0.5 0.11 (0.10.272) 0.1 100
po/L po/L po/L po/L %
Total Cu 13 60 16 (6.936.1) 14.7 61
Filtered Cu - - 6 (2.514.5) 6.1 -
Filterable Cu - - 7.6 (2.527.8) 7.5 -
Total Zn 120 500 165 (69.5405) 128 61

* Approximate mean concentration from highway runoff collected at the same site previously (Stagge et al. 2012), and siymthetter
target

a From Davis and McCu@avis and McCuen 2005b; a)

b From US EPA National Recommended Water Quality Criteria Aquatic Life Criteria Table or Ecoregional Nutrient E(it&i&PALR013,
2015a)

c Estimated as difference between TN and ¢titeria
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(b)

3-m Effluent (n = 26)

6-m Effluent (n = 27)

Criteria Mean (Range) Median I(E:;Iéigz. Mean (Range) Median g('ézgz_
Parameter mg/L mg/L mg/L % mg/L mg/L %
TSS 25° 22 (10.957.6) 18.6 31 17 (#51.8) 13.7 15
NGO 0.2 4.4 (0.230) 0.809 65 10.2 (0.271.3) 1.3 78
TKN 0.49 15 (2.2949.1) 11.6 100 11 (2.138.9) 6.92 100
TN 0.62 20 (2.3960.4) 13 100 21 (2.295.8) 10.26 100
TP 0.03568 | 6.41 (2.0411.5) 6.44 100 2.91 (0.84%6.94) 2.78 100
po/L po/L po/L % po/L pg/L %
Total Cu 13 156 (31.7409) 141 100 78 (25.4141) 65 100
Filtered Cu - 154 (30.8396) 136 - 77 (22.5146) 63 -
Filterable Cu - 3.2 (2.525) 2.5 - 3.3 (2.58) 2.5 -
Total Zn 120 117 (33.8250) 112 42 50 (28.9140) 46 4

* Approximate mean concentration from highway runoff collected at the same site previously (Stagge et al. 2012), and stynthetter

target

a From Davis and McCu@davis and McCuen 2005b; a)

b From US EPA National Recommended Water Quality Criteria Aquatic Life Criteria Table or Ecoregional Nutrigab&itEsi& PA 2013,

2015a)

c Estimated as difference between TN ang éfieria
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Table3-4: Summary EMC Statistics for Greenhouse Experiments.
a) synthetic runoff statistics; b) greenhouse mesoddsgeffluenstatistics c) greenhouse mesocosm VCB effluent statistics

(@)

Synthetic Runoff (n = 19)

o . Criteria
Criteria Mean (Range) Median Exceed.
Parameter mg/L mg/L mg/L %
TSS 25 121(59-241) 111 100
NG 0.2 3.39 (2.584.17) 3.39 100
TKN 0.4 4.61 (3.85.39) 4.6 100
TN 0.69 7.99 (6.888.95) 8.1 100
TP 0.03563 | 0.60 (0.530.66) 0.6 100
po/L po/L pg/L %
Total Cu 13 117 (85175) 114 100
Filtered Cu - 101(50.8166) 95 -
Filterable Cu - 17 (2.542) 17 -
Total Zn 120 412 (70569) 461 89

* The first three storm events for Study 1 were not sent for water quality analysis.

** One storm event resulted in a large amount of compost erosion, resultimghireffluent concentrations from the VCB layer.

a From Davis and McCu@davis and McCuen 2005b; a)

b From US EPA National Recommended Water Quality Criteria Aquatic Life Criteria Table or Ecoregional Nutrient IE(itEBi&PAR 013,

2015a)

¢ Estimated as difference between TN and éfieria
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(b)

Study 1 VFS Effluent (n = 27)* Study 2 VFS Effluent (n = 29)
Criteria Mean (Range) Median I(E:;Lt:iga Mean (Range) Median I(E:;E(Zgg.

Parameter mg/L mg/L mg/L % mg/L mg/L %
TSS 25 25.9 (11.847.3) 25.3 56 28 (5.770) 23.2 43
NO 0.2 2.69 (1.973.37) 2.71 100 9.29 (1.8461.5) 3.19 100
TKN 0.49 5.98 (3.668.89) 5.88 100 13.86 (5.5649.6) 9.21 100
TN 0.69 8.67(5.8311.8) 8.18 100 23.15 (8.62111) 13.1 100
TP 0.0356% | 0.849 (0.406€lL.67) 0.814 100 1.30 (0.13.97) 1.09 100
po/L po/L pg/L % pg/L po/L %

Total Cu 13 27.6 (1636) 28.6 100 43 (12.278.3) 45.5 93

Filtered Cu - 25.8 (15.533.3) 27 - 45.1 (11.985.2) 45.6 -

Filterable Cu - 2.6 (2.55.4) 2.5 - 2.7 (2.54.5) 2.5
Total Zn 120 30.5 (14.753.8) 29.5 0 61.8 (1713.1) 55.2 7

* The first three storm events for Study 1 were not sent for water quality analysis.

** One stormevent resulted in a large amount of compost erosion, resulting in high effluent concentrations from the VCB layer.

a From Davis and McCu@davis and McCuen 2005b; a)

b From US EPA National Recommended Water Quality Criteria Aqtea@citeria Table or Ecoregional Nutrient Criteriad@h EPA 2013,
2015a)

c Estimated as difference between TN and ¢titeria
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(©)

Study 1VCB Effluent (n = 6)* Study 2 VCB Effluent** (n = 7)
Criteria Mean (Range) Median I(E:;Lt:iga Mean (Range) Median I(E:;E(Zgg.
Parameter mg/L mg/L mg/L % mg/L mg/L %
TSS 25° 38 (1462) 30 60 621 (22.52960) 140 71
NO, 0.2 1.99(1.392.79) 1.9 100 23.9 (0.72267.2) 14.1 100
TKN 0.49 5.36 (4.147.86) 4.85 100 30.9 (5.3463) 28.6 100
TN 0.69 7.36 (5.889.25) 7.36 100 54.7 (7.78130) 65.6 100
TP 0.0356% 1.31(0.732.41) 1.05 100 5.09 (19) 5.78 100
po/L po/L pg/L % pg/L po/L %
Total Cu 132 30.4 (22.443.6) 27.9 100 87.9 (26.1200) 85.2 100
Filtered Cu - 27.7 (20.240.2) 25 - 55.2 (26.383.6) 57.8 -
Filterable Cu - 2.9 (2.53.4) 2.9 - 34.1(2.5138) 4.3 -
Total Zn 120° 59.7 (28.2113) 48.3 0 335(63.91240) 168 57

* The first three storm events for Study 1 were not sent for water quality analysis.

** One storm event resulted in a large amount of compost erosion, resulting in high effluent concentrations from the/CB laye

a From Davis and McCu@davis and McCuen 2005b; a)

b From US EPA National Recommended Water Quality Criteria Aquatic Life Criteria Table or Ecoregional Nutrient IE(it&Bi&PAR 013,
2015a)

¢ Estimated as difference between TN and dtiteria
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Table3-5: Summary Mass Statistics for Field Experiments.
a) observed mass statistics for field experiments; b) estimated mass statistics accounting for total volume xpexteal;heaghway
mass loading was calculated using mean eotr@tions expected in stormwater runoff; this comparison was made because field

observed concentration were much lower than expected.

(a)
3-m Observed Volume 6-m Observed Volume
Removal =27% Removal = 38%
Highway 3-m Effluent Highway 6-m Effluent
Runoff (n = 21) Runoff (n = 24)
(n=21) (n=24)
Observed/ Observed Potential Observed/ Observed Potential
Parameter Expected g Removal Expected Expected g Removal Expected
g (%) Removal g (%) Removal
(%) (%)
TSS 4,131/27,670| 3,192 23 88 6,555/41,992 | 4,349 34 90
NO, 42.8/775 307 (-616) 60 59.4/1177 2,021 (-3304) (-72)
TKN 135/1,054 2,049 (-1418) (-94) 209/1600 1,869 (-796) (-17)
TN 178/1,829 2,356 (-1225) (-29) 268/2776 3,890 (-1352) (-40)
TP 22.9/136 1,023 (-4369) (-651) 34.7/207 630 (-1713) (-205)
Total Cu 3.25/26.8 27.9 (-757) (-4) 5.05/40.7 16.5 (-227) 59
Filtered Cu 1.33/23.2 27.5 (-1971) (-19) 1.87/35.2 15.9 (-750) 55
Filterable Cu| 1.88/3.87 0.882 53 77 3.14/5.88 1.13 64 81
Total Zn 33.9/94.4 19.7 42 79 52.8/143 10.5 80 93

86




(b)

3-m Total Volume
Removal = 44%

6-m Total Volume
Removal = 55%

3-m Effluent 6-m Effluent
(n=21) (n=24)
Total TotalPotential| Total Total Potential
Parameter | Removal Expected | Removal Expected
(%) Removal (%) (%) Removal (%)
TSS 53 93 54 93
NO« (-339) 75 (-2252) (-19)
TKN (-832) (-19) (-519) 19
TN (-713) 21 (-903) 3
TP (-2642) (-361) (-1153) (-111)
Total Cu (-426) 36 (-126) 72
Filtered Cu | (-1171) 27 (-487) 69
Filterable 71 36 75 87
Cu
Total Zn 64 87 86 95
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Table3-6: Summary Mass Statistics for Greenhouse Experiments.

Overall Volume Removal = 30%

Overall Volume Removal = 25%

Parameter Study 1 OUT* Mass Removal (%) (n = 31)* Study 2 OUT* MafRemoval (%) (n = 29)
Mass In (mg) Mass Out Weighted Mass In (mg) Mass Out Weighted
(mg) Removal (mg) Removal
TSS 180000 40000 78% 280000 58000 79%
NG 6018 4182 31% 12870 14392 (-12%)
TKN 7620 9448 (-24%) 10535 25374 (-141%)
TN 13668 13475 1% 17470 39765 (-128%)
TP 1020 1323 (-30%) 1360 2952 (-117%)
Total Cu 195 44 77% 280 90 68%
Filtered Cu 162 42 74% 265 92 65%
Filterable Cu 33 2.73 92% 25 5.37 79%
Total Zn 687 54 92% 1065 127 88%

*  Study 1 and 2 OUd the total mass for all mesocosm bokegach setup.
** The first three storm events were not sent for water quality analysis for Study 1.
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Total Suspended Solids (TSS)

Greenhouse experiments significantly reduced d@entrations from highway runoff through
assessment of effluent EMCs for both VFS and Study 1 VCB layers (p < 0.001 for all), while in
the field there was no statistical significance between influent and effllinlie(3-3 andTable

3-4). VCB effluent from Study 2 was not statistically evaluated, since a large intensity (10

cm/hr, 4in/hr) event conducted before full vegetative establishment caused significant erosion
and elevated effluent concentrations, preventing comparison. MeaergfEMCs were 25.3

mg/L for greenhouse Study 1 and 23.2 mg/L for Study 2, reduced from the synthetic stormwater
mean of 121 mg/L. At the field site, mean effluent EMCs were 22 mg/L forth&/€BS and

17 mg/L for the &n VCB, in comparison to 26 mg/L fabserved influent.

Particulate matter (as TSS) should be removed via pdittcéion duringstormwater
infiltration andpatrticle settlingduringsurfaceflow (Davis et al. 2010)Removal of TSS should
depemn highly on filtration at the beginning of the storm event in the form of a first {Dsletic
1998; Flint and Davis 2007; Lee et al. 20aRen could be dependent on both filtration and
settling through the laterapt of the storm event if surface flow occurs. When surface flow
occurs vegetation can have a major impact on particle removakagrass bladegsist flow
and increase channel roughngsood et al. 2006)which reducesldw velocity and increases
particle settlingFor the field dataset, the contribution of settling versus filtration cannot be
directly identified due to the low observed influent concentrations. In the greenhouse, effluent
collected from the VFS layer calibnly undergo filtration, while effluent collected from the

VCB layer may have experienced both filtration and settling through surface flow.
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Comparison of probability plot$-{gure3-4) for field and greenhouse show similar
effluent EMCs (field range ~60 mg/L and median ~15 mg/L, greenhouse rangé0-gg/L
and median ~24 mg/L) despite the disparity in median influent concentrations (13.4 mg/L field,
111 mg/L greenhouse), indicatingth significant removal of TSS, but also that effluent TSS is
likely originating mainly from the media itself rather than from remaining TSS in highway
runoff. Greenhouse effluent Figure3-4 was collected from the VFS layer, meaning it had
already infiltrated through both the compost and soil layers, further supporting this idea. Though
field performance evaluation was limited by mostly low influemceentrations, for influent TSS
concentrations greater than-30 mg/L Figure3-4), effluent concentrations for both the8
and 6m VCBs remained ler, indicating TSS removal. Median effluent TSS EMCs are all at or
below the criterion of 25 mg/L for excellent water quality in the Potomac River Haains and
McCuen 20053)with effluent EMCs exceeding this 15% of the sampled population forthe 3
field VCB, 11% for the @n field VCB, 4356% for greenhouse VFS effluent and @& for
greenhouse VCB effluenTéble3-3 andTable3-4). Lower percent exceedee of criteria of the
VFS effluent over VCB effluent indicates higher filtration as stormwater passes through both
layers. Lower percent exceedance shown by thresystem over the-81, and better
performance of both over the greenhouse experimentsn(leBgth), also indicates a better
performance with longer flow path. For all experiments (except for greenhouse VCB effluent,
which had a low number of observations), the majority of VCB discharges meet the TSS goal for
water quality and VCBs provide sidigant protection against export of particulate matter to
downstream waters.

Total weighted mass removals in the greenhouse experiment ranged 9%/ &uch

larger than the 280% total stormwater volume removal, indicating improved performance over
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volume retention aloneT@ble3-5 andTable3-6). However, field mass removals were found to
be only 23% and 34% (in comparison ta38P6 observed volume removal) for therBand 6m
VCBs, respectively, due to similarity in influent and effluent concentrations. In comparison to
100 mg/L for an expected influent mean EMC, field VCBs may potentially remove up to 88%
for the 3m field VCB, and 90% for the 6n field VCB, though this is only an estimate since it
was not directly measured. Accounting for the fraction of storm events which were fully
captured by the field VCBs (~17% of total volume for each) an estimate of ~93% total mass
removalis obtained for both VCBs. TSS reductions for VIeEs>75% for 8to 20-m (Knight et
al. 2013) 50-98% for 2.5to0 20-m (Gharabaghi et al. 2006§1% for7.6-m and 67% for 152
(Winston et al. 2011)and >85% for 16m (Han et al. 2005have beerobserved previously,
making VCB addition more effective than VFS alone in retaining TSS mass. In comparing to
these previous studies on VFS by length, VCB addition attained higher TSS mass retention using
a shorter flow path (~77% for 218, 88% fa 3-m, and 90% for 6n) than retention previously
seen for VFSs (~8 to 2@ results in similarly high removal§sharabaghi et al. 2006; Hat al.
2005; Knight et al. 2013; Winston et al. 2018lpw path length is a major factor in TSS
removal for VFS system&harabaghi et al. 2006; Yu et al. 2004jth length past the first 10
meters not having a significantimprovedperformancéBarrett et al. 1998; Gharabaghi et al.
2006; Han et al. 2005; Winston et al. 2017; Yu et al. 20@1his study, lengths past 3 meters
did not hae a significantly better performance, further indicating the increased efficiency
provided by the VCB layer to the VFS.

TSS export was observed for one storm event in the greenttagaes@-7). A 102
mm/hr (4 in/hr) event was conducted prior to full vegetative establishment 2&ftErysompost

application and seeding which resulted in significant erosion from two of the four mesocosm
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boxes. During this event, TSSlaent EMC values collected from the VCB layer (~28000

mg/L) were much higher than for the influent (mean = 121 mg/L) while storm events conducted
later in the experiment showed TSS removal in the VCB layer. No erosive events or significant
TSS exporivas observed at the field site, likely because an erosion control straw matting was
installed over the VCB. Protection of VCBs from high intensity storm events immediately after
installation should be important, and these types of erosion control mattingcammended to

avoid damage to the VCB and subsequent negative effects to downstream waterbodies.
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Figure 3-4: Field and Greenhouse Exceedance Probability for TSS, Totadr@ Total Zn.
A) field; B) greenhouse (VFS layer effluent only); detection limits are 1 mg/L for TSS,
0.005 mg/L for Cu, and 0.005 mg/L for Zn.
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Heavy Metals

Consistent removal of both the dissolved and particulate copper fraction was observed in the
greenlouse while copper leaching in the dissolved phase was observed in the field, likely in part
due to differences in compost copper conté&ab(e3-7) for each site (field compost had 3.44

times higher copper content). Comparison of total copper probability pigteé3-4) for field

and greenhouse experiments also demonstrate net export of copper for field VCBs and net
removal for greenhouse VCBs. Comparison of storm event EVi&tde 3-3 andTable3-4)

outline these differences in metals performance. The field effluentrasgian of 141 ug/L

(range ~32410 pg/L) for the 3m VCB and 65 pg/L (range ~2b40 ug/L) for the ém VCB

while the influent median is 14.7 pg/L, whereas the greenhouse has a median of ~35 pg/L (range
~12-80 pg/L) for VFS effluent and median of 27.9 ug/arige ~2244 ug/L) for the Study 1

VCB effluent, while the influent median is 114 pg/L. For field experiments, all effluent total
copper EMCs exceed water quality criterion of 13 p@avis and McCuen 2005byhile for

greenhouse experiments only ~80% exceed the criterion.

Table3-7: Compost Composition arfébtential Effect on Experiment Results.

Compost Experiment Effluent

Field GH Field Field 3m mean | Field 6m mean

Parameter| units Mean| Mean| compared | EMC compared EMC comparec
(n=3)] (n=3) to GH* to GH* to GH*
pH| -- 5.2 6.8 -24% a - - - -
C:N Ratig -- 10.9 13.2| -17% a = = = =
Total Carbon % 16.03| 32.86| -51% a - - - -
Total Nitrogen| % 1.469| 2.492| -41% - -15% - -10% -
Pl % 0.951| 0.273| +248% b +393% a +123% a
Cu| mg/kg 253 57| +344% a +263% a +81% a
Zn| mg/kg 451 173 | +161% a +89% a -18% -

* Compared to Study 2 in the greenhouse bec&tady 1 was missing data from the first 3 storm events
ap<0.001 bp<0.01
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Previous studies on compost blankets as erosion control measures focused on prevention
of metals mass release in comparison to bare slopes (topsoil only) rather tiedmernavals
(Chaganti and Crohn 2014; Glanville et al. 20@&udies evaluating compost for heavy metals
removal show varying results, with some observing modest (~30%) to high (>90%) metals
removal, including for copper and zif€inney et al. 2010; Khan et al. 2009; Lim et al. 2015;
Seelsaen et al. 200@nd others instead observing metaéching, with the most commonly
observed being coppéChahal et al. 2016; Colton et al. 2014; Mullane et al. 2015)

Metals transport is heavily influenced by partitioning as particulate phase metals are
expected to be removed concurrently with TSS through filtration and settling, while dissolved
metals are affected by a more complex array of chemical and physicaspesMetals, often
associated with the particulate phase instormwat®rj uki | et al . 2016; Han
al. 2020) should exprience removal through retention of the first flush through filtration as well
as settling and filtration if surface flows occur, the same as for TSS removal. In the dissolved
phase, free positively charged metals may be removed through attachmentit@lyegzarged
humic substanceds the VCB layer, as has been observed previouslZtoand ZnFinney et al.

2010; Khan et al. 2009; Lim et al. 2015; Seelsaen et al. 2d0Wever, heavy metals have been
shown to complex with Dissolved Organic Matter (DOM) in stormw@emuru et al. 2021)

making them more likely to remain in the aqueous phase and bypass potential removal pathways.
This could partially explain the disparity in metals removal results between compost studies
which used real stormwater rfifiin the field which saw ~30% removal for Cu and Emney

et al. 2010pnd those using a synthetic stormwater not containing DOM in a lab setting which

saw removals greatéhan ~85%Lim et al. 2015; Seelsaen et al. 200R)addition, because

compost contains heavy metals, concurrent release of metals with the dissolution of organic
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matter is also possible, or desorption may occur when influent copper concentrations are low.
Release of dissolved copper from compost in SCNslean observed previouglyolton et al.
2014; Mullane et al. 2015POM-complexed metals are less bioavailable than free metal ions,
however, total removal is still important since metal export in all forms (particulate, free ionic,
DOM-complexed) could still accumulate in the downstream environment and undergo further
transformation to more bioavailable, toxic forms. In the VFS layer, metals removal may also
occurthrough adsorption to organic matter or to minerals, especially iroalaminum oxides
(Davis et al. 201Q)however VISshave shown limited effectiveness for dissolved metals
removal(Boger et al. 2018)

Evaluation of copper partitioningrigure3-5 andFigure3-6) gives additional insight into
removal pathways. Particulate coppefigid influent made up ~55% of total copper based on
the mean, while in the greenhouse it was only ~10%. Both sites show removal of particulate
copper, with many effluent EMCs below the detection limit (0.005 mg/L) (represented as half the
detection limitin plots, 0.0025 mg/L). Release of dissolved copper occurred in field VCBs with
retention in greenhouse VCBs. This further supports the understanding that elevated effluent
concentrations observed at the field site are due to leaching of copper frormftastaself,
possibly in the form of DOMmetals complexes, as has been indicated previ¢Gsighal et al.
2016) Explanation for copper export at the field skeopposed to removal in the greenhouse
may come from compost compositioraple3-7). Compost used in the field experiment had
significantly greater qaper content (p < 0.001) by 344% than compost used in the greenhouse
experiment. This parallels a significant increase in mean effluent concentrations of 263% for the
3-m VCB and 81% for the-&n VCB over mean greenhouse effluent concentrations (p < 0.001

for both). Leaching may also have been exacerbated by low influent copper concentrations which
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encouraged desorption of copper attached to compost as well as a significantly lower pH (5.2
field, 6.8 greenhouse, p < 0.00T@aple3-7) in thefield compost which may have encouraged
higher copper release. Particulate copper measi¢3-5 andTable3-6) wasremoved at both

sites with mass reductions of ~82% for the greenhouse, 53% for fielsh3 and 64% for field

6-m (all higher than the observed volume removal) indicating effectivenpeaihce for

coincidental removal of heavy metals with TSS removal. The majority of leached effluent copper
at the field site was in the dissolved phdsgyre3-5). For dissolved copper, greenhouse

removal ranged from 585% while field export was observed-2t970% for the 3n VCB and-

750% for the 8n VCB. When using expected influent concentrations, dissolved copper leaching
for the 3m system dropt -19% and net removal of 55% occurs for them &ystem, however,

this scenario was not directly observed, and should only be considered an estimate.

The theory that effluent TSS is likely flushing from the media layers through infiltration
rather than eing bypassed as surface flow is also further supported by differences in field site
copper partitioning between the influent and effluent TS&ufe3-6). In addition to the
particulate fraction of copper being higher in the field influent than the effluent (~55% vs 10%),
the partitioning coefficient K(L/kg) was calculated for data above detection and shows
significantly higher values (p < 0.01 for both) for particles in the influent (mean = 6.52x104
L/kg) than effluent (mean = 1.86x103 L/kg foin8VCB and mean = 6x103 L/kg forré VCB).
Influent Kq values are within range of those observed previously for copper in stormwater runoff
(ManiquizRedillas and Kim 2014; Sansalone et al. 1996; Sansalone and BuchbergeiTh897)
differences in Kindicate that the particles entering the VCBs are physically different from those
exiting, strengthening evidence thatlirgnt particles are mostly or totally retained while

particles exiting the system are flushed from the media itself.
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For zinc, cosistent total removal was observed at both sites, though evaluation of
partitioning was not done. Mean EM(Cgable3-3 andTable3-4) were reduced from 412 pg/L
in the influent to ~3@0 pg/L in VFS effluent and ~48 pg/L in Study 1 VCB effluent for
greenhouse experimentsdareduced to 117 pg/L for field® and 50 pg/L for field n in
comparison to 165 ug/L for observed influent mean EMC. Additionally, probability plots for
total zinc Figure3-4) indicate that both field and greenhouse experiments experienced removal
of total zinc with field effluent having a range of ~380 pg/L and median of ~85 pg/L and an
influent median of 128 ug/L, and the greenhouse VFS efflobaving a range of ~155 pg/L
and median of ~45 pg/L and an influent median of 461 pg/L. The water quality criterion of 120

Mg/l (US EPA 2015a)yvas exceeded in the greenhouse experimetteen 67% of storm
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events for both VFS and VCB effluent, and in the field 42% for the&hd 4% for the-6n
system.

Unlike for dissolved copper, zinc export was not observed at the field site, despite a
significantly larger Zn content (161%6,< 0.0Q) in the field compostTable3-7). For total zinc,
both field and greenhouse showed significant mass remioiggder than the observed volume
removals Table3-5 andTable3-6) of ~8593% for greenhouse (Z80% volumeremoval), 42%
for field 3-m (27% volume removal), and 80% for fieleh® (38% volume removal), indicating
additional removal processes in addition to volume retention alone.-fihiged VCB had
increased retention of zinc over then3VCB, indicating better performance overall fdoager
flow path. Without partitioning data, specific removal processes cannot be determined. However,
previous research on stormwater characterization has shown that the majority of Zn in
stormwater was mainly in the particulate phase while Cu was miaitie dissolved phase
(Pamuru et al. 202 1yvhich could indicate that much of the removal could be coincidental with
TSS removals through settling and filtration. When comparing to the expected influent mass, a
potential 79% rass retention was estimated for the fieloh3/CB, and 93% for the field-6h

VCB, though these were not directly measured.
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Figure3-8 outlines significant pathways for heavy metals transport and removal in a
VCB/VFS system. Particulateound and dissolved forms of Cu and Zn enter the VCB/VFS in
highway runoff, with dissolve forms likely associated with DOM. As the storm begins, the first
flush of the particulate fraction is likely removed via filtration, with settling and filtration both
contributing to particulate metals removal when flowrates are high, causing surface flo
Dissolved metals pass through the VCB and VFS layers, with potential for some removal
through volume retention and via adsorptiothe VFS, though attachment to DOM may keep
metals in the dissolved phase. Cu leaching from compost has also beendybisetyeeleased

with the dissolution of organic matter, which may result in net Cu release from the VCB/VFS.
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Figure 3-8: Influential Processes Affecting TSS and Metals Movement in a VCB/VFS.
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Nutrients

In both experiments VCBs were observed to release, rather than remove, nutrients, as has been
observed previously for compost treatments, includi@gs (Curtiset al. 2009; Faucette et al.
2004, 2005, 2007; Glanville et al. 200BN concentrations were significantly increased (p <
0.01) from influent (0.98 mg/L) to effluent (27.3 mg/L fenBand 20.8 mg/L forn VCBSs) for
the field experiment based timee mean EMCs, as were TP concentrations (p < 0.001) from
influent (0.11 mg/L) to effluent (6.42 mg/L forr@ and 2.91 mg/L for-6n VCBSs). Evaluation of
greenhouse mean TN EMCs were found to be significantly higher (p < 0.01) for Study 2 VFS
(23.2 mg/L) ad VCB (54.7 mg/L) layers in comparison to the influent (7.99 mg/L), but not for
Study 1 (VFS mean EMC = 8.67 mg/L and VCB = 7.35 mg/L). This is likely because the first
three storm events were not sent for water quality analysis, missing the highest efflue
concentrations. For TP, greenhouse mean EMCs in effluent for VFS and VCB layers in both
studies (ranging from 0-B mg/L) were statistically significantly higher (p < 0.01 for all) than

the influent (0.60 mg/L).

Exceedance probability plotBigure3-9) show the magnitude and range of nutrient
release. TN effluent EMCs ranged from9@ mg/L with a median of @3 mg/L for the field
VCBs and from ~6111 mg/L with a nadian of 713 mg/L for greenhouse VFS effluent and
Study 1 VCB effluent. This is in contrast to median influent EMCs of 0.86 mg/L for the field and
8.1 mg/L for the greenhouse. For TP, effluent field EMCs ranged from12008g/L with a
median of 36 mg/L,while greenhouse EMCs ranged from ~@.fng/L with a median of 0-&
mg/L for VFS effluent and Study 1 VCB effluent; median influent EMCs were 0.1 mg/L for the
field and 0.6 mg/L for the greenhou3é and TP water quality criteria of 0.69 mg/L for TN and

0.03656 mg/L for TP from theS EPA National Recommended Water Quality Criteria
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Ecoregional NutrienCriteria for Rivers and StreanjdS EPA 2013Wwere both exceeded for all
storm events in both the field and greenhouse. For the largest effluent Ebtiil siteq~60-

130 mg/L for TN and 4.2 mg/L for TP) criteria were exceeded by two orders of magnitude for
TN and by almost three orders of magnitude for TP. Similarly high concentrations of N and P
have been observed previously for stormwater systeing asmpos{Chahal et al. 2016)

Large mass export of nitrogen and phosphorus were observed for both field and
greenhouse experiments, basednass comparisons iofluent and effluent at each sit€able
3-5andTable3-6). Greenhouse experimeritad net export 0f128% for TN while field VCB
had net TN export ofL,225% for the 3n VCB and-1,352% for the én VCB. For TP,
greenhouse VCBs had net export32% and field VCBs had net export-d{369% for the 3
m VCB and-1713% for the 6n VCB. Differences of an order of magnitude betwea®ghouse
and field percent release is in part due to differences in influent concentrations observed in the
field andgreenhouseHigure3-3). Whencomparing effluent EMCs to expected influent
concentrations, estimated TN removals drof28% and-40%, respectively, if comparing to
expected influent concentrations and estimated TP removals ci@pl¥h and205%, though
these were not directly measdrd N concentrations observed at the field and greenhouse were
not found to be significantly different from each other based on the mean EMC, while
significantly larger TP mean EMCs (393% fenBand 123% for 6n, p < 0.001 for both)
observed at the fielsite in comparison to the greenhouse may be partly due to higher
phosphorus content in compost used in the field experiment (field compost had 248% higher P

content than greenhouse compost, p < 0.04ble3-7).
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Figure 3-9: Field and Greenhouse Exceedance ProbabilityTidrand TP.

A) field; B) greenhouse (VFS layeffluent only); detection limits are 0.7 mg/L for TN (as

sum of NQand TKN DLs (0.2 and 0.5 mg/L)) and 0.2 mg/L for TP.
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Compost is primarily used as a fertilizer, beingudrientrich and microbiallyactive
humus material that shouptovide nutrient$o plants immediatelgfterapplication and through
a full growing seasoflUSCC 2001h)Mineralization of compost is expected to occur, releasing
theinorganic, soluble formof nutrientfammonium NH4") and orthophosphat®Qs-P)), with
high initial mass release thataleases over time. Because subsequansformation of Nk to
the oxidized forms of nitroge(nitrate(NOs’) and nitrite(NO)) through the microbially
mediated process of nitrificati@isooccus, nitrogen mineralization is often referred to as the
process by which organic forms of nitrogen are converted to theglaitable, inorganic forms,
including both ammonium (NH)) and nitite/nitrate (NG and NQ@). The rate of nmeralization
varieswith temperaturesoluble carbonmoisture content, anthe sitespecific microbial
community(Kraus et al. 2000; Strickland et al. 2009; Zaman and Chang ,20ik higher
temperatureand moisture contentgpically producinghigher mineralization rates.
Additionally, being araerobic processitrification shouldincreaseat low water contents

(Bouwman 1998)andsoNOy should increasehen water content is low.

As compost leachate passes through the VFS layer, this may offer some opportunity for
nutrient removal. Bioretention media mamove someammonium (NH") via adsorption, while
removal ofdissolved organic nitrogen (DON) and nitrate @y@re likely to benot significant
(Li and Davs 2014) POs-P is likely to be removed to some extanthe VFS since bioretention
media has been well documented to remove phosphorus through adggiptatimet al. 2007;
Komlos and Traver 2012; Li and Davis 2016; Liu 2014; Liu and Davis 2014; Yan et al. 2016,
2017, 2018)Additionally, uptale of the soluble, plaravailable speciedNOs, NH4*, andPQs-

P) by turfgrasses should be influential to some extent asSyaltific mechanisms in the VCB
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and VFS layers were not directly measured, but some discussion of potential transport factors

will be made, with more detailed exploration provided in Chapter 4.

The highest observed concentratibmsTN and THn both the field and greenhouse
occurred at the beginning of each experin{éigure3-10). TN concentrations at the field site
were found to have a significant declining trend, according to a Kendall Tau test (p < 0.001 for
both 3m and 6m VCBs), with no trend found for TP. Significant declining time series trends for
N and P were only founaf two mesocosms in the greenhouse experiment, but evaluations of
greenhouse trends were complicated by separation of VCB and VFS effluent and smaller
datasets (Study 1 n =7, Study 2 n = 9). Additionally, a low intensity storm &vemhf(hr, 0.08
in/hr) conducted at the beginning of Study 2 resulted in low effluent concentrations, likely due to
less runoff contact with the compost layer, which contributed to the challenge of assessing a true
time seriegrend. Decreasing concentrations of )NOKN, and TRn VCB effluent over time
can be observed irigure3-7, though statistical evaluation was not completed due to small

sample size.

In greenhouse experiments effluenncentrations of TN later in the experiment (after
~180 days)lecrease to the level of influent concentrations, while in the field this was not
observed, mainly due to lower than expected influent concentrations; however, net nitrogen
removal was nevercaieved at either site. TP concentrations observed at both the field and
greenhouse sites remained elevated above influent concentrations for the entire study period.
However, while greenhouse TP concentrations sometimes fall below influent concentrations
(Figure3-9), the same did not occur at the field site, which may be partially attributable to
differences in compost compositiohaple3-7), with larger P content in the field resulting in

larger release of P throughout the experiment.
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Figure 3-10: Timeseries of Nitrogen and Phosphorus EMCs in the Field and Greenhouse.
A) field site; B) greenhouse experiment; for greenhouse experiments one low intensity storm
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NOx had a larger range in EMCs (~F.1 mg/L) than did TKN (~50 mg/L) at the field
site as well as in the greenhouse (NOx rangé2-thg/L and TKN range ~B0 mg/L)(Table
3-3 andTable3-4), which is likely a result of changing moisture contents in the media over time.
Differences between NOx affidKN ranges at both sites can also be observed in exceedance
probability plots Figure3-11). The larger range of observed EMCs at the field siteikaly be
attributed to environmental conditions including larger fluctuations in temperature and moisture
content than were experienced in the greenhouse, since greenhouse temperatures were
maintained at ~22°C daytime teerpture 13°C nighttime temgratue and were watered
consistently on a Mon/Wed/Fri schedule. By mass, effluent NOx constituted 13% of TN for the
3-m field VCB, 52% of TN for the 6n VCB, and 40% of TN on average for the greenhouse
experiments. Evidence of higher nitrification with great@B/ength at the field site may be
due to differences in moisture content caused by differences in volume retention. It is possible
that because ther® VCB had a higher drainage area ratio than the\6CB (3.5:1 and 2.5:1,
respectively) (Chapter 2), maise contents could have been higher due to the higher ratio of
highway runoff volume entering the system, causing lower nitrification rates. However, this is
only one factor in assessment of the fate of nitrogen in VCB/VFS systems, which could be
affectedby other microbial processes, including volatilization. Additionally, some removal of
nitrogen in the VFS may have occurtbdough soil adsorption and plant uptakether
complicating explanations of nitrogen movement. Further discussion and analysigents in

the VCB/VFS system are detailed in Chapter 4.
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Figure3-12 shows the main transport processes affecting nutrient movement in a
VCB/VFS sysem. Some N and P enters the VFS/Mad®n highway runoff, (some of which
may be particulate bound though this was not assessed in this research). Between storm events,
organic forms of N in the VCB layer mineralize to NHand organic forms of P to R®, with
the degree of mineralization dependent on temperature and moisture content. Some DON and
DOP may also be released. Nitrification occurs during periods of low saturation, with microbial
transformation of Nk to NO;” and then to N@. During storm evets, the mineralized mass of
N and P is flushed from the VCB layer, with speciation of N dependent on moisture conditions
between storm events. Some removal ofyN&shd PQ-P shouldoccur in the VFS layer,
depending on soil propertiand the amount of vetative uptakeand some removal via volume
retention should occur as well. Overall, net N and P release from the VCB/VFS is expected

immediately after VCB installation and remain elevated af2ygars.
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Figure 3-12: Influential Processes Affecting N and P Movement in a VCB/VFS.
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Pollutant Loads

Comparisorof pollutant concentrationt® EPA aquatic criterigives meaningful insight into
instantaneous impacts on downstream wadbelies, however overall performance can be
evaluated through mass loada{@able3-8). Because observed influent stormwater
concentrations were uncharacteristicatiylin this study, highway stormwater I&asere also
estimated using expected concentrations for comparison. Expected mean influent concentrations
were obtained from a recent stormwater characterizatiady utilizingThe National

Stormwater Quality andhile Best Management Practices databé2asiuru et al. 202 1)vith

influent stormwater EMCs of: TSS = 104 mg/L, NOx = 0.70 mg/L, TKN = 1.91 mg/L, TN mean
= 2.08 mg/L, TP = 0.35 mg/L, total Cu = 0.0453 mg/L, filtered Cu = 0.0834&., and total Zn =
0.144 mg/L Expected highway loahre not directly comparable, since this was not a tested
scenario, but rather serve as a benchn@okaparison ofield mass loading ratefer both the 3

m and 6m VCBs to observed highway runoff loaslsownetreductions of TSS, particulate
copperand zinc, but net release of TN (both N&dd TKN), TP, and dissolved copper, echoing
results found through concentration data comparidbisspossible that reductions may have
been much greater had larger influent concentrations been observed. Additionally, expected
influent highway loads for TN and TP (47.4 kgijr for TN and 3.53 kg/élyr for TP) arethe

same magnitude A&CB effluent loadigs (3341 kg/alyr for TN and 714 kg/kalyr for TP).

This could indicate that the relativ®ntribution of nutrients by théCB may have beelower

had influent stormwater concentrations been high. However, these scenarios have not been

directly tested, ahspecific conclusions cannot be made for this comparison.
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Table3-8: Mass Loads for Field Experime@bntaminants

Field Experiment Mass Loading Rate

Observed Highway Expected Highway* 10 ft 20 ft
Parameter (kg/aclyr) (kg/aclyr) (kg/aclyr)  (kg/aclyr)
(n=28) (n=28) (n=21) (n=24)
TSS 84.1 716 44.6 46.1
NO 0.981 20.1 4.29 21.4
TKN 2.83 27.3 28.7 19.8
TN 3.81 47.4 33.0 41.3
TP 0.469 3.53 14.3 6.68
Total Cu 0.0685 0.695 0.390 0.175
DissolvedCu 0.0299 0.600 0.384 0.168
ParticulateCu 0.0375 0.100 0.0123 0.0120
Total Zn 0.690 2.44 0.276 0.112

*Expected highway mass loading was calculated using mean concentrations expected in stormwater
runoff; this comparison was madecause field observed concentration were much lower than expected.

Impact of Design Variations

Greenhouse experiment performance was summarized above, however some significant
variations were found for the tested variations (which included slopes, compost depths, and
drainage area ratios). Both EMC and mass data for greenhouse experiment mespatsnsva
can be found in the Appendix. Effluent from the VCB layer was not statistically evaluated by
variation due to the small sample size. F8S Cu (total, dissolved, and particulate), and Zn all
VES effluent concentrations were found to be stasilfisignificantly lower than influent
concentrations, based on the m@ar 0.001 for all)and in comparison to the standard design
(3:1 slope, 7.&m compost depth, 3:1 DA ratio), none of the design variationsfovenel to be
statistically significarly different, indicating thaslopes between 8:1 and 2:¥CB deptls

between 2..5£m and 7.6cm (Z-in to 3in), anddrainage area rati®:1 to 6:1) did not

significantly affect TSS or metageerformanceBecause VES effluent passed through both the
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compostand soil layers, filtratiowan be identified athe main retention pathwdgr TSS and
particulate metald-or nutrients, comparison of Study 1 mesocosms was limited because the first
three storm events were not sent for water quality analysis, likelsimgithe first flush of N and

P from the compost layer. For Study 2, all mesocosms had statistically significantly (p < 0.05 for
all) higher TKN, TN, and TP concentrations than the influent, based on the mean, showing that
all mesocosm designs resultedsignificant nutrient release. In comparison to the standard
mesocosm (7:6m compost depth), the 2cin compost depth mesocosm had statistically
significantly lower mean TP concentration, indicating a better performance when less compost

was applied, likly because less compost resulted in lower P mass release.

Conclusions

Water quality performance of a VCB overlaying a VFS on a highway median was assessed
through field site monitoring and supplemental greenhouse investigations. Low influent
stormwater concentrations observed at the field site presented a challenge tingvalua
performance in a real scenario, so evaluations were supplemented with comparisons to expected
influent stormwater mean concentrations as well as observed.

While VCBs were shown to be effective at removing TSS, mixed performance was found
for metals emoval, and consistent nutrient release was observed. Consistent TSS removal was
observed for both field and greenhouse experiments, with effluent TSS likely originating from
the media itself rather than remaining TSS from the influent, and the majoetfjuaint
concentrations below the water quality criterion of 25 mg/L. For total zinc, both field and
greenhouse showed significant mass removals, but while consistent removal of both the

dissolved and particulate copper fraction was observed in the gresstopper leaching in the
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dissolved phase was observed in the fiike)y in part due to differences in compost copper
content for the composts used at each site. Large mass exports of nutrients (N and P) were
observed at both sites, with all stormeats exceeding the downstream water quality criteria of
0.69 mg/L for TN and 0.03656 mg/L for TP from td& EPA National Recommended Water
Quiality CriteriaEcoregional NutrienCriteria for Rivers and StreanldS EPA 2013)The
highest observed concentrations exceeded criteria up to two orders of magnitude for TN and
almost three orders of magnitude for TP, echoing previous studies which have observed large
amounts of nutrient loss from compost.

Greenhouse vaations in slope, drainage area ratio, and compost depth had no significant
effect on TSS, nitrogen, or metals performance, however a compost deptfcof 25opposed
to 7.6cm resulted in significantly less TP release. Increased VCB length resulteddasing
mass removals (or lower mass releases) for TSS, zinc, total, dissolved, and filtered copper, and
TP, indicating increasing performance with a longer flow path due to increased retention of
particulate pollutants and well as potential for addaigollutant removal in the VFS layer,
though no difference for TN was found. Observed differences in nitrogen speciation were likely
due to differing environmental conditions including temperature and moisture content.

A large intensity (102 mm/hr (4 inr)) storm event prior to vegetative establishment in
the greenhouse resulted in erosion, with large releases of TSS, nutrients, and metals in the
effluent. Similar erosive events were not observed at the field site, likely because erosion control
mattingwas installed over the VCB during installation. This supports use of an erosion control
matting during VCB installation to prevent loss of compost during vegetative establishment.

Despite improvements to the VFS system alone for particulate pollutantagri@vrisk

of nutrient and metals leaching makes VCB installation as an amendment to highway VFSs not
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recommended without further research, especially for nutrient and metals sensitive watersheds.
Differences in compost nutrient content resulted in diftemagnitudes of nitrogen and

phosphorus release. Additionally, copper release was observed for the field compost, which had
a higher copper content, while for greenhouse compost, net copper removal was observed. These
observations point toward composintposition as a major factor in nutrient and metal leaching

and more research in this area could improve understanding and prediction of compost suitability

for use as a VCB and as a component of SCMs in general.
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Abstract

In pursuit of improving hydrologic and water qualtgrformance of existing highway stormwater
control systems, use of Vegetated Compost Blankets (VCBs) has been proposed. VCBSs, loosely
applied layers of compost which are then vegetated, would be applied over Vegetated Filter Strips
(VFS) on highway slopesCompost s high water hol di ng capa
retention and the organic matter content may immobilize some contaminants of concern, however,
the high nutrient content of compost poses a major threat to net beneficial performance due to
excess nutrient leaching which occurs after application. This risk should be seriously considered
before widespread implementation, since nutrient pollution contributes to eutrophication, the cause
of algal blooms, which is a major threat to ecosystems.rébearch has posed the question: Can
compost be used as a blanket amendment while avoiding excessive nutrient leaching?

Nitrogen (N) and phosphorus (P) in compost are naturally transformed from organic to
inorganic, soluble forms through the microbiathediated process of mineralization and there is

a potential for nutrient removal through adsorption as compost leachate passes through the VFS
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soil layer. Nutrient leaching from the VCB and potential nutrient removal through the VFS layer
were assessed thmgh labscale, greenhoussrale, and fielécale experiments. Small scale
laboratory experiments were completed to determine the N and P compost mineralization rates and
potential soil adsorption capaciti®onleachedandleachedcomposts were assessedietermine
differences in nutrient mineralization based on compost age/exposure to storr@sedehouse
and field experiments were empirically evaluated usingplathined mineralization parameters
and cumulative nutrient release, which was further lempented by analysis of compost and soil
composition. Additionally, nutrient release was simulated using a newsmpece software,
OpenHydroQual, which combines hydraulic and water qualitgeling

Composts from field and greenhouse experiments hathsi@iN ratios but differed in
total N and P content. Significant changes in compost compositentimewere observed at
the beginning and end of VCB experiments. N and P release rates diféénezbn compost type
and lower release rates and lower ltaiass releases were observeddaiched composts in
comparison tmorntleachedvashedDifferences in release curves indicated thathed
composts were likely mineralizing a less labile pool of N and P thamotthkeachedcomposts.
Soils collected athte beginning and end of VCB experiments had significant changes in chemical
characteristics, specifically, significantly higher P contents at the end of the experiments
indicated ssubstantive pathway for P removal through the VFS lad@sorption experirants
confirmed these observations, with P removal observed for all tested soils; increasing P
adsorption was observed with increasing Al+Fe content. Comparisaririent mineralization
curves from the laboratory to greenhouse and field experimentstexhiliiferences. For
phosphorus this was likely due to removal of phosphate in the VFS layer, and for nitrogen,

differences in moisture content and temperature likely resulted in differing amounts of
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nitrification and volatilization. OpenHydroQuuadodelingshowed modest results, with varying
levels of accuracy for storm hydrograph simulation and mass release. Results indicate several

ways nutrient leachingouldbe reduced when compost is applied as a surface layer.

Introduction

Rapid urbanization has rdtad in worsening environmental and public safety issues due to the
increased volume of stormwater runoff and its associated pollutant logNiatisnal Research
Council 2009) This has led tthe development of new green infrastructure sys{é&matonal
Research Council 20099ommonly referred to as stormwater control measures (S@vgrray
ofsustainabl e engineer ed a lGteniS@GMstardegignedtot o fAgr ay
mimic thehydrologicbehavior of the natural environment by retaining and infiltrating
stormwaterremoving pollutants via various remediation mechanigbmshighwaysyVegetated

Filter Strips (VFSs) and swalese commonlyused SCMs which have shown moderate
performance for both hydrologic and water quality improvement and so have been identified for
enhancemer(fTRB 2006) Compost is consideresks a primary componeint the design of a new
type of SCM called a vegetated compost blanket (VCB), a layer of loosely laid compdst that
placed on an existing hillside or embankment and seed@dh would be applied as an
improvenent to the VFS.

Compost is the product of a controlled aerobic process of biological decomposition in
which raw organic materials are transformed into a relatively nutrigmeand microbially active
humuslike material that will provide nutrients to pits immediately upon application and
through a full growing seasqdSCC 2001b; a)n addition to being gustainable material,

compost shoul@mprove solil structure, increase infiltration, increase water holding capaocdy
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provide binding sites for certain pollutantg SCC 20013)with overall goals t@nhance
vegetativegrowth pothaboveandbelow ground)reduce both stormwater flow volume and
peak flow rate andprovidewater quality improvemenPreviougesearch has shoveompost
blanketsto beeffective for erosion control on steep slopg@ASHTO 2010; Bakr et al. 2012;
Bhattarai et al. 2011; Faucette 2008; Faucette and Risse 2002; Faucette et aDQRY Fay et
al. 2012; Mukhtar 2005)utlittle has been done to evaluatempost blankets as SCMs.
However, ompostitself has been used regularly in SCM designs throughout their short history,
as both an amendment to improve vegetative growth th&sva potentiamaterialfor pollutant
binding. Early designs of bioretention basins incorporated compost as a large percentage of the
media mix, which resulted in nutrient and metals leacfittegrera Environmental Consultants,
Inc. 2015) Other designsommonlycall for a surface layer of compost or mulch

While there is a potential for compostliimd and immobilizeertain pollutants one of
the biggest challenges with compost treatments isrithayycompost typeswvill release nutrients
(nitrogen and phosphorus) in leachateleast initiallyAhmad et al. 2008; Brown et al. 2016;
Butler and Coale 2005; Chahal et al. 2016; Confesor Jr et al. 2009; Dietz 2007; Eghball 2003;
Hurley et al. 2017; Igbal et al. 2015; Li et al. 2011; Mullane etGl52Reed et al. 2006; Storey
et al. 2006)In large amours, nutrientanbecome a serious threataquaticecosysters
(Carpenter et al. 1998)Vhile nitrogen (N) and phosphorus (P) are necessary elements of life in
small amounts, excess N and P in the environment can cause eutroplfitatper 2012,
wherein waters rich in N and P cause overgrowth of gimtoften algae, that in turn removes
oxygen from the water, killing aquatic life. While P is often the limiting nutrient in the
environment, it has been shown that reducing concentratidwtloN and P in water bodies

may be vital to mitigating eutrophicatig@onley et al. 2009)
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Previous research conducted on field and greenhouse investigations of a VCB overlaying
a VFS showed positive imprements for stormwater volume and flow attenuation and improved
soil hydraulic properties (Chapter 2), however investigations of water quality performance
showed large mass release of nutrients (both N and P) and copper in some cases (Chapter 3).
These filings have further called into question the use of compost as the main component of an
SCM due to the potential for net pollutant release. Additionally, previous investigations assessed
the VCB and VFS as a combined system, therefore mechanisms ocaueanthilayer were not
able to be separately evaluated.

Widespread VCB implementation risks the potential negative effects of large releases of
N and P, presenting a need to examine the VCB and VFS layers separately and identify pathways
of nutrient loss athremoval. The goal of this study is to investigate nutrient loss through
mineralization in VCBs and potential nutrient removal through adsorption in VFS soils to obtain
a better mechanistic understanding of nutrient movement in a VCB/VFS system witiakloé g
reducing nutrient loss. Composts and soils used in large scale field and greenhouse experiments
(Chapters 2 and 3) were evaluated through column compost mineralization studies conducted
over the course of 127 weeks and soil batch adsorption experts and results from
laboratory scale experiments were compared to greenhouse and field data. Finally, a mechanistic
model of the VCB/VFS system was created using the opensource software OpenHydroQual,
which was selected due to its flexibility and conation of hydraulic and water quality
modelingfeatures. OpenHydroQual is a software whose predecessor is GIFMod (Green
Infrastructure Flexible Model), which has been used previously in research for evaluation of
green infrastructure syster(likhani et al. 2020; Almadani and Massoudieh 2018; Arash

Massoudieh et al. 2017; Bacys et al. 20F#)dings from this research @empost leacimg
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combined with potential pathways of nutrient uptakeuld be expandable beyoind specific

situation ofVCBs on highwaymediango other SCMs using compost as a surface layer

Materials and Methods

Compost and Soil Composition

Field topsoil(VFS) and subsoil (underlying VFS) samples were collected from the site prior to

VCB installation in summer 2018 and after the experiment was finished in summer 2021.
Additionally, greenhouse experiment topsoil (VFS) was sampled before and after each

experment was completed. Soils were sent to the University of Delaware Soil Testing Program
(UDel STP) for fertility analysis. Additionally, compastamplesollected before application to

the greenhouse and field experiments as well as compost samplegddaltet the end of each
experiment were also sent to UDel STP for analysis of compost compaosition. Soil testing

met hods used by the UDel STP can be found at
Extension websit€The Northeast Coordinating Committee for Soil Testing 20¥&thods

from the US Comp o s TestiMgthoQ forihe Exarhir@atson df Cogh@osting

and Compost (TMECGQG)ere used for compost analy$isSCC 2002)

Compost Mineralization Experiment

Compmsts used in field and greenhouse experiments (Chapters 2 and 3) were collected at the
time of application and st ornmedeached rsoaommp |tee nfpFe ra
GH, respectively)Additionally, samples collected from the field (2y@5and ~110 bed

volumes)and greenhouse (1 yr, ~35 bed volumes) experiments after they had been completed
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were also tested in mineralization column experiments. Samples from the end of the experiments
had been exposed to either real or synthetic stormwaten o f f and s oleastedb e cons
(F-W and GHW, respectively) and were tested as a comparison to evaluatelbashadand

aged compost would compare to new. Mineralization experiments were conducted using a small
rainfall simulation similar to & design ofAl-Bataina et al. (2016)Compost was added at a

height of7.62cm (3in) to al5.24cm (6in) polycarbonate column lined at the bottom with a

fabric geotextile to allow effluent collection. Compost was added as to achieve a field bulk
density by adding a third of the volume at a time, then tapping firmly three times on a hard
surface bateen additions. The wet and dry mass added was measured and recorded. Synthetic
stormwater using a recipe described previously (Chapter 3) was applied to the top of the columns
intermittently using aMasterflex L/S Precision Variabi®peed Drive fitted wit two Masterflex

L/S EasyLoad® Il 2-Channel Pump Head& spray nozzlavas attached to the end of each

tubingfor uniform applicatiorat a flow rate equivalent toml-cm/hr (2in/hr) intensity over 1

hour with a drainage areatio of 3:1 (highway to V® area), equivalent to ayear return

period in Maryland, USAStorm events were applied once per wisekl1-17 weeksand

samples were run in replicates of thrak effluent was collected in plastic containers below the
columns to obtain the total vohe.The experiments were conducted at room temperature

(20°C). The experimental sefp is shown irFigure4-1.
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Figure 4-1: Laboratory Compost Mineralization Experiment Columns and Flow Apparatus.

Collected effluent samples and influent synthetic stormwater were each well mixed
before collection of a representative sample, and then filtered using-pra.&8er to prevent
interference of the particulate fraction. Samples were analyzed for Total Dissolved Nitrogen
(TDN) and Total Dissolved Phosphorus (TDP), as well as individual species. In addition, pH was

measured for all influent and effluent samples.

The inorganic and organic fractions of dissolved N and P were calculated using the

following equations:

Equation4-1
rEd 00 00 00
Equation4-2
rEd YOO OO0 "YOO G606 G0 6O
Equation4-3

5

rkl 06 0
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Equation4-4

r EF 'YOO 000 "YOO 00 0

where DINrefers to Dissolved Inorganic Nitrogen
DON refers to Dissolved Organic Nitrogen

DIP refers to Dissolved Inorganic Phosphorus
andDOP refers to Dissolved Organic Phosphorus

The mineralization rate constants and nutrient release rate constants wdrfdliand P

using the followindfirst-order kinetic modeal through identification of total mineralized or

released mass, then minimizing the sum of squares of the residuals.

Equation4-5

WO wp Q
where Y(t) is the mass of mineralized nutrient (DIN or DIP) at time t,
Yo is the mass of potentially mineralizable nutrient (DIN or DIP),

kmin IS the mineralization rate constant,
and t is timeelapsed

Equation4-6

W0 ®wp Q
where Z(t) is the mass of total released nutrient (TDN or TDP) at time t,
Zo is the mass of total released nutrient (TDN or TDP),

kreleaselS the total release rate constant,
and t is time elapsed

Nutrients Adsorption Experiment

A batchadsorption isotherm experimentis conducted by applying dilutionseadmpost

leachate t@ fixed mass oéngineered soilsSoilsalign withMaryland State Highway

Administration (SHA)highway topsoil specificationshich were used at the greenhouse and
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field sites An engineered clayesoil and sandy soil fitting MDOT SHA specifications for
topsoil Section 920.01.0ZMDOT SHA 2020)wer e obt ained from Stancil
MD). The sandy mix consisted of 84.7% sand, 11.7% silt, 3.6% clay and the clayey mix
consisted of 25.2% sand, 51.3% silt, 23.5% clay. Specifications for these soilsfcandm
the Appendix.

Compost leachatwasmade byadding a76 g (dry basisdf composiper liter of
dechlorinated (with sodium bisulfite) tap water, mixed thoroughbn filtered to 0.221m to
form acompost leachatstocksolution.Dilutions of 60%, 50% 25% 20%, 15% 10%, 5%, 1%,
and 0.86 were made using deionized water with NaCl (65 m/L) and £d6Img/L as Ca)
added. Leachate was adjusted to pH 7 with 0.1M NaOH and 0.1M HGDamd. of each
dilution was added to 0.5 g of sddamples were observed and adjusted to pH 7 over the first 4
hours and entainersvereshakerendoverendat 20 U-fs.f or 2 4

After 24 hours the solution was filtered to Gj&a. Both the beginning leachate solutions
and the final equilibrium solutions weeanalyzed for TDN, TDP, NOQ NOs', NH4", and PQ-P.
The pH was measured at the end of thén2geriod.The concentration of adsorbatggj was

calculatedhrough mass baland¢er each samplasing the following equation:

Equation4-7

where: @ is the beginning concentration of the analyte,
Ceqis the equilibrium concentration of the analyte,

V is the volume of solution,

m is the mass of saill,

and qqis the egilibrium adsorbed concentration of analyte
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Oeg Was plotted against the equilibrium concentratiog)(© obtain aradsorption
isotherm All samples were assessed for best fit to either a Freundlich or Langmuir relationship
through regressioan the lineatransformation of each equation. All samples fieatLangmuir
isotherm modethrough comparison of the proportion of explained varianéeaidwere fit to

the following equation through minimizing the sum of squares of the residuals:

Equation4-8

where: q is theequilibrium density of adsorbate on the surface (mg/g),

C istheequilibriumconcentration of adsorbate in the solution (mg/L),

Q is a constant representing surface adsorption density for monolayer coverage (mg/g),
and K_is a constant describing the shape of the curve.

Analytical Methods

TDN was analyzed through thermal decomposition followed by chemiluminescence using a
Shimadzu TOC/TN Analyzer (ASTM D 8083). TDP was analyzed through persulfate digestion
(Standard Methads 4500P) then colorimetrically using a Seal AQ300 Discrete Analyzer
(USEPA Method 365.1, Rev 2.0). Nitrite (ND(USEPA Method 353.2 Rev. 2.0), ammonium
(NH4") (USEPA Method 350.1 Rev 2.0), and orthophosphate-lQUSEPA Method 365.1,

Rev 2.0)were tested colorimetrically using a Seal AQ300 Discrete Analyzer. Nitratg)(NO
(USEPA Method 9056A) was analyzed for theralization experiment through ion
chromatography using a Thermo Scientific Aquion IC System (usbigrexE lonPa&
AS22column) and for the adsorption experiment colorimetrically usifggal AB0O0 Discrete

Analyzer(USEPA Method353.2 Rev. 2.0
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Biomass and Plant Tissue Nutrient Methods

Biomass measurements were collected at the field site over three periods of time (Fall 2020,
Spring 2021, and Summer 2021) using a controlled mowing procédissem et al. 2019;
University of Idaho College of Natural Resources 2009; Voelkel et al. 281.8)e beginning of
the measurement period, turfgrasses were mowed to a heightarh§®5in) and dowed to

grow for 68 weeks, after which a small push mower with a collection bag was used to mow a
7.6-m (25ft) section at the center of each testing aseeofitrol area (no compost); each
observational VCB area (compost depths oféb(1-in), 5-cm (2-in), and 16cm (4in)); and

the 6m (20+t) monitored VCB (7.cm (3 in}depth), with one pass in each direction. Biomass
was collected, transferred to labeled paper bags, and weighed immediately before transportation
to theUMD geotechnical engineeririgboratory. Samples were dried i@ Coven until steady
weight was recorded. Samples were then mixed thoropgihdya representative sample was
taken andnailedto the Penn Statkgricultural Analytical Services Laboratory

(https://agsci.psu.edu/apfbr tissue analysis for Montent through dry combustion analysisl

P contenthrough sample digestion and ICP analyBismass collection dates argosvn in
Table4-1. Collection during the first year after installation was prevented by unplanned mowing

events.
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Table4-1: Field Site Biomass Sampling Collection Summary.

Season Days from Start of Biomass Growth Biomass 'Growth
Experiment Start Date Collection Date  Time (days)
Fall 2020 565 9/15/2020 10/28/2020 43
Spring 2021 761 3/30/2021 5/20/2021 51
Summer 2021 812 5/20/2021 7/6/2021 47

OpenHydroQual Model Development

OpenHydroQuaiitilizes userselectednodular blocks represeny ponded waterunsaturated or
saturated medjaand impervious surfacegth a selection o€onnections between blocigich
may be natural interfaces or ugskfined connector8locks have builin equationgor
unsaturated flow (van Genutchtdfaulem equatiorfvan Genuchten 1980; Mualem 19),6)
saturated flow (Darcy equation), and surface water flow (diffusive wave eq@iemdaraju
etal. 1985), depending on the bl ockoSourdegsutlcasi on and
precipitation and additional vaéher conditionganalso be added to blocks to allow for input of
specific environmental conditions. Evapotranspiration can be adiegl established models
(e.g. PenmarMonteithMethod(Zotarelli et al. 2009)

A model of the VCB/VFS system described in Chapters 23amds created in
OpenHydroQual, shown iRigure4-2. The highway drainagarea is represented by a catchment
(far left catchment) and layers of compost (VCB), top@dHS), and subsoil (compacted
underlying layer) are each represented by a series of soil blocks overlaid with a catchment which
allows rainfall to also be applied over the area. The subsoil layer was given an arbitrary depth of
0.9m, much larger in comp@on to the 7.62m VCB layer and 6.38m VFS layer, in order to
represent a deep compacted soil layer as would be underlying a VCB/VFS in thé&ikeld.

head blocks function as outflow storage for flow exiting the system.
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Figure 4-2: OpenHydroQual Model Structure for VCB/VFS System.
a) field VCB model structure created in OpenHydroQual using the Graphical User Interface (Gtihdaptualization of field VCB
model structure as applied to the OpenHydroQual model.
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As a test case for using OpenHydroQual to model nutrient movementhé&C3ft)
length VCB at the field site was selectdtbdelingthe field site tests eeal VCB/VFS
implementation scenario where the underlying subsoil layer can also be included to best
represent the real implementation scenario hydrology; additionally, weather data can easily be
obtained and input. Physical parameter inputs for the higlinainage area and the soil blocks

were chosen to describe theBVCB/VES for the model structure, shownTiable4-2.

Table4-2: Block Parameters for the OpenHydroQual System

Block Parameter Values Obtained from
100-m width VCB
Hiah Geometry 10-m length VCB Given by site
a:% \vyg)é 4260 nt area Highway
Catchment —>1OP€ 0.1 Given by site
alyyay3Qa 88;8 \H/léggway Estimated(Chow 1959)

100-m width forall
10-m length for all

Geometry 7.6-cm depth VCB %\éle:c?g dS'te
6.4-cm depth VFS
0.9-m depth subsoil*

Slope 0.1 Given by site

Saturated hydraulic 7.87x10?VCB Measured

VCB conductivity (cm/s) 1.62x1 VFS _ constant heagpermeameter
2.53x1¢ Subsoil (ASTM D5856)
VFS
Subsaoil Initial moisture 70VCB

content (%) 40 VFS _ Selected
30 Subsoil

Residual moisture 1VCB Estimated

content (%) 17.9 VIS : (Duzgun et al. 2021)
4.3 Subsaoll

Saturated moisture 75.50 VCB Measured .

content 44.38 VFS _ vacuum saturation
35.40 Subsoil (Klute 1965)
6-in Diameter

csrgr\ﬁ:g | Geometry 50-ft Length Selected
al yyAaAy3aQa 0.010 Estimated(Chow 1959)
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Precipitationtimeseries consisted ofr@inute data collected at the field site
supplemented with data from a nearby weather station in the case of missing data (e.qg.,
autosampler batteries died.these cases, data was supplemented with data from the Bailtimore
Washngt on airport station ( ~1NatimnaldCerdetséonce) obt &
Environmental InformatiofNCEI) Climate Data Online (CDO) platform

(https://www.ncdc.noaa.gov/cdeeb)). Temperature, humidity, and wind for use in estimation

of potentialevapotranspiratiowere also obtained from the same station dataset and solar
radiation data was obtained from fiational Solar Radiation Databa@SRDB)

(https://nsrdb.nrel.goy/

The mineralization process was added to the compost layer through the Desorption
function from the Mass Transfer phig. (The name desorption is used as shorthand to @anot
process which moves a constituent from the solid phase to the dissolved phase rather than
directly representing desorption.) Constituents P_s and P_d were added, representing solid phase
(unmineralized/unreleased) P and dissolved phase (mineralieedkd) P. The release rate
coefficients (kieasy Were added to the model as a Reaction Parameter, P_release_rcoeff (for the
example oimodelingP release)Equationd-5 models the cumulative mass released over time,
but the model needs to use the fwomulative mass released at each time for transformation to
the dissolved phase. Because of this, a rearmegeofEquatiord-5 was used to model the

first-order release (using P as the example):
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Equation4-9
L@ Qi Yo oi i, 0 & G OG0
@) i Qi i : 01 Qa Qo
where P_ss the solid (unmineralized) form of P,
P_dis the dissolved (mineralized) form of P,
P_release rcoeffis thereleaserate coefficient (Jieasd,
tis time,
and therate expression is the change of P mass over time, specifically the transformation of P_s
to P_d over time
P_s and P_d stoichiometry is given in the Reactions parameters, so ifiptard®_s
and 1 for P_d informs the model that for every 1 decrease in P_s results in a 1 unit increase
in P_d. To introduce the mass of P that is available for release to the model, a starting P content
(in g/n) for P_s was input in the VCB layer block, which is the total released mass found in
column minerakation experiments. The same method was used for N release simulation, with

only the values for the P_release_rcoeff and starting P_s (N_release_rcoeff and starting N_s) for

the VCB layer changed.

Data Handling and Statistics

Previous chapters addressadaindling and QA/QC for hydrology (Chapter 2) and water quality
(Chapter 3) data collected from greenhouse and field site experiments. For mineralization and
adsorption laboratory experiments, calibration lines were run before every sample run and

standad checks followed by a blank were run after every 10 samples. Blanks (and digestion

bl anks where applicable) were used-testwakrach ru
used for statistical comparisons of datasets including soil and compoststompdata and

mineralization constants at a 5% significance level, but values of p are also provided.
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Results and Discussion

Compost Mineralization

Composts used in field and greenhouse experiments were collected at the time of application and
storedat oom t emper at ur eonleached es dmplt e d( Rsamd G@GH,
compost mineralization rate experiments. Additionaltyed and leacheshmples collected from
the field (2.25 yr and ~110 bed volumes) and greenhouse (1 yr, ~35 betkgdlexperiments
after they had been completed were also tested in mineralization column experiments. Samples
from the end of the experiments had been exposed to either real or synthetic stormwater runoff
and so wer &aclked n-§Viamd &SHW,despéctively) and were tested as a
comparison to evaluate howeachedaged compost would compare to new. Compost
composition fonmonleachedandleacted field and greenhouse samples are display@dhie
4-3, serving as a comparison of both changes in compost over the course of each experiment as
well as comparison of different compost characteristics for field and greenhouse at the beginning
of the mineralization experiment.

Both composts had a pH below 7, with a pH of 5.2nfarleachedield compost and 6.8
for greenhouse compost. At the end of the experineathedield compost pH significantly
increased to 6.6 (p < 0.01), closer eg@ching neutral pH. (After washing/aging in field and
greenhouse experiments, both composts ha@D80 significantly lower electrical conductivity
(EC) (p < 0.001), indicating a large amount of ionic constituents were released over the course of
each expement; high ECs in compost leachate that decreased over time has been observed
previously for composamended media experiencilggching(Chahal et al. 2016; Mullane et al.

2015; Xia et al. 2013)his is also supported by decreases in many ionic iteests over each
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experiment, though not all were found to be statistically significant. Changes in moisture/solids
content is mainly attributable to site conditions upon collectideaathedsamples (the

antecedent moisture content was variable baseldeoday sampling was conducted). NW and
NOs-N content (what is immediately available for releasejanleachedcomposts were highly
variable (877 + 1296 mg/kg field and 190 + 177 mg/kg greenhouse feNYH438 + 1053

mg/kg field and 1744 + 30 mg/lgreenhouse for N&N), with the total mass and speciation of

N likely attributable to both the natural high variability of compost and the specific moisture
content and aeration in the collected samples. Adwahing agedcomposts had significantly

lower NHs-N and NQ-N contents (all > 95% lower, p < 0.05 for all), except for the fieldNH
contentwhich was not found statistically significant, likely due to the high standard deviation.
The C:N ratiowas not significantly changed for either compasgxpected since C:N ratio
changes only slightly after maturatiahpugh some significant decreases in total C, total N, and
total P were found, which is expected due to loss through mineralization over the experiments.

True differentiation of many compogsarameters was made difficult by small sample size.
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Table4-3: Compost Composition for Greenhouse and Field Experiments.
All results are presented on a dry weight basis.

FIELD FIELD.EAGED GREENHOUSI GREEHOUSE
(n=3) (n=5) (n=3) LEAEED (n=24

Parameter units| mean stdevn mean @ stdev| % diff stat. mean stdev mean stdev| % diff stat.
sig. sig.

pH -- 5.2 0.7 6.6 0.3 26% b 6.8 0.2 7.0 0.4 3%
EC mmhos/ 2.74 0.53 0.27 0.10| -90% a 201 0.13 0.39 0.28 -81% a

cm

Solids % 45 1 57 11 26% 38 1 73 10 90% a
Moisture % 55 1 43 11| -22% a 62 1 27 10 -56% a

Total Carbon %| 35.47 0.87 31.26 2.58| -12% a 32.86 0.58 29.27 2.32 -11%
Total Nitrogen %| 3.252 0.262 2.782 0.235| -14% 2.492 0.024 2.058 0.193 -17% a

C:N Ratio -- 11.0 0.6 11.3 0.8 3% 13.2 0.4 14.3 0.9 8%
NH4N mg/kg| 877.4 1295.6 12.4 3.9| -99% 189.5 176.6 9.5 12.9 -95% a
NO3N mg/kg 1438 1053 18 13| -99% c 1744 30 72 82 -96% a
P %| 2.105 0.135 2.144 0.056 2% 0.273 0.006 0.205 0.034 -25% b
K %| 0.499 0.012 0.148 0.056| -70% a 1.176 0.057 0.254 0.112 -78% a
Ca %| 2.458 0.036 2.390 0.065 -3% 3.232 0.041 2.728 0.291 -16% b

Mg % 0.45 0.01 0.27 0.04| -39% a 0.65 0.02 0.53 0.10 -17%

Mn mg/kg 987 42 934 137 -5% 1191 65 968 141 -19%

Zn mg/kg 997 40 1011 9 1% 173 6 157 18 -9%

Cu mg/kg 564 19 552 20 -2% 57 1 54 6 -5%

Fe mg/kg| 25377 3396 34286 488 35% a 12479 59 10468 2133 -16%
B mg/kg 36 1 11 1| -71% a 50 1 21 4 -59% a
S mg/kg| 10255 675 6692 312| -35% a 2583 81 2081 189 -19% a
Al mg/kg| 10617 556 8302 302| -22% a 12115 63 5516 1272 -54% a
Na mg/kg 999 66 2282 1152| 128% 395 30 139 72 -65% a

*Differences in N and P content for field mineralization testoomparison to this tablis due to sample used for mineralization tests being
collected from aifferent area Results from thagpecific locationvere usedn mineralization test comparisons for better accuracy

a p<0.001 bp<001 cp<0.05
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For a finished compost after the composting procgesspbially mediatednineralization
of organic forms of nitrogen to ammonium (NMHoccurs, which may be followed by
microbially mediated process nitrification, where NH4" is biologically oxidized tdNO>" then
to NOs Because these steps in the nitrogen cycle are linked, mineralization is sometimes referred
to as the procedsy whichorganic forms of nitrogen are converted to the paailable,
inorganic forms, including both ammonium (MHand nitrate (N®@) (Crohn 2004)In addition,
several processas the nitrogen cyclin which each of these soluble forms of nitrogen are
transformed to the gaseous forms: ammoniasjNhkitrous oxide (NO), and nitrogen gas ¢N
should also be influential.ie process of mineralization also occurs for phosphorus, which is
microbially converted from organic forms of phosphorus to inorganic phosphated?(PO4
(Hyland et al. 2005)specifically in the form of orthophosphaté®PQi or HPQ?). However,
unlike N, there is no volatilization pathway for P, makamalysis somewhat easier for
phosphorus, in that the mass balance wiltlbeed Because phosphorus mineralization is also
microbially mediated process, it will also be subject to variability based on temperature,
moisture, and other environmental factdrsweverspecificfactors affecting phosphorus
mineralization are not yet well understa@pohn and Kuzyakov 2013)

Compost release of total nitrogen and gtmorus, presented as mg/g comp(ty(
basig (Figure4-3 andFigure4-4) were compared for compost used in the field and greenhouse
experiments. The inorganic fractions represent the mineralized (DIN and DIP) fractions which
weretransformed from the organic to the inorganic, soluble forms whighldlgive the
mineralization rat€ékmin). However, in this research, DON and DOP constituted a significant
portion of released N and(B-14% for N and €23% for P) and thereforéghe TDN and TDP

release rates were also calculated. Results for mineralized N and P only (excluding the organic
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fractions) can be found in the appendixgire5-6 and Figure5-7). All mineralization tests were
conducted in replicates of three.

Greenhouse and field composts demonstrated different trends in nitrogen reigase (
4-3). Despite having a significantly higher total nitrogen content (33 £ 2.6 mg/g for F and 25 *
0.2 mg/g for GH, p 9.01),nonleaded field compost released léetal mass of nitrogen as
well as less initial flush (first storm event mass release) (both ~1.8x lessiaitiached
greenhouse compost, though not statistically significantly. This is also despite slightly lower C:N
ratio in F compost (11.0 + 0.6 fét, 13.2 £ 0.4 for GH, p < 0.01), since lower C:N ratios should
promote greater mineralization, as well as-statistically significantly different release rate
constants (Kease= 0.1587day* for F and 0.139day* for GH, fromEquation4-6). The
differences in total mass release may indicate differences in microbial communities as well as
differences in compost composition related to déifertypes of nitrogen pools.

After aging andeachingthroughrepeatedtorm events, both the greenhouse and field
composts had lower mean nitrogen release rate constanrtsy(k75%, p < 0.01 and 81%, p <
0.05, respectively) as well as lower meaaitial flush (92%, p < 0.001 and 99%, p < 0.05,
respectively) and mean total mass release (50%, p < 0.001 and 84%, < 0.01, respectively)
(Figure4-3). This difference was observed despite the minimal difference in initial total nitrogen
content of the composts (24% less aleachingfor field compost and 12% less afteaching
for greenhouse compost on averag@n-leachedcomposts released a muahnger portion of
total nitrogen mass (6.2% = 0.6% for field and 15.0% + 4.4% for greenhouse), while both
leachedcomposts released 4% of total nitrogen mass (4.1% * 0.7% for field and 2.9% + 0.4%

for greenhouse). This agrees with estimations of retnaglease for yard waste and biowaste
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compost of 515% release of total N in the first year, followed b8% of the remaining total N
mass in years followinAmlinger et al. 2003)

Nitrogen release curves flmached, agedompostsKigure4-3) likely better fit an S
shaped curve (most evident in lowenRlues, mean = 0.9473 and 0.7776 faNFand GHW,
respectively, in comparison to F and GH, mean = 0.9860 and 0.9582, respectively), as has been
observed previously in mineralization experiments on soils and plant reftheses et al.
2004; Nosshi et al. 200.7)he Sshapds causedy a lag phase at the beginning of the
experiment when mineralization is limitedtil a fluctuation point. This is likely due to a smaller
labile nitrogen pool (readibavailable to microorganisms, nitrogen stored in carbohydrates,
proteins) and a larger recalcitrant nitrogen pool (more resistant to microbial decomposition,
nitrogenstored mainly in ligninfRovira and Vallejo 2002 nonleathed composts. Much of
the readily available forms of nitrogen were likely already mineralized through lkegicigihgin
field and greenhousxperiments, leaving a much larger proportion of resistant forms of organic
matter. Microbial biomass could have then experienced limited growth due to less nitrogen
availability, causing a lag in mineralization. While this trend is important to ant&curve fit
was not done in this research in orttefl) directly compare mineralization between compost
types as well as to 2) maintain simpler equations for estimating net mineralization for use in

furthermodeling
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Days
Y Days
Compost N K Initial Initial Total Total
Content (ée:ai; R FlushN FlushN Released N Released N
(mg/g) y (mg/g) (%) Mass (mg/g)  Mass (%)
F 32523 mean  0.1587  0.9860 1.430 4.4% 2.013 6.2%
' stdev  0.0289  0.0077 0.009 0.03% 0.181 0.6%
mean  0.0393 0.9473 0.110 0.4% 1.013 4.1%
FW 24.685
stdev  0.0109 0.0176 0.065 0.3% 0.173 0.7%
mean  0.1397  0.9582 2.586 10.4% 3.740 15.0%
GH 24.917
stdev  0.0624 0.0158 1.019 4.1% 1.102 4.4%
mean 0.0261 0.7776 0.022 0.1% 0.610 2.9%
GHW 21.290
stdev  0.0034 0.2491 0.008 0.04% 0.077 0.4%

Figure 4-3: Total Nitrogen Release Curvasd Best Fit Statistics.
kreleaseand Total Released N Mass used in Equati@n B obtained from best fit; Compost N
Content, Initial Flush N, and percentages are shown for comparison.
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Greenhouse and field composts also showed different trends in total phosphorus release
(Figure4-3). With a 7.7x larger total phosphorus content (21 + 1.4 mg/g for F and 2.7 + 0.06
mg/g for GH, p < 0.001ynonleachedield compost released a highetalomass of phosphorus
as well as higher initial flush (both ~3x higher, p < 0.05 for both) timarleachedyreenhouse
compost. Despite this difference in mass release, the release rate constasts (k0358 day
for F and 0.0390 dayfor GH) wee similar (less than 10% difference, no statistical
significance).

Similar to trends for nitrogen release, both greenhouse and field composts had lower
mean phosphorus initial flush (first storm event mass release) (93%, p < 0.01 for both), and mean
total mass release (84%, p < 0.05 and 57%, p < 0.05, respectivelgadbreccomposts in
comparison tmonleachedFigure4-4). However, for release rate constantsidsy, agedfield
compost did not see a statistically significant decreaselefteining(22%), while there was a
significant decrease found fagedgreenhouse compost afteaching(43%, p < 0.05). The
difference in initial total phosphorus contentloé composts aftéeachingwere similar, with
18% less total P aftéeachingfor field compost and 19% less total P afearchingfor
greenhouse compodon-leachedcomposts released a much larger portion of total phosphorus
mass (4.0% for field and 9.6% for greenhouse, based on mean) in compakesahéal
composts (0.8% for field and 5.1% for greenhouse, based on mean). The same trend observed for
nitrogen releaseurves ineachedcomposts was also observed for phosphorus, where likely an
S-shaped curve would have more appropriately fit the dataset, evidenced by foxaéue? for
both FW and GHW, mean = 0.8755 and 0.7245, respectively, in comparisnartiteached
(mean = 0.9821 and 0.9916 for F and GH, respectively). Phosphorus too seems to exhibit a lag

phase foteachedcomposts, indicating that a smaller labile pool of P may be present after
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washing/aging. Similar to nitrogen, the fumtder kinetic modelvas deemed an appropriate
approximation of performance.

N release rate constantsrafn-leachedcomposts were higher than for P (~G(.46 day
1 for N and 0.038.039 day for P), indicating that a higher mass of N is released earlier in the
experimenthan is P, though fdeachedcomposts these rate constants were more similar
(~0.0260.039 day for N, ~0.0220.028 day for P). Leachingcomposts resulted in lower initial
and total mass release of N and P for both of the composts in this studyleBise rate constant
was also lower aftdeachingfor N for both composts, but not lower afteachingfor P in the
field compost. Significantly lower mass release and lower release rate constants indicates that a
leachedcompost should release less massiediately after application, less total mass, and may
release mass more slowly over time. As discussed, this is likely due to a more labile pool of N
and P being released through successive storm eventd@athedompost, leaving a more

recalcitrantpool which is more difficult for the microbial community to mineralize.
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E 21.050 mean 0.0358 0.9821 0.167 0.8% 0.836 4.0%
' stdev 0.0055 0.0095 0.052 0.2% 0.282 1.3%
0, 0
W 17.162 mean 0.0276 0.8755 0.011 0.1% 0.133 0.8%
stdev 0.0061 0.0696 0.014 0.1% 0.073 0.4%
GH 2733 mean 0.0390 0.9916 0.055 2.0% 0.264 9.6%
' stdev  0.0079 0.0037 0.012 0.4% 0.029 1.1%
mean 0.0223 0.7245 0.004 0.2% 0.114 5.1%
GHW 2.224
stdev  0.0013 0.0660 0.001 0.07% 0.058 2.6%

Figure 4-4: Total Phosphorus Release Cunagsl Best Fit Statistics.

kreleaseand Total Released P Mass used in Equati@n B obtained from best fit; Compost P

Content, Initial Flush P, and percentages are shown for comparison.
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Soil Adsorption

Comparisons of soill@aracteristics and composition before and after compost application
(for the field ~2.25 yr and for the greenhous
influence on soil chemical changes and possible influences on nutrient retention. Field soil
characteristics before and after VCB installation are showiabte4-4. Organic matter content
was not significantly increased over 2.25 years for either the VFSoftppr subsoil layers,
however, it often takes decades of consistent annual application for soil organic matter to
increase by significant amour({fBermorshuizen et al. 2004oil pH was not changed
significantly, however a significant increase in CEC by 80% was found for the VFS topsoil (p

<0.001), though significance was not found for the 30% increase in subsoil.

Base saturation was somewhat decreased for both sayssfgnificant for the subsoil, p
< 0.001), which is likely most attributable to the increase in CEC, since the base saturation is
calculated as the sum of C&", and Mg divided by the CEC. Most importantly, a significant
increase in P content was obsa for both soils (from 17.4 + 6.8 to 249 + 8.4 mg/kg (p <0.001)
for VFS topsoil and from 10.1 £ 12 to 64.8 + 28 mg/kg (p < 0.01) for subsoil) as well as
significant increases in the P saturation ratio (from 11.2 to 121% (p <0.001) for VFS topsoil and
from 8.1 to 22.6% (p < 0.01) for subsoil). A saturation greater than 100% for the VFS topsoll is
likely because P saturation ratio is estimated as the ratio of P to Fe + Al content of the soil.
Because the saturation ratio is so high, this P content ig Bkelr close to the maximum
adsorption capacity for the VFS layer. For sisoil, it is likely that the maximum capacity was
not reached, but significant removal also occurred in this layer. Because the subsoil has a low
hydraulic conductivity, mass fihing during a storm event will not infiltrate downward, which

may partly explain why more adsorption capacity was left unfilled.
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Table4-4: Field Experiment Soil Characteristics Before and After Composlidspion.
All results are presented on a dry weight basis.

FIELDTOPSOIL (VFS) FIELCBUBSOIL
Pre-Installation  PostInstallation Pre-Installation PostlInstallation
(n=7) (n=4) (n=7) (n=4)
Parameter units mean stdev mean  stdev| % diff stat. mean  stdev mean stdev | % diff stat.
sig. Sig.
pH -- 7.5 0.3 7.1 0.4 -6% 7.5 0.3 6.7 0.7| -11% c
meg/ a

CEC 100g 1146 2.02 20.69 1.10 80% 8.53 4.25 11.14 161 31%

oM % 5.6 1.7 5.9 1.4 5% 25 0.7 2.6 0.4 2%
P  mg/kg 1740 6.84 248.72 8.38| 1330% a 10.09 12.02 64.79 27.76| 542% Db

K mg/kg 55.24 8.37 121.22 105.06| 119% 30.57 6.83 82.26 62.54| 169%

Ca mg/kg| 1990.42 415.51 3349.59 704.63| 68% b 1473.18 890.02 1384.84 330.13 -6%
Mg mg/kg| 164.33 4253 284.53 126.78| 73% c 129.00 33.81 259.92 121.97| 101% c

Mn mg/kg| 124.41 33.73 65.39 13.11| -47% b 164.09 77.04 175.74 101.30 7%

Zn mg/kg 35.11 20.96 39.85 5.08 14% 9.40 11.78 10.53 1.16| 12%

Cu mg/kg 1045 4.59 12.28 3.21 17% 5.31 4.93 5.82 1.60| 10%
Fe mg/kg| 203.22 64.78 289.55 30.43| 42% c 109.25 35.19 184.94 38.70| 69% b

B mg/kg 1.40 0.41 1.78 0.43 27% 0.75 0.38 1.09 0.37| 46%
S mg/kg 13.01 2.31 32.32 0.63| 148% a 13.07 3.07 35.73 391| 173% a

Al mg/kg| 378.07 194.03 376.26 57.69 0% 542,91 214.41 660.70 59.14| 22%

Na mg/kg| 443.54 59.62 582.70 156.62| 31% 599.84 126.29 736.58 284.72| 23%
Base Sat % 100.0 0.0 92.9 6.8 7% c 99.7 0.7 82.2 74| -18% a
P Sat. Ratio 11.2 2.4 121.3 9.6| 983% a 8.1 4.6 22.6 6.6 179% b
A-E Buffer pH 8.08 0.07 7.84 0.14 -3% b 8.09 0.07 7.77 0.11 -4% a

a p<0.001l bp<001l cp<0.05
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Greenhouse soil characteristics before and after VCB installation are shdwalole4-5,
with a clayey topsoil included that was not used in greenhouse experlmémntas used in
adsorption experiments for comparison. Organic matter content was found to significantly
decrease over ~1 year for the topsoil layer (from 2.7% + 0.6% to 1.6% * 0.4%, p < 0.001). This
could be partially attributable to the small sample size for théngtallation soil; however, it is
possible that there was a loss of organic matter content in the soil layer through dissolution
and/or mineralization, especially sengreenhouse soil was an engineered soil not exposed to the
elements, unlikatthe field ste where soils had a long period of time to reach stesiale
conditions before the beginning of the experiment

Soil pH increased significantly over the experiment (from 6.5+ 0.0t0 7.1 £+ 0.2, p <
0.001) as didCEC by60% (p <0.001)as was oserved for the field topsoil, as well as a small
increase in base saturation (99.3% + 1.3% to 100% * 0%, p < 0.001). As with the field soils,
significant increase in P content was also observed (from 8.5 + 1.0 to 23 + 8.3 mg/kg (p < 0.01)
as well as signi€ant increases in the P saturation ratio (from 14.5% + 0.7% to 27.1% = 7.0% (p
<0.001). Unlike at the field site, saturation at or above 10@&mnotobserved, indicating that
the capacity for P removal via adsorption was not reached. This could lwealskedrter
experiment as well as lower applied volumes in the greenhouse in comparison to the field (1 yr,
~35 bed volumes greenhouse, 2.25 yr and ~110 bed volumes field) as well as significantly lower
P content in thgreenhouse compost (7.7 times lowesx 0.001) which resulted in significantly

lower effluentP concentrationas well (Chapter 3).
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Table4-5: Greenhouse Experiment Soil Characteristics Before and X&& Application.

All results are presertl on a dry weight basis.

GH SANDY TOPSQVYES) GHCLAYEYOPSOHL |
Prelnstallation  PostInstallation (n=3)
(n=3) (n=21)
Parameter units mean stdev mean  stdev| % diff stat. mean stdev
sig.
pH -- 6.5 0.0 7.1 0.2 9% a 6.7 0.1
CEC meg/100g 3.18 0.39 5.09 0.73 60% a 15.05 0.13
OM % 2.7 0.6 1.6 04| -39% a 3.8 0.2
P mg/kg 8.53 1.01 23.07 8.26| 170% b 22.20 2.16
K mg/kg| 106.59 6.79 83.87 54.10| -21% 128.91 3.27
Ca mg/kg| 468.71 52.83 806.79 112.42| 72% a 1912.50 24.88
Mg mg/kg 63.96 7.45 10092 18.74| 58% b 397.73 12.03
Mn mg/kg 19.09 0.58 17.17 3.18| -10% 94.92 1.35
Zn mg/kg 1.20 0.11 1.77 0.45 48% ¢ 3.37 0.19
Cu mg/kg 0.64 0.09 0.69 0.09 8% 2.01 0.22
Fe mg/kg| 127.39 8.28 142.96 19.97 12% 196.66 16.56
B mg/kg 0.37 0.03 0.71 0.15 93% a 1.27 0.03
S mg/kg 4.82 0.43 5.28 1.73 10% 20.19 3.09
Al mg/kg| 11551 6.71 139.88 13.41 21% b 642.69 8.39
Na mg/kg 15.96 1.31 9.86 436| -38% ¢ 16.61 7.34
Base Sat % 99.3 1.3 100.0 0.0 1% b 87.8 0.6
P Sat. Ratio 14.5 0.7 27.1 7.0 87% b 10.8 0.5
A-E Buffer pH 8.00 0.01 8.08 0.03 1% a 7.77 0.01

*Not used in greenhouse experiments; only used for comparison of soiatypasadsorption experiments

a p<0.001 bp<0.0lcp<0.05
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Some nutrient removal may occur in the VFS layer, though monitoring and
understandingitrogen movemerghould be made more difficult due to t@mplexity of the
nitrogen cycleAmmonium (NH" has been shown to lbemoved via sorption by ays and
several types of zeolite, a microporalsminosilicatemineral(Khorsha et al. 2021; Khorsha
and Davis 2016, 2017; |.2000uWaagetal. 2006n@OR 1a; Rogi |
adsorptiorwas shown fosoils in some situation®ingham and Cotrufo 2016; Goyne et al.

2008; Kaiser and Zech 2000; Mariano et al. 20H@)wever, removal of N©@and NQ' is not

expected since these species are generally mobile and not easily removed Bgrsoils.

stormwater bioretention media, which is an engineereditrhias been shown that removal of
ammonium (NH") via sorption is likely to occur while removal of sidved organic nitrogen

(DON) and nitrate (N®) will not be significant, or may even be exported from the mgdlia

and Davis 2014)There have been numerous studies which have quantified and modeled sorption
of phosphorus in bioretention systems and other SEMeh et al. Q07; Komlos and Traver

2012; Li and Davis 2016; Liu 2014; Liu and Davis 2014; Yan et al. 2016, 2017,. 708 is

less complexity in observing phosphorus transformations because there is no pathway for loss of
mass to the atmosphere, and sorptiortkis are better known and understood.

Soils used in field and greenhouse experiments were evaluated for their capacity for
adsorption of nitrogen and phosphorus species. All soils demonstrated phosphorus adsorption in
the form of orthophosphate (R®), with no discernable trend for DOP (alf R0.1). The only
nitrogen species which showed some adsorption to the tested soils wasvittiino observable
trend for NQ  or DON (all R < 0.1). Adsorption of Nif but not NQ  or DON has been
observed previously in engineered bioretention m@diand Davis 2014)Adsorption isotherms

for PO4P are shown ifrigure4-5 and those for Nk are shown irFigure4-6.
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All tested soils showed some degree of phosphorus adsorpitur€4-5), with soils of
higher clay content (engineered clayey soil and fiekl sibsoil) having the highest theoretical
adsorption capacities (Q) and therefore exhibiting the highest degree ¢ RD¥bval.

Adsorption capacity Q increased with total Al+Fe content in the order engineered sandy soil (243
mg/kg Al+Fe) < field site togoil (581 mg/kg Al+Fe) < field site subsoil (652 mg/kg Al+Fe) <
engineered clayey soil (839 mg/kg Al+Fe). This is an expected result givermdsahorus
adsorption by aluminum (Al) and iron (Fe) oxides has been-datumentedZhang et al.

2001) includingsubstantial P@P sorptionon clay mineral§Gérard 2016; Guedes et al. 2015)
This result indicates significant phosphate removal from compost leachate despite theepresen
of dissolved organic matter, sinbeamicacid has been shown to inhibit phosphorus adsorption
(Fu et al. 2013; Maluf et al. 2018; Wang et al. 20T®)e theoretical adsorption capacity Q for

the field VFS (topsoil) was found to be 206.5 mg/kg which is withi#o of the 249 + 8 mg/kg P
content of topsoil measured 2.25 years after VCB application. This gives further evidence that
field VFS topsoil had no additional P adsorption capacity. Differences in P adsorption values
may be explained in part because adsonptapacity was tested in the lab with topsoil collected
prior to VCB installation. Field VFS topsoil underwent significant chemical and physical
changes due to compost application by the end of the experiment, including a mean 42% (p <

0.05) increase ifre conten{Table4-4), may have somewhat increased P sorption capacity.
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Figure 4-5: Phosphate Adsorption Isotherms and Langmuir Best Fit Statistics.

Previous researdtmas quantified sorption of soluble nitrogen species from compost

leachate, but they have mostly focused on specific adsorbents for adlt@atment rather than

asoilmatrixt Li u and Lo 2001a; b; Rogi | etinthsl 2000;

research, adsorption isotherms were conducted for engineered soils from the greenhouse and

field site expermnents to test how compost leachate may interact with a VFS system. For NH
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adsorption isotherms were not able to provide good fits for adsorption but the results can be
gualitatively described and related to nitrogen movement in field and greenhousmertse

(Figure4-6). All soils exhibited some ability to remove NWHexcept the engineered clayey soil,

which showed some level of desorption. This could be due t0 ittase from the organic

matter content in the soil itself or may also have been caused by interactions with competitor

ions introduced by the compost leachate, specifically Kg and Mg. Adsorption isotherms

for the other soils demonstrated botlsaalr pt i on as wel | as some fides
concentrations, indicated by values falling below thexis. For any soil e challenge of

monitoring nitrogen movement has been well known due to the complexity of the nitrogen cycle
and the observed Adesorptionod may be attribut
sorption processes. Some portiolNbdfs* may have been transformed through nitrification to

NO2 and NQ", making the mass balance used in calculatiigapmplete and giving the false

impression of negative removal, or desorption. These results are also complicated by the

potential influence of competitor cations, sircksorption of NH™ has been shown to be mainly

through cation exchange and todmerelated wih clay contenfAlshameri et al. 2018; Khorsha

2016; Khorsha et al. 2021; Khorsha and Davis 2017; Kothawala and Moore 2009; Liu and Lo

2001a; Rogil et 0@8). 2000; Wang et al . 2
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Figure 4-6: Results from Ammonium Adsorption Experiments.
Logarithmic fits are displayed to aid visualization but are not representative of true best fit.

Comparison to Large ScaleStudies

Laboratoryobtained nitrogen and phosphorus release rates and total mass release were used to
predict cumulative nutrient release (normalized by dry mass of compost) over time for the first
130 days of greenhouse experimefig\ire4-7). This time period was chosen because lab
experiments were run for approximately 120 days and greenhouse experiments had a sampling

event at approximately 130yf so total mass release should be approximately the same in this
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time. Additional mass release observed after this timeframe are also displayed for comparison
and the initial mass flush (mass release during first storm event) is also included wiibsstatis

for comparison. Both nitrogen and phosphorus laboratory predictions for mass release
demonstrate higher mean mass release than what was observed in the greenhouse experiments,
which is expected due to potential removals in the soil layer, since liEagom experiments

only evaluated nutrient release from the compost alone while greenhouse experiments include
both the VCB and VFS layers. For nitrogen, the greenhouse observation is within range of the
laboratory prediction, being similar to the lowesss release curve (greenhouse total mass
releases ranges between 2.35 to 2.78 mg/g compost, lab estimations ranges between 2.73 to 4.56
mg/g compost). Based on the mean laboratory estimation, it is possible that some nitrogen
removal was observed. Howeyéhe initial flush of nitrogen mass in laboratory studies was

found to be highly variable and to have an outsize impact on the nitrogen release curve, with
approximately 70% of total mass released during the first storm event, making this assessment
lesscertain. For phosphorus, a reduction in mass release for all greenhouse experiments is found
in comparison to the full range of laboratory predictions (greenhouse total mass release falls
between 0.064 to 0.132 mg/g compost, lab estimations fall betw2&® 1 0.293 mg/g

compost), indicating some removal through the soil layer, which is supported by net P content

increase in greenhouse soils after VCB application (from 8.5 + 1.0 to 23 = 8.3 mg/kg (p < 0.01)).
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Figure 4-7: Comparison of Greenhouse and Mineralizati&xperiment Nutrient Release.
comparison of greenhouse experiment nutrient release in stormwater effluent to release
estimated by laboratory mineralization tests
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Mineralization experiments differed from greenhouse and field experiments in nitrogen
speciaton. Cumulative release curves were created for nitrogen species for each experiment with
nontleachedcomposts from both greenhouse and field mineralization laboratory experiments
compared to observed data from greenhouse and field experifhgnised-8). Greenhouse
experiments can be directly compared to laboratory data since all applied storms were collected,
however, field results are onpartially comparabldecaise some storm events were not
captured

For greenhouse experimenBgure4-8), a much larger proportion of TKN (sum of
NH4" and organic N) was released in comparison to laboratory tests, with total TKN release
ranging from 521% in the laboratory and from $7% in the greenhouse). NfOconstituted the
majority of remaining mass for both datasets, with negligible mass gf N@itionally, the
majority of laboratory column experiment TKN release was in the form of DOIY8d) rather
than NH". These results indicatgmtentially a higher degree of nitrification in laboratory
studies than in the greenhouse, possibly attributable to differences in moisture content and
temperature. Additionally, though temperatures were similar between laboratory and greenhouse
(~20°C inlaboratoryand ~22°C daytim&emperaturén greenhousg higher soil temperatures in
thegreenhouse likely increased the amount of nitrogen volatilization (transformation freim NH
to NH3(g)), which may also partially explain why mean total mass releasdasger for the

laboratory than the greenhouse.
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In comparing laboratory experiment nitrogen speciation to field restgare4-8), it is
important to note that equipment installation and troubleshooting immediatelfielfter
installation delayed data collection by at least 21 days, during which timemh2%in) of
rainfall was not monitored (as estimated by a nearby rain gauge), meaning that the initial mass
release was not observed. A large spike in nitrogen was observed on day 238, soon after a
drought period, with most of this mass being in the form of TKNHerdm VCB and in the
form of NO for the 5m VCB. These high mass releases had an outsize impact on the total
release (totaling 42% of total TKN mass femBand 83% of total NOmass for ém), so this
storm event was excluded from the speciation congaris

In the laboratory, the proportion of total nitrogen in the form of TKN was between 21
42%, while in the field, it was 86% for ther3 VCB and 56% for the-&h VCB, indicating a
higher degree of nitrification for laboratory experiments. Additionallyhéigeasonal
temperatureBkely encouraged higher amounts of nitrogen volatilization. In comparing-tihe 3
and 6m VCBSs, a higher proportion of Nvas observed in the® system, and though it is a
partial sum, a lower mass of nitrogen release (per ofagsmnpost) was observed. Because the
6-m system had a lower drainage area ratio (3.5:1-faraéhd 2.5:1 for 6n), moisture content
was higher in this system, possibly reducing the degree of nitrification. Additionally, because
this system experienced lewflowrates, this may have increased potential nitrogen retention in

the underlying VFS layer.
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Nutrient Mass Balance
Biomass samples collected at the field site from areas of different compost depths as well as the
associated nitrogen and phosphorus masses are shévwguiia4-9, and biomass nutrients
contents are shown ifable4-6. Nitrogen tissue content for the sampling everital 2020
were not collected due to human error and samples were not collected in the first growing season
after installation due to unintended mowing of the. §lirogen and phosphorus tissue contents
(%) were similar for locations with compost applioason averagéwithin ~12% for N and
~20% for P)and were consistently higher than the control locatiyn~25% for N and ~50% for
P on averagd)Table4-6), though the small dataset size prevented statistical comparison

showing that all compost treatments resulted in some level of increased plant nutrient uptake

Table4-6: Biomass Plant Tissue Nutrient Content.
Control samples were taken from an area with no compost applications2.8nd 186cm depth
samples were collected from the observational VCB areas while toen7d@pth samples were
collected from the-8n VCB area.

2.5cmdepth | 5-cmdepth | 7.6-cm depth | 10-cm depth

Control

Nitrogen (%) (0-cm depth)

Fall 2020 NA NA NA NA NA
Spring 2021 1.183 1.958 1.770 1.937 1.692
Summer 2021 | 1.806 1.867 2.263 2.439 2.129
Mean 1.495 1.913 2.017 2.188 1.911
STDEV NA NA NA NA NA

Control

Phosphorus (%) (0-cm depth)

2.5cmdepth | 5-cmdepth | 7.6-cm depth | 10-cm depth

Fall 2020 0.32 0.45 0.65 0.54 0.74
Spring 2021 0.23 0.43 0.44 0.35 0.42
Summer 2021 | 0.25 0.51 0.61 0.47 0.56
Mean 0.27 0.46 0.57 0.45 0.57
STDEV 0.05 0.04 0.11 0.10 0.16
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For Fall 2020, a positive linear correlation was found between biomass growth and
compost de p t?H0.880F)eveth etwveed BMOYRncrease in biomass in
comparison to the control area. This performance is similar to results found for a study on sludge
compostamended soils which saw biomass increases-d2806 with increasing amendment
percentHua et al. 2008)However, sampling periods after this growth period showed weak
correlations R? = 0.0006for Spring 2021andR? = 0.4225for Summer 202)L For spring, this is
likely due to observed heterogeneous growth during the first growth period after winter
dormancy and for both spring and summer 2021; a range of diverse plant species (many not
grasses) were visually observed growing diierVCB areas during field site visits. This
additional heterogeneity likely had an effect on increasing variability of biomass measurements
between sampling locations. summer months ~2 years after VCB installation, all depths of
compost produced highbromasq4-5 times higherand also sequesteredj@atemmass of both

nitrogen(5-6 times higherand phosphoru-7 times higherjhan the control
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Figure 4-9: Field Biomass, Biomadsitrogen, and Biomass Phosphorus.

Additionally, belowground biomassyasnot measured in this studyut has beeshown
to increase witlincreasingaboveground biomasgLiu et al. 2021) Additional benefits provided
by belowground biomassiclude additionatarbon for soil microbiota; increageoot density

which leadsto increased infiltration and reduced surface runoff; carbon sequestration; improved
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drowght resistance; increased resistance to erosion; and increased resistance to and recovery from
stressefcludinginsect stress, traffic stress, and disease stress.

A mass balance was estimated for the two field VCB/VFS systems, including inputs: N
and Pfrom highway runoff and N and P from the compost layer, outputs: N and P in outflow
from the VCBSs, and sinks: N and P collecting in the VFS layer and N and P collecting in
vegetationTable4-7). Mass is presented as kgfior direct comparison between tharBand 6
m VCBs, and mass estimates were totaled over the 2.25 yr study pegbaday runoff and
VCB outflow values were calculated using the mass loading ragesrmied in Chapter 3. VCB
compost nutrient mass inputs was calculatgidg mineralization experiment resutigtaking
the percent mass release of thdeached field compost for the first year and the percent mass
release of the leached compost forrmaining 1.25 yr and multiplying each by the total
original N or P content in théeld composf(this method was chosen to avoid the high variability
in compost composition datajFS nutrient mass removdr TP wasobtainedusing results of
soil compodion data by subtracting the total P content from the soil prior to VCB installation
from the total P content found at the end of the experinvagtetation nutrient mass uptake was
estimated by averaging the nutrient uptake for collected biomass samgplassaming
vegetative growth over 50% of the year, given that applied species are cool season turfgrasses
(95% tall fescue and 5% Kentucky bluegrdd®OT SHA 2020). The mass balance gives an
indication of the relare importance of each source and sink, however some factors were not
able to be taken into account, such as vegetative decay in addition to uptake, and subsoil nutrient

removaj however, the potential influence of these pathways are discussed.
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Table4-7: Field Site Nutrient Mass Balance
Mass presented as kg/for direct comparison betweenrB and 6m systems; % contribution to
the total nutrient input is also presented to compare relative influence lofsgatem component.

Total Nitrogen Mass Balander 2.25 yr Field Study

Inputs (kg/ha) Outputs (kgha) Sinks (kgha)
Component :‘32“;‘?’ VCB | 3-m/6-m Outflow VFS Vegetation
Method EMCs | Ccompost EMCs soil _ biomass
composition composition | tissue content
n (n=28) (n=16) (n =21)/(n = 24)| not measured (n=2)

value 8.57 1010 74.25/92.9 NA 153

Total 1019 74.25/929 153
% Total Input]  0.8% 99.2% 7%/9% | NA 15%
% Total Input 22% for 3m and 24% for 6n VCB/VFS System

Total Phosphorus Mass Balanéar 2.25 yr Field Study
Inputs (kg/ha) Outputs (kgha) Sinks (kgha)
Component Highway VCB 3-m/6-m Outflow VFS Vegetation
Runoff
Method EMcs | _ Compost EMCs soil _ biomass
composition composition | tissue content
n (n=28) (n=6) (n=21)/(n = 24) (n=6) (n=3)

value 1.06 289 322/15.0 141 28

Total 290 322/15.0 169
% Total Input |  0.4% 99.6% 11%/5% |  49% 10%
% Total Input 70% for 3m and 64% forén VCB/VFS System

*Highway runoff mass presentedabtained from observed dataset. Expected highway runoff mass
values are 107 kgénfor TN and 7.94 kg#hafor TP.

For nitrogen and phosphorus, highway runoff accounted for less than 1% of the total
input to the system, with all other nutrient input attributed to that estimated to be released by the
compost in th&/CB. If expected highway influent concentrations haerbebserved, nitrogen
contributed by highway runoff may have been as high as 9.6% of the total input and phosphorus

2.7%, and therefore the VCB is expected to havenjerity ofinfluence on nutrient
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contribution to the system even in expected runoftit@ns, making compost type and degree
of nutrient release the most critical in mitigating nutrient release.

Only 2224% of nitrogen was able to be accounted for through assessment of mass
release in outflow (7% for-B1 and 9% for @m) and estimation oftention through plant uptake
(~15%). However, nitrogen content was not assessed for the VFS layer, and total volume
retention over the 2.2%r experiment was calculated to be 44% for thm ¥CB and 55% for
the 6m. This makes it likely that much of théregen mass was retained through underlying
soil layers. However, complexities of the nitrogen cycle, especially volatilization pathways,
likely also played a large role and much of the nitrogen missing from the mass balance was
likely also released to ¢hatmospherédnly 7-9% of total input N was released in effluent.
Systems encouraging further removal of N and use of composts with lower N release (for
example, leached composts) may therefore be able to reduce this mass to acceptable levels.

For phospbrus,64-70% of phosphorus mass was identified through calculations of
outflow mass (11% for-8n and 5% for 6m) and soil contents (49%) as well as estimations of
vegetative uptake (~10%). For phosphorus, unaccountedisndgsdy attributable to retentioin
the subsoil layer, since infiltration was not influential during storm eybat would be
influential duringlong periods of time between storms. This is supported by soil composition
data which showed a statistically significab&increase (p €.01) in P subsoil content (10.09
mg/kg to 65.79 mg/kg) at the top of the subsoil lageil washighly impactful on P fate, with
49% removal of total P inpurh the VFS layeand wadikely much higher due to additional
adsorption in theubsoil An estmated10% was attributed to plant uptakeaking this an
additionalsubstantial removal pathwa@verall, only5-11% of total estimated P input was

output in effluent, making the system efficient at removal of P relative to VCB release of P. This
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also furher supports potential use of leached composts rather tHaached in VCB design,
since soil and vegetative retention may further reduce effluent mass to more acceptable levels,

making VCB installation more feasible.

OpenHydroQual Model

The 3m field site VCB was selected as the test case for using OpenHydroQual to model nutrient
movement. Geometries and media hydraulic properties were assigned to each block as described
in Table4-2, and timeseries datasets for precipitation and evapotranspiration parameters were
uploaded as Sources. TRenmarMonteithMethod(Zotarelli et al. 2009)vas selected for
evapotranspiration estimates and applied to the compost (VCB) and {Mp<S) layers, since

these are in the root zone, but not to the subsoil layer. The sewer channel block was selected to
serve as an open channel collection for VCB effluent to control flow moving into the fixed head
storage block. The simulation time wseected as 2/27/2019 to 06/30/2019, from the time of

VCB field application to approximately 100 days later, in order to confine the model to a
timeframe where initial nutrient mineralization would occur (as this is the timeframe observed

for column minealization experiments). Flow outputs from the OpenHydroQual model were
compared to those observed at the field site, and a selection of these is shigurei#-10. The

model was fairly accurate in peak timing and magnitude; however deviations can be observed.
Being an idealized simulation of the test site, a smoothing effect can be observed in the modelled
dataset. This is expected variation to observed data, sineeent heterogeneity at the field site

will not be accounted for in the model (for example: inconsistencies in vegetative cover, soil
permeability and compaction, uneven terrain, and preferential flows). At times modelled

hydrograph peaks and peak timisgnconsistentvith observed datanost evident in the peak in
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the second storm event which reaches-A/ in the observed dataset, but ~h%h in the
modelled result. The short, high intensity events are more accurate than longer, smaller peak

stormrs; which could be attributable to inaccuracies in estimation of soil hydraulic parameters.
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All observed flow data for the simulation period (2/27/2019 to 06/30/2019) was
compared to the model output afr2nute timestep intervals since this was the timestep collected
at the field siteigure4-11). The slope of the linear fit is close to 1 (0.8614), andraercept
close to 0 (0.6975), indicating a good overall trend close to 1:1. Ttse0B424, which
indicates that more than falf variance can be explained by the simulation. However, errors in
peak timing are likely responsible for the range of values falling on-thésywhen observed
outflow is close to or equal to 0. Additionally, the field dataset was limited by a maximum
observed flowrate (~170%day), which can be seen by the range of predicted values for a set of

observations all sitting at x = 17Cfday.
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Figure4-11. : Comparison of Modelled and Observed OutflowHald 3-m VCB.
The maximum limit for observed outflow as dictated by monitoring equipment can be observed at
x = 170 m3/day; inaccuracies in peak timing can be observed by high values at x = 0.
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Mass of phosphorus in the different control volumes (blocks) over time for the test period
(2/27/201906/30/2019) are shown Figure4-12. The phase of P is indicatas either solid or
dissolved. The applied precipitation inflow and the VCB outflow are displayed above both
figures to connect storm events and outflow volumes to resulting P movement in the different
blocks. Mass in the solid phase in the compost ldgereases exponentially over time, with the
remaining mass approaching 0 around day 100. From the results obtained from laboratory
experiments, this is expected and can be checked by plugging ieidkeok 0.0358 day and a
time of 100 days t&quation4-5, resulting in Y(t) = ¥%*(1-0.028), indicating that the cumulative
mass released at day 100 is 97.2% of the total mineralized mass. Mass released to the outflow
only accounts for approximately half (~300 g) of the total mass released from the VCB by the
end of the simulation due to volume retention. Only a relatively small amount (~40 g) was
infiltrated to the fixed head storage block, however, infiltrationb#rarily defined by the
subsoil block at depth of G48, with much of the mass remaining in the pore space of the subsoil

layer at the end of the simulation.
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Figure 4-12: Total Phosphorus Mass Movement as Predicted by OpenHydroQual.
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The same simulation was run for nitrogen release, with the mass of nitrogen in the
different control volumes over time are showrrigure4-13, with the phase of N indicated as
solid or dissolved, and the precipitation timeseries and the VCB outflow displayed above both
figures. Similarly to the simulation for P, mass in the sofidge in the compost layer decreases
exponentially over time, though a much larger proportion of mass is released at the beginning of
the experiment as was observed in the mineralization experiments. Pluggingrirdhefk
0.1587 day and a time of 10 days taEquation4-5, results in Y(t) = ¥*(1-(1.28x107)),
indicating that the cumulative mass released at day 100 is greater than 99.9% of the total
mineralized nass and plugging in 20 days results in 95.8% cumulative mass release, which
aligns with the model output. Mass released to the outflow accounts for approximately 75%
(~1400 g) of the total mass released from the VCB by the end of the simulation, with the
remaining removed via volume retention with ~100 g as infiltration in the fixed head storage
block. This is a higher proportion of release to the outflow than what was predicted for
phosphorus, likely because the majority of N mass was released eadyexptriment while P
was released more slowly over time (0.0358dage constant for P, 0.1587 dlasate constant
for N), making volume retention (to lower soil layers and to the infiltration storage) over the
course of the experiment less impactful fbthan P. While the total percent release is higher,

smaller mass flushes for N are observed in comparison to P later in the experiment.

173



so — VCB Inflow

500

400

300

Flowrate (n3/day)

100 -

ol .||._ L Il..l L1

s00
mmmm \/CB Outflow

500

300 -

Flowrate (ni/day)

o o o

L. R N N Y

2000 F T T T T T T T T

= VCB Mass (solid)
— |nfiltrated Mass (dissolved)
Outflow Mass (dissolved)

1500

Mass NQ)

1000

500

|

1

o0et |
6102'90°E0
00'61
B10Z'02'ED
I |
B10Z'£0°40
00'61
BI0Z'L1°40
00'61
6102'10°50
00'61
610Z'S1°50
00'61
6102'62°50
00'61
6102°Z1°90
00'61
6102'92°90
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Two observed field storm events were used to compare the magek for total event
volume and total event madsdure4-14). The volume resulting from the modelled data for the
first storm event (5/6/2019) was 150% greater than observed, and for the second storm event
(6/18/2019) 50% greater. Many of the everdksefor the 5/6/19 event were overestimated by
the model, resulting in higher total volume. Peak estimation for the 6/18/19 storm event where
only one hydrograph peak was observed was much more accurate and resulted in a more similar
volume estimation. Masestimations for P were within the same magnitude (33 and 21 g for
storm 1 and 1.9 and 6.4 g for storm 2, observed and predicted respectively), though large percent
differences were observed (modelled mass was 36% lower for 5/6/19 and 239% higher for
6/1819). For N, however, results were less accurate. For storm 1, the mass resulting from the
model was an order of magnitude lower than the observed mass (95% lower, 9.5 g modelled, 191
g observed). For storm 2, the modelled mass was 55% lower than ob&eévgdnodelled, 12.6
g observed). Differences in mass release are likely attributable in large part to propagated errors
in storm volume simulation. Additionally, differences in N total release and speciation
(volatilization and nitrification) observed greenhouse and field experiments likely also
negatively impacted the accuracy of simulation results, which may partly explain why results for
P release were found to be somewhat more accurate than for N. Additionally, changes in release
rate due to tempature changes was not accounted for in the model, which would also decrease

the accuracy of model.
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A diagram showing the main pathways of nutrient movement in a VCB/VFS including
results found in this chapter is showrFigure 4-15. For phosphorus, mineralizationaurs in
the VCB layer, with P being mainly released asHPOAs PQ-P passes through the VFS layer,
some removal via adsorption occurs, with increasing Al+Fe content resulting in increasing
adsorption. (Not shown: Additional removal via adsorption is likely to occur in the subsoil layer
as well, based on the adsorptiootigerm obtained for field subsoil as well as significantly higher
P content in subsoils collected after VCB installation. However any mass infiltrating below the
VFS layer can be considered retained, since it should not be released in surface water and be
removed as flow infiltrates to groundwater.) Despite removal via volume retention and
adsorption, net release is still observed, since volume retention during storm events occurs only
through VCB and VFS media storage (Chapter 2), resulting in effluelatrémr storm events,
which flushes out mineralized mass from VCB/VFS layers. Additionally, net mass release is
higher than the mass removed even wé@sorption capacitis filled.

For nitrogen, mineralization is the main process occurring in the VCB, haite
nitrification and volatilization also being influential pathways in both layers. Though laboratory
mineralization experiments determined the net mineralization (with volatilization and
nitrification also occurring during the experiment), greenhaumskfield experiments indicated
differences in the degree of nitrification and possibly volatilization in comparison to laboratory
results. The moisture content and temperature should be influential in the release of N from the
VCB layer as well as movemein the VFS layer. Some adsorption via cation exchange should
occur for NH*, however specific factors were not found due to other biological transformation

of N in the VFS layer, making predictions of N movement more difficult.

177



Nutrients from
VCB leachate
enter the VFS

layer

Nitrification s
influential and
depends on
environmental
conditions

Potential for NH,*
adsorption via
cation exchange,

significant factors @

unknown

N volatilization is

a significantloss
pathway

uonezi|izejon

mineralization

Organic N

compost

leachate

organic
matter

- -volatilization

nitrification -

S NH: =P NO;™

clay

exchange sites

remaining

soluble

nitrogen

mineralization

Organic P - sy -~ pQ),

P &
Al and Fe
= adsoy’ptipnsi,tesA

phosphorus

remaining W

‘ soluble ‘

N and P uptake by
vegetation and return
to system through
decay

Mineralization of
organicN and P to
the soluble forms
introduces large
concentrations
which are
mobilized during
storm events

PO,-P adsorption
occurs and
increases with
Al+Fe content

Despite removal

pathways, net

leaching of N and

P occurs

Figure 4-15: Processes Affecting Nutrient Movement and Transport in a VCB/VFS.

178



Conclusions

Large release of N and P framnleachedcomposts was observed during mineralization
experiments, with large variations in total mass release in some cases. After adeayhing

through storm events, both the greenhouse and field composts had lower mean nitrogen release
rate constants fKeasd, lower mean initial flush (first mass release),and total mass release.
Differences in nutrient release wén-leachedcomposts are likely mainly due to mineralization
occurring from the more recalcitrant N and P pools left after significant washing/leaching during
experiments released the labile pool. Because nutrient release can be a detriment to downstream
waterbodiesthis indicates that using more matured and/or rfreaehedcomposts could be

preferred as they result in lower amounts of N and P release. Additionally, assessment of
composts for labile and recalcitrant pool contents could also improve compost selection.

Soils showed significant adsorption removal of phosphates from compost leachate, with
increasing Al+Fe content resulting in higher adsorption capacity (Q). Greenhouse and field
experiment data supported this finding, with statistically significantly hiBhsontents in soils
at the end of the experiment. Some potential for ammonium adsorption was identified, but true
assessment was not possible due to@mrring transformation processes. While some amount
of nitrogen removal through adsorption may begtlole for some soil types, microbial
transformations should be much more influential to nitrogen fate and transport in the VCB/VFS
system. Compost application over soils with higher Al+Fe content should result in less net P
release since the soil layerferfs a removal pathway through adsorption. Additionally, this has
implications for other stormwater systems using compost as a surface layer, since P released in

compost leachate may take up adsorption sites in the lower media layers. Because stormwater
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ergineered media is usually designed to remove P from influent stormwater, this may potentially
decrease the efficiency of the system for P removal.

Both composts and soils demonstrated significant chemical composition changes after
VCB application to a VF$ field and greenhouse experiments. After exposure to either real or
synthetic stormwater over long periods of time2(fears) compost released a large portion of
ionic constituents, and had somewhat lower N and P contents, though C:N ratio did not
significantly change. After washing, composts also had more than 95% less mass of the
immediately available N species (BN and NQ-N), indicating thateachedcomposts should
have much lower nutrient release immediately after application, which was confiraagh
assessments of initial flush in the mineralization experiments. Soils showed an associated
increase for some ionic constituents, with increasing cation exchange capacity and also
significant increases in P content. For the field topsoil, the Vi#Svas found to have reached
adsorption capacity, through comparison of the P saturation ratio to the theoretical adsorption
capacity (Q) found in the adsorption experiments).

Comparison of theoretical nutrient release curves from laboratory column gtudies
nutrient release observed in the greenhouse and field sites showed differences between lab
obtained values and experimental observations. N speciation differed, with higher nitrification
observed in the lab than in field or greenhouse, likely duefeereinces in saturation and
temperature. Lower P release in the greenhouse experiment than that predicted by the column
experiments was likely due to P adsorption through the soil layer.

OpenHydroQuamodelingindicated varying levels of accuracy with regj#o simulation
of storm event hydrographs and release estimations of N and P in comparison to field data.

Simulations showed significant mass reduction through volume retention in underlying subsoil,
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which reduced mass loss to effluent. Goodness okfitaéhed more than 50% of the variance

for outflow data, however, errors in peak flow timing and magnitude were identified. Estimations
of P may be more accurate than for N since N biological transformations were found to be highly
influential, however, foboth nutrients, lack of release rate adjustment due to temperature
changes limited the success of model performance.

Results indicate several pathways for reducing nutrient release by compost when applied
as a blanket.eachingof compost resulted ingmificantly lower mass release and a significantly
lower initial mass flush for both N and Beachedcomposts actually showed evidence of a small
lag phase in nutrient mineralization for both N and P, while release rates significantly decreased
for N andfor P in the greenhouse compost. This could make agilggoningcompost before
application a way to reduce the impact of excess nutrient release immediately after application
and over time through reduction in mass release and slowing of nutriené neltss
Additionally, because volume retention is a major mass loss pathway, designs can be adjusted to
increase infiltration, thereby increasing nutrient removal as well. Finally, compost leachate used
in adsorption experiments showed that removal of P®y Al+Fe, so future designs may
increase the use of soils or amendments containing these elements to increase removal of P in

layers underlying the compost layer.
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CHAPTER 5:CONCLUSIONS AND NEW RESEARCH
QUESTIONS

Conclusions

The addition of a Vegetated Compost Blanket (VCB) to a Vegetated Filter Strip (VFS) on a
highway median offered water quantity benefits as a Stormwater Control Measure (SCM).
Significant volume and flow reductions were observed for VCB/VFS systems ovagliveay

runoff alone Though infiltration was not found to be a significant loss pathdvaing the

duration of a storm evennhany smaller storm events (61%) were completely captured, with
significant volume reductions during larger storm evehdklitionally, thesystem functioned

mainly as conveyance during high intensity peaks and after saturation was reached. Total volume
removal over the full study period was found to be 44% and 55% fon @i3d a ém field VCB,
respectively. VCBs were able to britige site closer to a ptabanized condition in comparison

to specific discharges from forested watershed streams, and comparisons to studies on VFSs
alone showed improved performance through addition of the VCB. A hestickyrelationship

using an aveige design storage was determined for the relationship between influent and
effluent volume and a simple estimation for the average design storage was given using easily
obtained moisture content parameters.

VCB performance for water quality had mixed féesuvith good performance for
particulate pollutants observed, but high releases of nutrients, and in the case of the field site,
copper as well. TSS, particulate copper, and total zinc removal was observed in both the field
and greenhouse experimentsthwi SS likely originating from the media itself rather than being
remaining TSS from the influent stormwater matrix. A large intensity storm event in the

greenhouse resulted in erosion of compost prior to vegetative establishment, which resulted in
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elevate pollutant concentrations in the effluent, leading to a recommendation for use of an

erosion control blanket as was used in the field site VCB installation. Dissolved copper leaching

was observed at the field site, which is likely due to a higher coppé&snt in the compost used

in field experiments. Large mass export of N and P was observed in both field and greenhouse

studies, with the highest concentratiexseeling criteriaby two orders of magnitude for TN

and three orders of magnitude for, WAth concentrations at the end of each experiment still

exceeding both inflow concentrations and water quality criteria. Due to high nutrient release

observed in both experiments, and the potential for metals leaching as well (specifically, copper),

use of VCB for stormwater management on highway systems is not currently recommended due

to the risks of eutrophication and heavy metals toxicity in surrounding aquatic environments.
Assessment of nutrient release in laboratory scale experiments showleddhat

composts (those applied to field (2.25 yr) and greenhouse (1 yr) experiments and exposed to

either real or synthetic stormwater) had lower initial mass flush, total mass release, and release

rate constants for both N and P. This observation is likelytauoeost of the labile (readily

available) N and P pools being mineralized and subseqgueatiiedout during experiment

storm events, leaving the recalcitrant (resistant) pools, which are more slowly released through

microbially-mediated mineralization.dds from the greenhouse and field experiments were

tested in batch adsorption experiments and showed significant P adsorption removal from

compost leachate, with an increased capacity for P removal with increasing Al+Fe content. This

was further supportealy chemical analyses of soils taken before and after experiments showing

significant P content increases after compost installation. Comparison of greenhouse and field

experiment nutrient release to laboratohtained release curves indicated significant

differences. For phosphorus, based on adsorption studies and soils composition, this is likely due
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to removal of phosphate in the soil (VFS) layer. For nitrogen, differences in moisture content and
temperature between the laboratory setting and greerfielassites likely resulted in differing
amounts of volatilization. Differences in nitrogen speciation as observed in the laboratory also
differed from greenhouse and field studies, which is likely due to differences in the amount of
nitrification causedy differences in temperature and moisture content condifibodelingin
OpenHydroQual showed differences between model output for both hydrology and N and P
mass release, with some modest accuracy for hydrology, but highly varied results for N and P
mas release simulation.

Results indicate several ways to minimize nutrient release from a VCB, which may be
implemented in other situations such as for erosion control and in bioretention systems as well.
Lower compost depth resulted in lower P releaseeemiouse experiments, so less compost
application may decrease P in effluent. Additionally, increased volume retention should increase
nutrient removalLeachedcompostgesulted in significantly lower total mass release and initial
mass flush for both Nral P, and in some cases lower release rate constants; therefore
washing/aging composts so that the labile pool of N and P is nheatlyedaway before
application might make use of compost more viable in stormwater systems. Because P
adsorption was obsexd with increasing Al+Fe content, additional P removal might be achieved
through selection of the underlying media, or addition of amendments. Finally, compost
composition was found to be important in N, P, and Cu release. Further assessment of the labile
and recalcitrant pools of N and P in the compost may help better predict nutrient release,

additionally, the total N, P, and metals content may be restricted to minimize net release.
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New Research Questions

Additional research on compost composition dackffects on nutrient and metals release is
neededgiven the complexity of a leachate matrix as well as the high variability in compost
based on source, time of year, feedstocks, and composting procedures. Specifically, additional
research on N and P geaould provide a better estimation of nutrient release in theteng

since this research focused on the initial nutrient release after application. Further exploration of
aged leachedl composts could also further support use of an éggetied compet for

engineered applications such as use in a \&Bi&e lower mass release was observetefhed
composts in this research. Additionallgsassment of compost leachate including dissolved
organic matter, both quantity and type (ex. humic vs fuleids, in relation to compost leachate
and the contaminants of concern is also recommended. This parameter should have a significant
impact on both nutrient and metal fate and transport, affecting both contaminant mobility and
removal processeS.ommonly m highway medians, ¥FS system flowinto a swalefor further
treatment and conveyandkssessment of a full highway treatment system, including a swale,
could provide a better assessment of overall performance, since runoth&®@B/VFS will

likely oftenflow downstream to aecondary swale treatment system.
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Figure 5-1: Laboratory-Scale Sandy Topsoil Mix Description and Textural Parameters.
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Figure 5-2: Laboratory-Scale Clayey Topsoil Mix Description and Textural Parameters.
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Figure 5-3: Photos of the Four Mesocosms in Study 1.
Before compost application on 12/18/t8p), after grass establishment on 3/2/20 (middle), and
at the end of the experiment on 3/3/20 (bottom).
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Figure 5-4: Photos of the Four Mesocosms in Study 2 and Standard from Study 1.
Beforecompost application on 10.12.2020 (top), after grass establishment on 1.18.2021
(middle), and at the end of the experiment on 6.7.2021 (bottom).
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(©)
Figure 5-5: Field Site Vegetated CompostiBkets After Establishment.

a) 3m VCB: 30.5m (100ft) along highway, 3n (1Gft) perpendicular to highwayg) 6-m VCB:
30.5m (106ft) along highway, 6n (20ft) perpendicular to highwayg) observational VCB:
30.5m (106ft) along highway, 6n (26ft) perpendicular to highwaymages of VCBs taken on
June 09, 2019102days after installation.
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