ABSTRACT

PRICE, WILLIAM DIXON. Dune Infiltration Systems fofreating Coastal Stormwater
Runoff. (Under the direction of Dr. Michael R. Burtihe

Increased development of coastal regions has ledd@tesa for the infiltration of
runoff, resulting in higher storm flows and pollutant lvgg. In many coastal towns, such
as Kure Beach, N.C., antiquated stormsewers dischaggstthmwater, untreated, onto the
beach or into the ocean where swimmers often congredyédaitoring by the N.C.
Recreational Water Quality Program (N.C. RWQ) hasatd high levels of fecal indicator
bacteria at many such outfalls, as well as otherimasialong the state’s coast. These
indicator bacteria are associated with the presenothef pathogens that may cause various
illnesses in humans. Thus, when indicator bactenamEaconcentrations surpass the state’s
allowable maximum level, the N.C. RWQ issues a swimmanhgsory to warn the public of
the health risks. Therefore, in a proactive moveethuce the amount of discharge onto the
beach, treat the polluted runoff, and diminish the nurobewimming advisories, the Town
of Kure Beach and the N.C. Department of Transporta@ out to install stormwater Best
Management Practices (BMPs) throughout the town. Kewelue to several constraints,
including the highly limited and expensive coastal propertyag determined that traditional
BMPs would be inadequate and that a new type of BMP wakedeel hus, with sandy soils
underlying the town’s vast dune system, a new in-situ sieddevice was investigated.

In conjunction with the N.C. State Biological and Agitural Engineering
Department, two Dune Infiltration Systems (DISs) weyestructed within the town’s sand
dunes (Sites L and M). The systems operated by divestamgwater into a series of

subsurface, open-bottomed chambers that temporarily st@ted, while the stormwater



infiltrated through the sand, filtering bacteria. Theltrdted stormwater then mixed with the
groundwater and flowed laterally towards, and into, th@awcdecause such a system had
never before been used, a two-year investigative steldy was performed (Bright, 2007).
Results from this investigation supported continued useramitoring, thus an intensified,
three-year study was implemented. This longer-term shaillyded the addition of a control
site and increased water table elevation and groundwatetomog. Additionally, results of
this intensified study prompted the construction and skeont-onitoring of a new system
(Site K) which was placed in a more impervious waterstmebincluded various design
changes.

At the conclusion of these two studies, the reswltdicued to show that each DIS
performed efficiently, capturing a combined 97% of the staatawat Sites L and M and
80% at Site K. In addition, untreated stormwater béactevels entering each site remained
high, as nearly 83% of all samples exceeded the dlateahle maximuntoncentration.
Meanwhile, the median groundwater concentrations at @telvere > 97% lower than their
respective stormwater medians. Further, the studgmtendwater concentrations at the
dune-beach interface were well below the state maxifourwontact waters and were similar
to levels found in a nearby control dune. Lastly, dune hgdyomonitoring revealed only
short-term impacts, lasting from hours to several days to infiltration of stormwater.

Overall these studies supported continued use, monitoridguture implementation
of DISs. Through this research, several design, congtny@nd maintenance

recommendations were realized, which could be implerdentpotential future systems.
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CHAPTER 1

INTRODUCTION

Continued increases in U.S. coastal populations, 40 mpkmple between 1960 and
2008 (Wilson and Fischetti, 2010), have resulted in increageoh wlevelopment and
therefore less area available for the infiltratiorstmirmwater runoff. The subsequent
increase in runoff volumes led to the amplificatiorhgdiraulic and pollutant loading to
receiving waters, resulting in water quality degradationcmdern for recreational use in
and on these waters. Of particular concern to cbestamunities is the discharge of
untreated stormwater onto the beach and into the odsasurding to the N.C. Recreational
Water Quality Program (N.C. RWQ) (2008), this water oftentains high levels of fecal
bacteria that are known to cause ear, eye, and dkittions, respiratory disease, and
stomach related illness in humans (N.C. RWQ, 2008). eftwe, shortly after storm events,

ocean swimmers are at risk of coming in contact Wwighldacteria-laden waters.



GOVERNMENT REGULATION OF RECREATIONAL WATERS

Due to recreational water contamination and concerntay®an health, stormwater
management has become a priority of federal, stateloaal government officials. Through
federal legislation, the U.S. Environmental ProtecAgency (EPA) and state governments
regulate the discharge of contaminants into recreatiwaters and monitor them for several

water quality parameters, including fecal indicator baater

The Clean Water Act

Protection of waters within the U.S. largely began in 1®ifR the Clean Water Act
(CWA), which established enforceable water quality critenissurface waters and the
discharge of contaminants into receiving bodies (UFA,E2008c). The goal of these
standards was “restoring and maintaining the chemical, gdlysind biological integrity of
the nation’s waters so that they [could] support the ptioteand propagation of fish,
shellfish, and wildlife, and recreation in and on tteer” (U.S. EPA, 2008b). During the
CWA'’s infancy, enforcement and monitoring focused on psantrce pollution due to its
systematic “program-by-program, source-by-source, pollligmellutant approach” (U.S.
EPA, 2008b). By the 1980s, nonpoint source pollution, sucinkes stormwater, was
realized to contribute significantly to water quality degtmata forcing the government to
address these sources of pollution. In addition, the isgmf bacterial contamination of

storm- and recreational waters led the government tatathje CWA to mandate that the



EPA develop acceptable fecal indicator bacteria rangegdoeational waters. In turn, the
EPA directed each state to set its own criteria byeeitadopt[ing] [the EPA’S]
recommended criteria, modify[ing] [the EPA’s] recommaenhdgteria to reflect site-specific
conditions, or adopt[ing] criteria that [were] as paive as [the EPA] recommendation
based on scientifically-defensible methods” (U.S. EB#Q8a). However, by 2000 several
states had failed to establish monitoring standards, prognfutither action by the federal

government.

Recreational Water Quality Monitoring in North Carolina

In response to several states failing to enact recnadtwater standards for fecal
indicator bacteria, the federal government passed thehH&avironment Assessment and
Coastal Health Act (BEACH Act) that again mandatedest to comply with federal
regulations (U.S. EPA, 2000). With this new directivertN&arolina established standards
for the fecal indicator bacteria, enterococci, antrutsed the N.C. RWQ to monitor the
state’s 240 recreational beaches. These standardediffeéed between beaches, and thus
monitoring intensity and maximum allowable concentratipntheir frequency of use and
geographic location through a three-tiered system (Table T4i§ regulations dictated that
all ocean front beaches and those with daily use wegjdire the most stringent monitoring
and thus were classified as Tier | beaches. Less ineggibeaches were determined to need
less strict monitoring and were designated as Tier le [€ast used beaches were

categorized as Tier Ill. All beaches from eachwere to be monitored year-round for



single sample concentrations of enterococci. Fumbeg, Tier | beaches, the most
frequented sites, were also to be monitored for theimgaic mean concentration. This
monitoring included consideration of the geometric medivefsamples, collected evenly

spaced over each month during the summer season (Magéstember 30).

Table 1-1. North Carolina beach tier designations, descriptiams$,raaximum allowable
enterococci concentrations (Dorfman and Rosselot, 20083.N.C. RWQ also considers the
monthly geometric mean between May and September fot heaches. The maximum
allowable mean is 35 MPN/100 mL.

Single Sample
Maximum
BTe_ach Use and Beach Locations Enterococci Num_ber
ier . of Sites
Concentration
(MPN/100 mL)
7 days/week (high/everyday use)
Accessed by swimmers and watercraft
Includes all ocean-front beaches, 104 92
regardless of use
Next to resorts, public accesses, and
summer camps
3 days/week (medium/weekend use)
I Accessed _normally by watercraft _ 276 104
Along the intracoastal waterway, tidal
creeks, and exposed shoals
4 days/month
(low/infrequent use)
i Full-body human contact is rare 500 a4
Special event usage (athletic events, gtc.)

The primary purpose of sampling recreational watersnfiicator bacteria
concentrations was to notify the public when potentialthdwsdzards existed near the sample

area. Therefore, when such conditions existed, the RWZX) warned the public through



swimming advisories (Appendix A) and by placing miag signs near the sample area (Fig.
1-1). In addition, permanent signs were placed segeral stormwater beach outfalls in lieu

of the temporary warning signs (Fig. 1-2).

Figure 1-1. N.C. RWQ swimming advisory sign (Image used vignmission from N.C.
RWQ, Morehead City, N.C.).

Figure 1-2. Permanent storwa diharge Warningsin (Iniagd with permission
from N.C. RWQ, Morehead City, N.C.).



Fecal Indicator Bacteria

Due to the difficult and expensive nature of testing wdtersarious pathogens and
bacteria, monitoring agencies, such as the N.C. RWQ@ijtaraecreational waters for fecal
indicator bacteria. Commonly used indicator bacteéude fecal coliformsE. coli, and
enterococci. These bacteria are used because thegliyypo not survive well outside of a
host or within the natural environment. Additionally, o$@ single indicator bacterium is
less expensive than testing for multiple organisms amdhtioratory procedures used to test
for such species are typically easier to perform asd fime consuming.

The N.C. RWQ (2008) tests coastal waters for entergoobech are not a threat to
human health; however, their presence has been dedeldth the existence of other
bacteria and pathogens that are harmful to humans.NT®. RWQ (2004) defines
enterococci as “gram positive, coccoid-shaped bactataare found in the intestinal tracts
of warm-blooded animals that inclu@@terococcus faecalis, Enterococcus faecium,
Enterococcus aviunand,Enterococcus gallinariuim

Fecal indicator bacteria concentrations have beenrshmWwe correlated with several
climate and hydrologic factors (Hathaway et al., 2010)e duthors examined stormwater
runoff from a residential neighborhood in Raleigh, Na@d compared it with several climate
factors. Firstly, their results indicated that domcentrations of each species were highest
during the spring and summer, though were not always significhigher than in the fall
and winter. Enterococci had no significant seasonateatration trends (all p > 0.05) while

fecal coliforms were significantly lower during the ¥anmonths, as compared to other



seasons (all p < 0.05 when compared to winter) (Hathastay},, 2010).E. coli
concentrations were highest in the spring and signifigaigher than the concentrations
observed during the fall and winter (both p < 0.05). FurtHathaway et al. (2010) found
significant correlations (p < 0.05) between fecal indicéacteria concentrations and
stormwater peak flowrate, antecedent moisture conditain temperature, relative humidity,
and other various climate factors.

Though not believed to be explicitly studied to date, ramiblogic influences on
stormwater bacteria concentrations could include seasmun@m, among other possible
factors. Coastal towns experience a large increagadationers during warmer months and
with these tourists come their pets and higher generafitbod wastes, which often become
a food source for wild animals. Therefore, increasesimal activity may lead to more

deposition of animal wastes, and thus higher bacterieectrations.



BACTERIAL CONTAMINATION OF RECREATIONAL WATERS

Bacterial contamination of recreational waters iparticular concern due to the risk
of full-body contact with polluted waters, greatlyreasing chances of contracting serious
illness. These concerns are often greater for caasas, due to ocean swimming and
because reports of hazardous waters or illnesses maadedourism, a major contributor to

local economies.

Sources of Bacteria in Storm and Recreational Waters

Bacterial contamination of recreational waters caicaflly be attributed to
stormwater and wastewater. Stormwater enters thates via stormsewers and direct
runoff from the land. Wastewater may enter recreativaters through sewer or septic tank
leaks, overflows, or malfunctions. Additionally, manymrcipalities utilize combined sewer

overflows (CSOs) which combine storm and sanitary sewers.

Wastewater Contamination of Storm and Recreational Waters

In addition to leaks or malfunctions of sanity sewemmal operation of septic
systems and their associated drain fields may reldgbhdevels of bacteria into the
surrounding groundwater. Sanity sewer malfunctions stem failures at the treatment
plant, runoff intrusion into the system causing ovevfipand pipe failures. Fortunately,

malfunctions in these systems are rare; howeveQGHd sewer outfalls can still pose risks



to swimmers and fishermen. Therefore, North Caroliohipits fishing and swimming at
all sewer outfall locations and no CSOs are in operatithin the state (Potts, 2003).
Though direct discharge of raw sewage into recreatiwatdrs is limited, untreated
wastewater may still be found in stormwater. A studyrlyn et al. (2007) in Ann Arbor,
MI, was conducted using “sequence-based bacterial soucggaechnology” and
considered birds, humans, pets, and raccoons as bactenasoThe authors discovered
that human waste was found in six of ten samples anld typically account for up to 50%
of the contamination source in some stormwater safplee trial showed humans were

100% attributable, which the authors determined to be atst@ltisutlier).

Stormwater Contamination of Recreational Waters

According to the North Carolina Division of Water Qual(iN.C. DWQ, 2008),
stormwater is North Carolina’s principal water qualitglglem. Stormwater is responsible
for transporting not only fecal bacteria, but nutriehegvy metals, hydrocarbons, and
sediments, to receiving water bodies, often resulting wndtream water quality
degradation. The sources of bacteria in stormwateypieally the wastes of warm-
blooded, domesticated and non-domesticated animals, wigicidénpets, vermin, and birds
(Hathaway and Hunt, 2008).

State regulations typically require stormwater manageamhtreatment via Best
Management Practices (BMPs) on newly developed s$itegever, sites developed before

such regulations are often not required to treat thaimstater. This issue is often seen in



coastal towns that have stormwater beach outfaltese outfalls discharge untreated
stormwater onto the beach and into the ocean, wieaeh users often congregate (Fig. 1-3).
One such town is Kure Beach, N.C., which has 2@rst@ter beach outfalls. Monitoring by
the N.C. RWQ has shown elevated bacteria levellseérocean at Kure Beach, as well as at

other beaches throughout the state.

Figure 1-3. Stormwater beach outfall in Kure Beach, N.C. Nbgdirect contact that
occurred during discharge.

Bacterial Contamination of Recreational Waters in Nrth Carolina

Coastal counties in the U.S. account for only 8%hef3,142 counties nationwide,
but for 29% of the nation’s population (Wilson afidchetti, 2010). In addition, these areas
attract millions of tourists and billions of tounsdollars each year, fueling the economies of

coastal towns. In North Carolina alone, the cdastgion attracts nearly 15 million tourists
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each year (Potts, 2003), adding almost $2.3 billion and 29,000jdbs economy (N.C.
Department of Commerce, 2010).

The quality of recreational waters in North Carolves been of concern in the past,
as monitoring results yielded sample concentrations ath@vstate maximums. In fact,
between 2003 and 2009, North Carolina was ranked ffdtn 26", with respect to lowest
exceedance rate, among 30 states conducting recreatimiaslquality monitoring
(Dorfman, 2004, 2005, 2006; Dorfman and Stoner, 2007; Dorfman andi®®p26€8, 2009,
2010). According to the N.C. RWQ'’s (2010a) monitoring resthis state single sample
maximum for enterococevas exceeded by 1.0% - 2.9% during each year of this period
(Table 1-2). In addition, geometric mean results fraen Theaches showed exceedance

rates ranging from 0.8% - 4.8%.

Table 1-2. N.C. RWQ (2010a) enterocoauopnitoring results for all beach tiers between
2003 and 2009. Single sample results were for all beashy®ar round. An exceedance
was considered a sample concentration surpassing the amattowable listed in Table 1-
1. Geometric mean results for Tier | beaches, Mahtbugh September 80 An
exceedance was considered a geometric mean surpassing 350@MPMN..

Single Sample Results Geometric Mean Results
Year | Number of Number | Exceedance Number of Number | Exceedance
Exceedances of Rate Exceedanceg of Rate
Samples (%) Means (%)
2003 175 5989 2.92 102 2129 4.79
2004 109 5979 1.82 86 2125 4.05
2005 85 5859 1.45 15 2005 0.75
2006 112 5869 1.91 57 1920 2.97
2007 60 5882 1.02 17 1950 0.87
2008 66 6148 1.07 21 2324 0.90
2009 104 6309 1.65 50 2467 2.03
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Though the exceedance rates appear to be quite lowintipsict, in terms of
swimming advisories, was much larger, as they lead®ljlays of advisories (Table 1-3).
While potentially protecting the public from contact witlthtaminated waters, swimming
advisories could lead vacationers to avoid certain beadaesging local and state
economies and reputations. Evidence of such an issuexeawgplified in the 1990s when
pfiesteria levels in the Neuse River in North Camliasulted in numerous fish kills, leading
many people to the idea that, “all of North Carolinaisstal waters were unsafe for the

consumption of seafood or swimming” (Potts, 2003).

Table 1-3. North Carolina swimming advisories for all beach tiegtaeen 2003 and 2009
(N.C. RWQ, 2010b).

Days of Advisories for Beach Tier: | Total Number

Year

| I 1l of Days
2003 862 6 6 874
2004 623 7 3 633
2005 187 9 0 196
2006 387 24 39 450
2007 179 5 9 193
2008 147 13 8 168
2009 403 21 13 437
Total 2788 85 78 2951

Additionally, the 24 hr lag time between sample coiettnd result reporting still
leaves opportunities for swimmers to come in contditt potentially hazardous levels of
fecal bacteria. Further, the state’s monitoring progdaes not address the needs of

reducing discharge onto beaches or treating polluted runoff.
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To mitigate health risks and potential losses in toursafytions such stormwater
BMPs are needed to treat and/or prevent the dischétggeteria-laden stormwater onto
public beaches and into recreational waters. Howevwerdesign and installation of BMPs in
developed areas, especially along the coast, is ofsdlenbing. This is due to a lack of
available property, the high cost associated with cbpstaerty, a lack of government
regulations enforcing stormwater treatment from exgstiavelopments, and the ability for
traditional BMPs to effectively and efficiently tremtarge enough proportion of the

stormwater to have positive impacts on water quality.
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STORMWATER BEST MANAGEMENT PRACTICES

In an effort to control stormwater quantity and impgavater quality, stormwater
BMPs are often implemented throughout developments,soand watersheds. The N.C.
Division of Water Quality (N.C. DWQ, 2007) recognizes twassks of BMPs: structural
and non-structural. Each class offers unique solutiostwater treatment and is
typically best utilized when included during the initial siesign; however, both can be

employed post-construction to address water quality cosce

Non-Structural Best Management Practices

Non-structural BMPs are program, policy, and/or procetlased methods that
attempt to maintain source control, by preventing or nedube release of pollutants into
runoff. Examples include public education efforts, pettevaisposal regulations, proper
lawn and agricultural fertilizer use, street cleaning paoty, and garbage disposal
regulations. These BMPs are often less expensiveateatially more effective in some
areas than structural BMPs; however, they ofteresulfie to a lack of public cooperation or
the presence of pre-existing water quality problems. Ih sases, structural BMPs are often

implemented to resolve water quality problems.
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Structural Best Management Practices

Structural BMPs are systems designed and constructedtstoemwater runoff
before being discharged into natural water bodies. Baehof structural BMP is typically
designed to treat multiple pollutants; however, floduation and volume capacity vary
between each. Examples of pollutants that can béetteising structural BMPs include
nutrients, sediment, fecal bacteria, and heavy metals.

The N.C. DWQ recognizes several different structuraFBNbr stormwater
treatment, each of which is outlined in the N.C. DW&termwater BMP Manual (N.C.
DWQ, 2007). Types include dry detention basins, wet detebéisims, stormwater
wetlands, bioretention cells, grassed swales, and geard {N.C. DWQ, 2007). The N.C.
DWQ credits each BMP with certain pollutant remowings and characterizes each
according to several design considerations (Tables 1-4a-4bhjl The most important
aspects to consider when selecting a BMP are its pdiitgaroval ratings and flow
control/storage abilities. Other factors, such as mghesl area and required space are also
important because these may limit or prohibit the used&in BMPs, depending on site
constraints. Factors such as community acceptancsadety may also affect BMP
selection, as residents living near BMPs prefer sadeaasthetically pleasing systems
located near their property. Coastal towns wishingdat ffecal bacteria laden stormwater
would particularly consider BMPs with adequate fecal b&ctemoval ratings, such as those

listed in the following tables.
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Table 1-4a. Characteristics and facts of several BMPs used mhNoarolina

(N.C. DWQ, 2007).

Fecal High Size of
BMP Cltznlr?t\x)l Rem_oval Tempgrature Drainage ngjli(r:g d
Ability Concern Area
Bioretention Possible] High Med Small High
Stormwater Wetland Yes Med High Small-Large High
Wet Detention Basin| Yes Med High Med-Large| High
Sand Filter Possiblel High Med Small Low
Dry Detention Basin Yes Med Med Small-Largé  Med
Table 1-4b. Characteristics and facts of several BMPs used mhN@arolina
(N.C. DWQ, 2007).
Construction | Maintenance Safety Community
BMP
Cost Level Concerns| Acceptance
Bioretention Med-High Med-High No Med-High
Stormwater Wetland Med Med-High Yes Med
Wet Detention Basin Med Med-High Yes Med
Sand Filter High High No Med
Dry Detention Basin Low Low-Med Yes Med

Complementing the qualitative fecal bacteria remoatihgs in Table 1-4a,
Hathaway et al. (2009), during a study of several BMPs inliNdarolina, found removal
ratings for fecal coliforms of -20 to -45% (an increaseoncentration) for two dry detention
basins, 70% for a wet detention basin, 56% to 98% in twastater wetlands, and 89% via
a bioretention cell. Barret (2003) reported a fecaldsactemoval rating of 65% for sand

filters, while Galli (1990) reported a rating of 76%.
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Best Management Practice Selection for Treating Discharge fro Stormwater Beach
Outfalls in Kure Beach, N.C.

In the early 2000s, the Town of Kure Beach and the NgpaBment of
Transportation (N.C. DOT) came together in a proactieee to install BMPs throughout
the town to reduce the amounts of fecal bacteria and sttenwischarge onto the beach.
Officials from both parties considered several BMerakitives, many of which can be found
in Tables 1-4a and 1-4b. The bacterial contaminatioheo$tormwater in Kure Beach
required the BMP to have a high fecal bacteria rem@tal and an infiltration type system
was preferred to reduce discharge onto the beach. Throogidetion of these factors and
the available BMPs, it was determined that the highlytéidhand expensive coastal property
prohibited the town from installing enough of the needed tgp&MPs to have a true
impact on water quality and flow mitigation. Therefaaaew end-of-pipe, infiltration style
BMP was needed. Thus, with the sandy soils near ttiallspofficials decided to examine

the use of a new, in-situ sand filter device.

Sand Filter Best Management Practices

Traditional stormwater sand filter BMPs provide treattr@nstormwater infiltrates
and percolates through a layer of sand. Sand filteryaically designed for water quality
treatment and have little storage volume. The NWQ@2007) credits sand filters with a
high fecal bacteria removal rating, in addition to 8%%altsuspended solids (TSS), 35% total

nitrogen (TN), and 45% total phosphorus (TP) removal (&e3. DWQ, 2007).
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Traditional systems include open and closed filters. Qgstems consist of an
exposed sand bed, to where stormwater is directed, dijtdren discharged through an
underdrain or into sub-soils. Closed systems, oftereglaaderneath parking lots, are
typically two-chambered concrete boxes. Stormwatdirésted into a settling chamber and
then into a sand chamber, where it infiltrates thrabghsand and is subsequently
discharged. Closed sand filters are normally designedréonage areas of < 0.4 ha - 20 ha
(1 ac — 50 ac) and to capture the first flush (U.S. EF®9). The first flush, originally
presented by Donald Grisham in 1995, is the idea that “afdke event load is transported
in the initial part of the event discharged volumea€bi and Droste, 2004). In design terms,
the first flush is correlated to a depth of rainfathich is usually 12.7 mm - 38 mm (0.5 in -
1.5in). For example, in Delaware, 92% of storm ever@®28 mm (1 in) or less, thus in an
effort to treat as much stormwater as possible thevek sand filter is typically designed
to capture the runoff associated with this rainfall d¢ptis. EPA, 1999). In Wilmington,
N.C, located approximately 25 km (15 mi) northwest of KBeach, 90% of storm events
have rainfall totals up to 56.9 mm (2.24 in) (Bean, 2005).

Therefore, with Kure Beach’s sandy soils and vasesysif sand dunes, N.C. DOT
and N.C. State University officials decided to examineude of a modified sand filter
within the dunes to treat stormwater. This new BMB,Kbre Beach Dune Infiltration
System (DIS), consisted of a diversion device thatotkrd water into a series of subsurface,
open-bottomed chambers buried in the dunes. The systemraeitystored stormwater,

while allowing it to infiltrate through the sand dunes, fittg bacteria. The basic principles
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of sand filtration were used by the DIS, but unlike tradaicsand filters, this system utilized
in-situ soils. The vertical and lateral transporttofmwater through the sand trapped
bacteria through natural physical and chemical proces$ds, other processes contributed
to the die-off of bacteria within the dunes. Additiopadlilution of the stormwater also
decreased the bacteria concentrations due to the imrapmets of groundwater beneath

the dunes.
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TRANSPORT AND FATE OF FECAL BACTERIA THROUGH NATURAL POROUSMEDIA

The success of the DIS was dependent upon the removatteria from infiltrating
stormwater and then die-off to avoid accumulatiorheagroundwater. The transport of
bacteria through porous media is a complex process. Musstudies on the transport,
adsorption, and removal of bacteria in soils have bedarpged; however, results are often
mixed, and sometimes contradictory. Similarly, redeano the fate of bacteria in natural
marine environments has also yielded mixed results andsslikely even less understood

than the transport of bacteria through soils.

Transport of Fecal Bacteria Through Porous Media

As bacteria travel through porous media, several presasduce interactions
between the soil matrix and bacteria. Though not ¢etely understood, bacteria transport
through soils is thought to be a function of Browniartés, buoyancy, cell and soil surface
charges, hydrophobicity, cell shape, cell size, hydrodyegmgravity, ionic strength, soil
grain size, pore space geometry, and surface coatings Gbanket al., 2008; Weiss et, al
1995). Torkzaban et al. (2008) found that pore space geomettii@nesulting
hydrodynamics were instrumental in removing bacteria filom-through sand columns.
The study showed hydraulically disconnected regionsgreams, around grain contact
points, and behind soil gains. These areas were descaladraobile zones contain[ing]

an infinite set of nested ring vortices that [could] digantly [contribute] to bacteria
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retention” (Torkzaban et al., 2008). The authors also ribtgdhese zones were most likely
distributed throughout the soil matrix, lending to theaitleat this process may play a major
role in bacteria retention within the soil.

Other researchers have cited bacteria removal flemtb be multi-causal, involving
physical and chemical adsorption processes (Corapciodltiandas, 1984; Ginn et al.,
2002; Lawrence and Hendry, 1996; Weber, 1972). Weber (1972) statgxhyisical
removal was, in part, due to Van der Waals forces betweemicrobe and soil. Straining,
another physical removal mechanism, was defined by Coglp@and Haridas (1984) as
removal from flow due to a bacterium being larger thanpibre it encountered. Chemical
interactions between microbes and soil particles wereght to include rearrangement of
polymers, macromolecules, and other cell structures wtitigirbacterium as it approached a
soil particle, resulting in an attractive force anerdfore retention of bacteria (Ginn et al.,
2002).

Studies, such as those by Weiss et al. (1995), examinetidbiect cell-shape on
bacteria transport through sand columns. Weiss €1395) discovered that long, rod-
shaped cells, as opposed to more rounded cells, wereikelyed be removed from flow;
however, other factors, such as hydrophobicity, alsotaffieemoval. The effects of
bacterial hydrophobicity were examined by Huysman and \&atst(1993), who found a
positive correlation between hydrophobicity and adheremeseil particles. In summary, the
authors discovered that as hydrophobicity increased frono2Z8%, adhesion to sand

particles increased from 20% to 90% (Table 1-5).
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Table 1-5. Effects of hydrophobicity on the adhesion of bacterisaibparticles
(Huysman and Verstraete, 1993).

Strain Hydrophobicity Adhesmnct:?é;%)
(%) Sand L
oam
E. Coli 2 20 93.6
L. plantarum 17 23 94.6
Streptococcus faecalis 93 94 99.9
L. fermentum 73 85 99.4

In addition to these studies, several researchersehxamined the removal of
bacteria in flow-through sand columns (Abu-Ashour and AleigZ 2005; Bright, 2007,
Bright et al., 2010; Garbrecht et al., 2009; Jiang et al., 2@@rkin et al., 2007; and
Powelson and Aaron, 2001). The removal rates found dunmgadef these studies varied
from 20% - 98% (Bright et al., 2010; Mankin et 2007; Garbrecht et al., 2009). Jiang et al.
(2007) and Powelson and Aaron (2001) found that the air-wdezface retained a
significant amount of bacteria during unsaturated flondd¢@ms. Abu-Ashour and Abu-
Zreig (2005) stated that interstitial velocity played gomeole in bacteria adsorption to soils.
The authors determined that high velocities could prewacteba adsorption and dislodge
adsorbed bacteria from the soil. Using soil colleéteoh the DIS project site, Bright et al.
(2010) found similar results in a flow-through column expent. In fact, the authors
discovered a significant (p < 0.01) correlation betwssgpage rate and effluent total

coliforms counts.
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These experiments have shown several processegthate bacteria from flow in
porous media. The removal rates in sandy soils Wgtdy variable among and between the
research trials and conclusive findings for the vanmltiave been, to this point, unobtainable.
The major processes that appeared to remove bactdudadcsorption to soil particles,
straining, hydraulic capture, and interactions with thevairer interface. The DIS would
likely employ each of these mechanisms to remove hadtem infiltrating stormwater.
However, for the DIS to be successful, bacteria masbnly be removed from flow, but the
concentrations must also be reduced within the dunestd ascumulation, potential

flushing, and release back into the groundwater and ocean.

Fate of Fecal Bacteria in Natural Soil Media

Research studies of bacterial fate in natural meala ncluded laboratory and field
studies, using sterile and natural marine media. Thadestoften found mixed results,
which could be attributed to experimental error and studyictehba in laboratory settings,
which could not consistently mimic natural processes.

The permanent removal of bacteria within marine sadsprding to Mitchell (1968),
is partially due to competition for limited nutrientsakg metal toxicity, natural toxins,
predation, natural antibiotics, and natural die-off. @&ding to Mitchell (1968), these
processes causéd colito follow a die-off curve that began with a lag phakenta 90% Kkill
rate in three to five days. Furthermore, Mitchell (19€&}ed that non-marine organisms

introduced into a marine environment are likely killed by predarganisms or die-off due
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to natural processes, but that high loads of non-margensms may overwhelm a local

biosystem, resulting in some bacteria survival. This cbelthe case immediately following

stormwater discharge into the ocean. Such researcpeviormed by Wait and Sobsey

(2001), using Atlantic Ocean seawater. The study was cawlusing laboratory and field

settings during all four seasons. The findings were dnikewever, bacteria die-off

occurred faster, for the most part, in the field expents. The laboratory study showed a

mean of 3.5 days to achieve a 90% kilEofcoli while the field study produced a mean of

1.75 days (Tables 1-6a and 1-6b).

Table 1-6a. Field study of microbe reduction in natural seawaterit('&ral Sobsey, 2001).

Days for 90% reduction of bacteria in natural seawater
Season| Winter Spring Summern Autumn Mean
Microbe D°Cth 4-7.5 19-22 22-24 18-20
(?T"]’) 310 3 10 3] 10 3 10 3 10
E. coli B 34|28 1.8 1.2 4| 34 091 |25 1
Salmonella typhi | 1.8 | 3.3 14 14 14 14 37352135
Poliovirus 1 7.1/ 6.6| (nodata)| (no data)| 2.6 | 1.5| 1.7 0.8|3.8| 3

These studies revealed the importance of preventingsbkaige of untreated

bacteria into the ocean as some bacteria are abletive for several days in the marine

environment. Thus immediately following a storm evany potentially up to a few days,

ocean swimmers could be at risk of coming in contattt fecal bacteria
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Table 1-6b. Laboratory study of microbe reduction in natural ssaw(Wait and Sobsey,
2001).

Microbe Days for 90% reduction of bacteria in natural seawater
°C Winter | Spring | Summer | Fall Mean
6 2 8.5 6.9 4.7 5.5
E coli B 12 0.9 5.5 4.4 3.8 3.7
20 1 7.3 2.1 2.7 3.3

28 0.9 0.9 0.9 2.5 1.3

6 12.6 18.5 21.2 14.5 16.7
Salmonella 12 5 10.5 7.4 7.5 7.6
typhi 20 2.9 4.5 4.7 3.1 3.8
28 2.4 2.7 2.8 2.5 2.6
6 10 7.5 1.8 10.5 7.5
Poliovirus 1 12 5 6.4 1.9 0.8 3.5
20 2 3.1 1 1 1.8
28 15 2.1 1 1.8 1.6

Hartz et al. (2008) studidfl. coliand enterococci in sterile and natural sand columns
when wet and dry. The researchers autoclaved somegslio observe the bacteria without
the effects of natural predators, while the natural manahemns were not autoclaved in
order to examine the effects of natural processes andisngga The authors reported
bacteria survival in generations, or doublings of populatiatigwfour days (Table 1-7).
Through their studies, Hartz et al. (2008) found that bacsenivived well in both the dry
and wet sterile columns, doubling nine and 11 time&faoli and enterococci, respectively.
Bacteria were less viable in the natural sand columitis,no doublings of population

observed. It was noted that die-off eventually occumedast columns.
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Table 1-7. Bacteria generation in sterile and natural sand aadu(idartz et al., 2008).

: . Bacteria cell doublings in four day$
Moisture Regime , ,
E. coli Enterococci
Dry Sand 11 9
Wet Sand 11 9
Natural Dry Sand (no data) 0
Natural Wet Sand 0 0

Hartz et al. (2008) attributed the increased survival intédrdescolumns due to
biofilms on the soil particles, UV protection, and nuttseattached to solil particles. The
authors stated die-off was due to limited nutrients, mitgempetition, and predation in
natural columns. Bright et al. (2010) also compared awtedland bacteria-spiked flow-
through columns during an infiltration and bacteria remé&itadratory study. The authors
simulated local rainfall patterns by running a flow-througgd every three days, using sand
collected from the dunes in Kure Beach. Six column®Ji#ed with autoclaved sand and
on each third day, autoclaved stormwater from a waténshBaleigh, N.C. was poured
three into columns and autoclaved stormwater spikedBwvitioli was poured into the
remaining three columns. The effluent was analyzeddtal Coliforms (TC) after each
trial. The authors observed TC concentration redngttes ranging from 26% to 99.9+%.

Other experiments examining the natural state were ccetlbgt Anderson et al.
(2005) and Desmarais et al. (2002). Both studies found thatrisastere less able to survive
in natural marine environments. Anderson et al. (2005) usedamsms to study the effects

of natural conditions on bacteria taken from dog feeestewater, and soil inoculums. Both
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saltwater and freshwater were used in their experimélite authors published decay rates
for each combination of variables (Table 1-8). It was dbtlmat bacteria were less viable in

saltwater, as seen by the more negative decay rateppased to freshwater.

Table 1-8. Bacteria decay rates in various environments (Andezsah,2005).

Decay Rates

Water Medi (water: logio(CFU/100 mL)/day, sediment: log(CFU/100 g)/day)
Type edia Dog Feces Wastewater |  Soil Inoculum Overall

FC | Entero.| FC | Entero.| FC | Entero.| FC | Entero.

Fresh Water |-0.37| -1.49| -0.27 -0.31] -0.08 -0.39 -0.g4 -0.13
Sediment| -0.03| -0.29 | -0.03 -0.21] -0.02 -0.16 -0.p02 -0.22

Salt Water -3.8 -4.2 -4.2 -1.05| -0.83 -0.99 -0.29 -2.1
Sediment| -0.65| -3.1 -3.1 -0.22| -0.28 -0.01 -1.3 -1.1

In summary, the DIS and subsequent infiltration througldimes would be expected
to trap fecal bacteria via sorption, straining, hydrawdistare, and chemical processes.
Environmental factors, such as predation, competitionrfored nutrients, and toxicity,
would then result in the die-off of fecal bacteriehe die-off of bacteria would be ideal for
systems such as the DIS to prevent accumulation vilieigroundwater, as it would be short
sighted to solve one contamination issue while creatiogher. However, as outlined in the
previous sections, treatment via a DIS would likely redbeenhigh stormwater bacteria
concentrations, once infiltrated into the dunes. Furtherpatural marine environment
within the ocean would be expected to quickly assimilagepresumed lower bacteria

concentrations, effectively solving the stormwater &aatcontamination issue.
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INITIAL STUDY OF THE KURE BEACH DUNE INFILTRATION SYSTEM

The investigation into treating stormwater from beacledistwith Dune Infiltration
Systems began in 2005 with a background study at two pdteitesin Kure Beach, N.C.
(Bright, 2007). Stormwater and groundwater at both siteés wmenitored for fecal indicator
bacteria levels and water table elevation recordingpea®rmed within each set of dunes.
The background study results showed that stormwater felifalron levels exceeded the
state limit (200 CFU/100 mL) during each of the four storrogitored, reaching as high as
22,300 CFU/100 mL. Meanwhile, fecal coliform levels in theumdwater beneath the
dunes remained well below the state standard for contdetrs. Water table monitoring
during this period showed that the groundwater remained at2¢as3 meters (8 - 10 ft)
below the dune’s surface, with the only exceptions oswuduring tropical storm events,
when tidal surges temporarily raised the elevations by @ (6.6 ft).

Following the background study, two DISs were construct@®@® and monitored
for nine months. The systems were installed in the daloeg Atlantic Avenue, at the
intersections with L (Site L) and M Avenues (Site MPost-construction monitoring by
Bright (2007) revealed that the systems captured a combine@®{fb stormwater runoff
from the two watersheds, with Site L capturing albasgted flows. Despite the diversion of
stormwater into the sand dunes, the water table wasmpicted during and shortly after
storm events, rising by as much as 1.5 m (4.9 ft) during dabitorm Ernesto, and rapidly

receded within a few hours to days. The temporary waldg tises were expected due to
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the infiltration of stormwater via the DIS and were patblematic. Fecal coliform
monitoring revealed median influent stormwater concéntra of 7,200 CFU/100 mL and
9,000 CFU/100 mL, at Sites L and M respectively. During theegaeriod, the groundwater
fecal coliform median concentrations were much loatel CFU/100 mL and 3 CFU/100
mL, at Sites L and M respectively. Post-construcsitmmmwater and groundwater samples
were also analyzed for enterococci, as discussed ipt€isa2 and 3. Statistical analyses
showed that pre-construction and post-construction groueddecal indicator bacteria
levels were not significantly different. Howeveridht (2007) did note that many of the
highest stormwater and groundwater fecal bacteria ctnaciems occurred late in the study

period. This may have been due to numerous factors, ingtud

1. Higher fecal bacteria survival during warmer months. [&tter portion of the
Bright (2007) study occurred during the summer and fall months.

2. Increases in fecal bacteria sources due to tourism dimengydrmer months, as
vacationers often bring pets and generate food wastes/sdbatenay attract
non-domesticated animals. Increased animal activitylesd/to more fecal
waste deposited within a watershed.

3. Increases in storm size and frequency near the ene stully, leading to higher
fecal bacterial loading.

4. Temporary fecal bacteria overloading of the dunes tiaguh bacterial survival.

Overall, the study by Bright (2007) supported the notiwt the DIS was a

constructible and financially feasible coastal stornaw&MP that greatly reduced

stormwater discharge onto the beach and effectivetpved bacteria from infiltrating
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stormwater, without producing adverse effects on dune roglyar groundwater quality.
However, due to the limited and conservative monitoringaagagr of this study, and because
such a system had never before been used or studiedexistes]l a need for continued
monitoring to ensure that no long-term adverse effeete waused by the system.
Furthermore, the initial investigative study could not be tisetcurately extrapolate
findings to future DIS implementations and sites. Tioges an intensified, longer-term
study of the two DISs was implemented. This new stududecl the addition of a control
site, expanded water table monitoring from upslope ofysiemis to the dune-beach
interface, and replication of groundwater sampling watlisach site. In addition, a third
system, Site K, was constructed in 2009 and monitoreaiferyear to investigate several
design changes and the effects of capturing runoff frartiple outfalls from a more

impervious watershed.
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OBJECTIVES

Long-Term Study of the Site L and M Dune Infiltration Systems

The purposes of implementing the Dune Infiltration Syster® to reduce
stormwater discharge onto the beach and fecal bactan@entrations. Achieving these
goals would reduce the likelihood of human contact withuped water and prevent the
discharge of high bacteria concentrations into therocéwever, for the system to be
considered an effective BMP, the DIS must have atainese without causing long-term
impacts on groundwater quality or dune hydrology. Theretbeepbjectives of the three-

year study at Sites L and M were:

1. Determine the long-term impacts of stormwater infiitna on dune hydrology ,
with respect to long-term water table elevations anaige

2. Determine the long-term impacts of stormwater infilma on groundwater
quality, with respect to fecal indicator bacteria, \catanulation in the
groundwater and sand surrounding the DIS.

3. Provide guidance and recommendations for future studies a@atipbt
implementation of the DIS at future locations.

Short-Term Study of the Site K Dune Infiltration System
The one-year study of the DIS at Site K was implee@to examine various design
changes and to evaluate the system’s performance uggher iydraulic and bacterial

loadings. The objectives of the one-year study atkSuere:
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. Examine DIS performance under higher hydraulic loading,rmg@f stormwater
capture efficiency.

. Examine DIS performance under higher bacterial loadindp, regpect to fecal
indicator bacteria.

. Determine effectiveness of diverting multiple stonmgs to one system and use
of two inputs in each bank of chambers.

Identify impacts of placing the system closer to théewtable.
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CHAPTER 2

LONG-TERM STUDY OF TWO DUNE INFILTRATION
SYSTEMS IN KURE BEACH, N.C.

INTRODUCTION

In addition to being home to 29% of the U.S. populatidiidon and Fischetti, 2010),
coastal areas attract millions of tourists and add bhsliof dollars to the economy each year.
The popularity of these areas has led to increased dehaatopment, reducing the amount of
pervious area available for the infiltration of stormsvatunoff. With less infiltration,
stormwater volumes, peak flowrates, and pollutant lagdincreased, resulting in
downstream water quality degradation. In many coastaldpsuch as Kure Beach, N.C.,
antiquated stormwater systems discharge these pollutetsywatech often contain high
levels of fecal bacteria, onto the beach and intmtean. Thus shortly after storm events,
ocean swimmers could be at risk of full-body contaith the bacteria-laden water.

In an effort to protect the health of beach usersridegislation, such as the Clean
Water Act (CWA) and Beach Environment Assessment angt@lddealth Act (BEACH
Act), tasked states to monitor recreational beachegdal indicator bacteria (U.S. EPA,
2000, 2008a, 2008b, 2008c). In North Carolina, the Recreational QYasdity Program
(N.C. RWQ) monitors 240 sites statewide for enterocoaccentrations and results from
between 2003 and 2009 showed that approximately 1% - 3% of saarpéeded the state
single sample maximums annually (N.C. RWQ, 2010a). Thcgykxceedance rates appear

to be quite low, they led to 2,951 days of swimming advisaligsg this same period (N.C.
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RWQ, 2010b). These advisories were issued in an efforato the public of the health

risks associated with swimming in contaminated watensgher, these could have also lead
tourists to believe that a beach was always hazartmussreducing tourism, a vital source of
revenue.

Though the N.C. RWQ monitoring program aids in alertirggghblic to potential
health hazards, it does not address the needs of ¢retrmwater or reducing discharge
onto the beach and into the ocean. Further, the 2¢himhe between sampling and result
reporting may still allow for human contact with polidteaters. Therefore, in a proactive
move, the N.C. Department of Transportation (N.C. D&Td the Town of Kure Beach
joined to determine the best means to treat stormwatertine town’s 22 beach outfalls.
While developing the solution to treat the stormwatexais determined that placing
traditional Best Management Practices (BMPs) througtieutown would be cost
prohibitive, partially due to the limited availability of hiy expensive coastal property. In
addition, the town’s high and wide sand dunes affordedppertunity to investigate the use
of a new, in-situ sand filter device. The goal fosthew device, the Kure Beach Dune
Infiltration System (DIS), was to utilize the natusahdy soils and coastal environment to
remove fecal bacteria from infiltrating stormwated aaduce discharge from the stormwater
beach outfalls. The DIS consisted of two banksp&iebottomed chambers that temporarily
stored stormwater beneath the dunes, while the watkratéd through the sand. The

system was placed at the end of the existing stormsgwgtem, within the undevelopable
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sand dunes, negating the need to purchase expensive propémy iftstallation of multiple
BMPs throughout the watersheds.

The DIS was designed to remove fecal bacteria froftrating stormwater through
similar processes as traditional sand filter BMPs; hanehe use of in-situ soils allowed for
natural coastal and marine processes and organisms toigdbtémtrease the system’s
treatment capabilities. Several laboratory and figjgeements on the transport of bacteria
through soils have shown that bacteria retentiorcsnaplex, multi-causal process (Abu-
Ashour and Abu-Zreig, 2005; Corapcioglu and Haridas, 1984; Ginn €082; Huysman
and Verstraete, 1993; Lawrence and Hendry, 1996; Torkzalahn 2008; Weber, 1972;
Weiss et al 1995). Torkzaban et al. (2008) and Weiss et al. (1995) steteddcteria
capture in soils was affected by Brownian forces, buoyately/and soil surface charges,
hydrophobicity, cell shape, cell size, hydrodynamics, gyaidnic strength, soil grain size,
pore space geometry, and surface coatings. Sevecisudited that bacteria removal from
sand columns was due to physical and chemical procesdasjngcadsorption, straining,
and chemisorptions (Corapcioglu and Haridas, 1984; Ginn, &0&l2; Lawrence and
Hendry, 1996; Weber, 1972).

Corapcioglu and Haridas (1984) described straining as theiogtefta bacterium
due to being larger than the soil pore it encountered mSbeptions were explained to
result from the rearrangement of polymers, macromd¢dscand other cell structures within
a bacterium when it approached a soil particle (Giral.e2002). Flow-through sand

column experiments were conducted by several reseatchexamine the removal of
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bacteria from flow on the macro-scale (Bright et 2010; Garbrecht et al., 2009; Jiang et al.,
2007; Mankin et al., 2007; Powelson and Aaron, 2001). Thed@&stfound varying rates of
bacteria capture; however, the capture rates typicatiged from 20% to 99%-+.

In addition to the removal of fecal bacteria fronilirdting stormwater, the die-off of
bacteria would prevent accumulation within the sand dunesherefore potential release
into the ocean. The survival of fecal bacteria in nhtaeaine environments has been shown
to be quite limited (Anderson et al., 2005; Bright et2010; Hartz et al., 2008; Mitchell,
1968; Wait and Sobsey, 2001). Mitchell (1968) stated that nomenarganisms introduced
into a marine environment are likely killed by predator aigias or die-off due to natural
processes, such as competition for limited nutrienkg;itg, and natural antibiotics. A study
by Hartz et al. (2008) showed that fecal bacteria wesentslly unable to replicate in
natural marine sand columns, but doubled in population byynE@rtimes in autoclaved
sand columns. These results clearly showed the eféctatural organisms and processes
within the soil, such as underneath a DIS, as comparstérile conditions.

These experiments suggested that fecal bacteria from-ilaoded animals would
die-off quickly within the natural sand dunes beneath& Dihese processes most likely
included competition for limited nutrients, predation, ndttoains, and natural antibiotics.
Additionally, with the vast amounts of groundwater beln¢la¢ dunes, dilution would also
result in reduced fecal bacteria concentrations.

Examination into the use of the DIS began with a B8lityi study of two systems

(Sites L and M) that were installed in 2006 (Bright, 200Mpnitoring results found that the
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systems captured a combined 97% of all storm flow, withwesflow occurring at Site L. In
addition, the median stormwater concentrations térexcocci, a type of fecal indicator
bacteria, were 1,013 MPN/100 mL at Site L and 1,725 MPN/100 rSitextV (Bright,

2007), both higher than the state single sample maximuifido | beaches (104 MPN/100
mL (Dorfman and Rosselot, 2008)). Meanwhile, the medwntentrations in the
groundwater beneath the two DISs were just 5 MPN/100 mL aiP24100 mL, at Sites L
and M, respectively. As expected, water table elevationitoring showed no permanent
impacts on dune hydrology, as the only influences observezlduging and shortly after
infiltration events when the water table would rise byaifh.5 m (4.9 ft) beneath the system
due to the input of stormwater.

Overall, the study found that the systems effectiaely efficiently treated large
proportions of stormwater without adversely affecting gdwater quality or dune
hydrology. However, due to the short-term and conservativnitoring approach of the
study, a longer, more intense study was implemented.oljeetives of the intensified study
were to examine the long-term hydraulic and treatmenbprénce, identify long-term
impacts on groundwater quality and/or dune hydrology, and tdagei®S design tools and
guidelines for possible future DIS implementations and studi@irthermore, the intensified
study included the addition of a control site, replicatedigdwater monitoring wells, and

increased water table recording along a transect froropgp$b downslope of the systems.
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M ATERIALS AND M ETHODS

Site Locations

Kure Beach is located in New Hanover County, sa@tWilmington, N.C. The town
has 22 stormwater beach outfalls that dischargesat&d runoff onto the beach and into the
ocean. In an effort to treat this water and rediiseharge onto the beach, two experimental
Dune Infiltration Systems were installed within thenes along Atlantic Avenue, at the
intersections with L Avenue (Site L) and M Avens#¢ M) (Fig. 2-1). A control site,
added in 2007, was established between the twy sites. Each study site contained an

existing stormwater beach outfall that was modifedirect water into the systems.

| Kure Beach, NC

i

Figure 2-1. Site L, M, and control dune locations (Image used @dapted with permission
from the New Hanover County GIS Department, Wilntarg N.C.).
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Dune Infiltration System Design and Installation

The DISs were designed to divert the runoff from a 12.7tm(0.5 in/hr) storm
event into banks of subsurface chambers. The systenmassized using the NRCS Curve
Number Method, the Rational Method, and Darcy’s Equatibime use of Darcy’s Equation
was intended to provide conservative infiltration flowsateowever, the fundamental
assumption of saturated flow was broken, since suetlittons did not exist underneath the
DISs. The design method considered only vertical iafittn at the mean head gradient.
Future systems may benefit from more appropriate modetisaussed in Chapter 4;
however, results from the study of Sites L, M, anfCKapter 3) confirmed that the systems
operated as designed in terms of infiltration capabilitiius, even though a primary
assumption of Darcy’s Law was violated, field resuitdicated that this did not result in
appreciably over- or under-designed systems. Thereforef Eacy’s equation is likely an
adequate DIS design approach until more sophisticated metaond® established.

This design method resulted in the requirement of 12 chanftveo banks of six
chambers) at Site L and 22 chambers (two banks of 11 che)nalheSite M. Information on
the watersheds, DISs, and sites can be found in TableF2nther DIS design and
construction information may be found in Bright (2007).

Construction of the systems began with installatiothefdiversion vaults. The
vaults, 1.83 mlong x 1.83 m wide x 2.13 m tall (6 ft x 6 ftf) Concrete boxes with
manhole accesses, were buried in the sand dunes netdmbicAAvenue, where existing

storm pipes from L and M Avenues entered the dunes ZF).
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Table 2-1. Site L and M watershed, DIS, and dune characterid®ieght, 2007). Elevations
were based on mean sea level (MSL) and referenced WDi8& data.

Site L Site M

- Mixed urban and Mixed urban and
Watershed description residential residential
Watershed area 1.9 ha (4.7 ac) 3.2 ha (8.0 ac|
Watershed CN (Rational C) 88 (0.8) 69 (0.7)
Dune elevation at DIS 4.4 m (14.3 ft 4.8 m (15.7 ft)
installation location
Dune W|dt_h (A_tlantlc Avenue 40 m (130 ft) 45 m (148 ft)
to vegetation line)
Beach width (vegetation 25 m (82 ft) 25 m (82 ft)
line to ocean)
Total width of dunes and beach 65 m (212 ft) 70 m (230 ft)
Stormwater beach outfall diameter 0.38 m (1.25 ft) 0.61 m (200 f
Stormwater beach outfall pipe Corrugated metal pipe Corrugated metal pipe
material (Manning’s n) (0.021) (0.021)
Stormwater beach outfall pipe slope 0.019 (m/m) 0.006 (m/m)
Stormwater beach outfall 3.81 m (12.5 ft) 4.45 m (14.6 ft)
invert elevation
Diversion vault weir height 0.72 m (2.35 ft) 0.73 m (2.38 ft)
Diversion vault weir length 1.22m (4 ft) 1.22 m (4 ft)
DIS invert elevation 2.85 m (9.35 ft) 3.47 m (11.40 ft
Apprommate depth from DIS 2.0 m (6.6 ft) 2.6 m (8.5 ft)
invert to mean water table
Number of chambers installed in DIS 12 22
Linear distance required for
chambers and gravel bed 30m (98 1) 55m (180 ft)
Dune area required for
chambers and gravel bed 82 nf (882 ) 151 i (1620 ft)
Approximate depth of sand 0.58 —0.67 m 0.40-0.52m
on top of DIS chambers (1.9-2.21) (1.3-1.71)
Vertical Hydraulic Conductivity 320 cm/hr (125 in/hr) 320 cn{h25 in/hr)
Porosity 0.33 0.33
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Figure 2-2. Site L diversion vault installation. The Sitevdult was installed similarly.

The vaults were installed so that the tops werghfliith the surrounding dune
surface. Each contained a 1.22 m (4 ft) long weill and metal weir plate to divert
stormwater into the distribution pipes (Fig. 2-3he weir crest heights were 0.72 m (2.35 ft)
and 0.73 m (2.38 ft), at Sites L and M, respecyivéllhe existing stormsewer pipes were
connected to the vaults on the upstream side of/ghes. Distribution pipes, 31 cm
(12 in) diameter PVC sewer pipes, were also comaeat vaults on the upstream side of the
weirs to discharge water into the DISs. The dstiion pipes were routed from the vaults,
through the dunes to near the midpoint betweenlbaecesses then split to deliver
stormwater to two banks of chambers. The existtognwater beach outfalls were also
connected to the vaults, on the downstream sidleeofveirs, to act as overflows during

events surpassing the inflow capacities of the [iFg$ 2-3).
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DIS distribution pipe

Figure 2-3. Interior view of the Site M diversion vault. THBdte L vault was similar.

Each system consisted of two independent bankperi-bottomed, subsurface
StormChambers™ (HydroLogic Solutions, Inc. of Oagag, VA) (The use of trade names
does not imply endorsement by North Carolina Statwersity). Each chamber was 2.6 m
long x 1.5 m wide x 0.86 m tall (8.5 ft x 5 ft X82ft) and made of HDPE. Installation of the
chambers began by digging a trench in the dundsamitexcavator. A 0.3 m (1 ft) layer of
gravel was placed in the trench as it was excavateiiitionally, SedimenTraps™
(HydroLogic Solutions, Inc.) were placed in thentrle, underneath the chambers with
distribution pipe inputs (Fig. 2-5). The traps waistalled flush with the floor of the DIS

and used to collect sediment discharged into tf& DI
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M LEGEND:
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Figure 2-4. Plan view of Site M. Site L was constructed sirailar manner. Not to scale.

Figure 2-5. SedimenTrap™ installed beneath a DIS distributige nput.
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A nylon mesh was then placed on top of the graverévent gravel loss during
maintenance operations. The chambers were platézpaf the mesh, laid end-to-end and
connected by screws (Fig. 2-6). The chambersédalcan the end of the banks were fully

closed on one side and open on the other (Fig. ZFidg interior chambers were fully open

on one end and had a slotted baffle wall on therdfhig. 2-8).

Figure 2-7. StormChamber™ used on the ends of the DIS chabayés.
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Figure 2-8. StormChamber™ used within the interior of the Damber banks.

Once the chambers were installed, another laygrasfel, 0.6 m (2 ft) wide by 0.3 m
(1 ft) deep, was placed on each side of the bah&kambers to provide stability and cover
weep holes in the sides of the chambers. A gat@dabric was wrapped around the sides
and top of the gravel and chambers to prevent sagcation into the system. Excavated
sand was then replaced and the dune surface watlsgdo Generalized profile and end

views of the DISs are shown in Figures 2-9 and 2-10
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Figure 2-9. Generalized profile view of the DISs (Adaptedhagiermission from HydroLogic Solutions, Inc.). Notscale
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Lastly, dune vegetation was replanted twice dutirggrowing season. The first
planting, in March 2006, was aimed at providingiaidune stability with American
beachgrasfAmmophila breviligulata(Fig. 2-11). The second planting, in June 2006,
included seaoatdJfiola paniculatg, a native species, and the spreading of fertjliwe
provide long-term stability. Dune vegetation quycteestablished after one year, returning

to near the pre-construction state (Fig. 2-12).

Figure 2-11. Post-construction dune vegetation planting (2006)

Figure 2-12. Dune vegetation approximately one year afterargpig (2007).
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Research Monitoring
Surface Hydrology and Water Quality Monitoring

Rainfall was monitored via a series of 0.25 mm (0.01 in)igpfiucket rain gauges
connected to HOB®Event Loggers (Onset Computer Corp. of Bourne, MA). f@ire
gauge was located at each study site. Due to severahetafus with the rain gauges, and
in an effort to better estimate rainfall within the araheds, a new rain gauge was placed
within an adjacent watershed in 2009. During periods wreeratih gauges malfunctioned,
hourly rainfall data were collected from the N.C. Stlienate Office’s Sunny Point
(NSUN) remote automated weather system. This weathBon was located approximately
5 km (3 mi) west of the study sites.

The rainfall data were downloaded to HOB®aterproof Shuttles on a semi-
monthly basis, transferred to a computer via HOBO®aaad then imported into Microsoft
Excel’ (Microsoft Corp. Redmond, WA). The rainfall data,ceted by bucket tip, were
transformed into per-minute rainfall depths and then averaggeeen the two study sites.
The per-minute rainfall data were used to identify stovenes by observing periods with
persistent precipitation totaling6.4 mm (0.25 in). Once these events were identified, th
storm flow data were examined to determine if the raidi@leloped into consistent
stormwater flow. If stormwater flow was maintaineihamno major stoppage, the event was
further analyzed. A major stoppage was considered rharethree hours of no stormwater
flow. The rainfall data were also used to calculatanth&imum rainfall intensities for each

storm event. This was performed by computing the maximyotha rainfall occurring
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within any 15 minute period during the event. This was themerted to an hourly rainfall
intensity. When NSUN data were used, the greatestyhdejpth of rainfall was used as the
maximum intensity. Substitution of the NSUN data likedyssed some of the errors noted in
the results, as the depths and intensities of rainfskved at this monitoring station were
different from what occurred at Kure Beach.

Stormwater flow monitoring and water quality sampling ocediin the diversion
vaults, where water first entered the systems (Tai@g This was accomplished using
ISCC® 6712 Full-Size Portable Samplers (Teledyne Isco, Intinzbln, NE) with ISCSE
730 Bubbler Flow Modules attached. The ISG@uipment was installed on top of the

diversion vaults in secure, lockable boxes (Fig. 2-13).

Table 2-2. Site L and M stormwater monitoring equipment and nathdtormwater
samples were collected from the samplers by field peeddollowing several storm events
with 6.4 mm (0.25 in) of rainfall and when the samples coulddigered within EPA
holding times.

Parameter Equipment Method Frequency

IsCcP 730 Bubbler Depth of flow _
In storm pipe 5 min

Stormwater inflow

Flow Module o .
(Manning’s equation)
Stormwater HOBO® Water Depth of water in vault .
overflow Level Logger (Sharp-crested S min
99 weir equation)
DIS captured flow N/A Inflow - Overflow 5 min
Stormwater ISCO” 6712 Automated, flow- 1.42/4.25 m
. Full-Size . )
sampling paced sampling (Site L/M)

Portable Sampler
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Figure 2-13. Site L stormwater monitoring station. The Sitestdtion was similar.

Stormwater flows into the vaults were monitoredtiia ISCE 730 Bubbler
Modules. At each study site bubbler tubing wageddrom the module, to inside the vault,
and then attached to the incoming storm pipe uagiagissor-ring device (Fig. 2-14). The
modules converted water pressure in the pipesaimtepth of flow, which was then used to
determine the stormwater flows via Manning’s Equati The water depth data were
downloaded to an ISCORapid Transfer Device (RTD) semi-monthly, transfdrto a
computer via FlowLinR (Teledyne ISC®), and then imported into Microsoft Exel

Stages within the vaults, used to determine overflvere recorded via HOBO Water
Level Loggers. The data were downloaded semi-niphHOBO® Waterproof Shuttles,

transferred to a computer via HOBOwaend then imported into Microsoft Exel
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Figure 2-14. Interior view of the Site M diversion vault. TB#e L vault was similar.

Using Microsoft Excél, the pipe stage data were converted into stornnflate into
the vaults. Each stage data point, and thus e&aiflow, was assumed to last for five
minutes, the logging interval. This conversiondegvith calculating the central angle of

flow in the storm pipe (Eq. 2-1).

Equation 2-1. Conversion of storm pipe stage to central angftow in pipe
(Adapted from Chow, 1959).

where, = central angle of flow in storm pipe (radians)
r = storm pipe radius (m)
d = depth of flow in storm pipe (M)
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The cross-sectional area of flow in the pipe waa temputed (Eq. 2-2) and

calculation of the hydraulic radius followed (Eq. 2-3).

Equation 2-2. Flow area in storm pipe (Adapted from Chow, 1959).

where, A = flow area in storm pipe bﬂ
r = storm pipe radius (m)
= central angle of flow in storm pipe (radians)

Equation 2-3. Hydraulic radius of flow in storm pipe (Adapted fromd@h 1959).

where, R = hydraulic radius of flow in storm pipe (m)
A  =flow area in storm pipe @n
r = storm pipe radius (m)
= central angle of flow in storm pipe (radians)

The latter two equations, along with the storm pipermtttion specified in Table 2-
1, provided the needed information to calculate the storemilatvrate into the vault via
Manning’'s Equation (Eq. 2-4). The flowrate was then mugtitpby the data recording

interval to determine the stormwater flow volume (E&)2
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Equation 2-4. Manning’s Equation (N.C. DWQ, 2007).

where, @ = stormwater flowrate into vault (#s)
= Manning’s unit conversion (1 for metric units)
= Manning’s roughness coefficient of storm pipe (Table 2-1)

Kk
n
A  =flow area in storm pipe (n

R, = hydraulic radius of flow in storm pipe (m)

S  =longitudinal slope of storm pipe (m/m) (Table 2-1)

Equation 2-5. Stormwater flow volume into diversion vault.

where, Qs = stormwater inflow volume (H
Qs = stormwater flowrate (ifs)
t  =time interval between readings (s)

Lastly, the DIS inflow volume was calculated by subtirecthe overflow volume

from the stormwater volume (Eq. 2-6). Overflow waggkted based on the vault stage,
using the sharp-crested weir equation (Chin, 2006). During pesibldsi0 overflow, the

DIS inflow volume was assumed equal to the stormwatlemve.
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Equation 2-6. Overflow and DIS inflow.

L # S %
&S$'$# o ( (%) +%)%,- ', ./ 01 . (Chin, 2006)

& &

where, Qp = DIS inflow volume ()
Qs = stormwater inflow volume (fn
Qo = stormwater overflow volume (n
S/ = vault stage (m)
H  =driving head (m)
Hw = weir height (m) (Table 2-1)
L = weir crest length (m) (Table 2-1)
t  =time interval between readings (s)

All flow data were totaled for the entire study periotath study sites. In addition,
each storm event with 6.4 mm (0.25 in) of rainfall was further analyzed fotadtisl rainfall
depth, maximum rainfall intensity, rainfall duration, petdemwater flowrate, stormwater
volume, overflow volume, DIS inflow volume, and DISpbtare rating. The capture rating
was the volume of DIS inflow as a proportion of ta@rmwater volume (Eg. 2-7). The
control site was not monitored for flows, as thers wa direct input of stormwater.
However, a 0.38 m (15 in) stormwater beach outfall did gassigh the control dunes,

though no signs of overflow were ever observed.
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Equation 2-7. DIS capture rating.

24

24
where, R = DIS capture rating (%)

Qo = DIS inflow volume ()
Qs = stormwater inflow volume (fn

Flow-paced automated stormwater sampling was also perfdiynége: ISCO®
equipment. The bubbler modules calculated stormwaer, fising similar methods as
described above, to conduct the sampling. The sampliégsted four 250 mL samples per
bottle, based on the specified volume intervals (Tai2¢. At each study site, the sampler
tubing was routed from the sampler, to inside the vandt,then attached to the upstream
side of the weir wall, next to the DIS distributiop@i Each sampler used a 24-bottle
configuration. To avoid sample collection during smaitifedl and non-rainfall related
flows, anEnablesetting was entered into the samplers to prevent samphen the depth of
water in the pipes fell below specified depths. Nonfadiirelated flows included variable
base from an unknown source at Site M, street clearpegations, and runoff from irrigation
operations. These flows were also captured by the.DISs

Stormwater samples were collected from the samplefloypersonnel following
multiple events with 6.4 mm (0.25 in) of rainfall. The samples were places éooler on
ice and delivered to laboratories for analysis. Sampteaded for enterococci testing were
delivered to TriTest, Inc. in Wilmington, N.C. within tB#A holding time of six hours.

Sample analyses were conducted using the Entétidesting method (ASTM # D6503-99,
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IDEXX Laboratories, Inc. Westbrook, ME) (Appendix B-1$everal stormwater samples
were also delivered to the N.C. State Biological and Agjitical Engineering Department’s
(NCSU-BAE) Environmental Analysis Laboratory (EAL)Raleigh, N.C. for nutrient
testing. These samples were delivered to the lab wihinours. These analyses included
Total Kjeldahl Nitrogen (TKN), Ammonium Nitrogen (NHN), Nitrate Nitrogen (N@N),
and Total Phosphorus (TP). The testing methods used IBAlhare outlined in Appendix
B-2, Table B-1.

Several challenges were encountered when attemptindl¢otciormwater and
event-based groundwater samples. These included 1) theeragat of 6.4 mm (0.25 in)
of rainfall, 2) the 2.5 - 3.0 hour travel time betwee& NState and Kure Beach, 3) the EPA
holding time of six hours, 4) TriTest’s request to haammgles delivered by 3:00 PM, 5)
automated sample collection occurring too early in tlemeto be used for analysis, and 6)
the time required to collect samples. Combined, theterfamade event-based sampling
difficult, as these allowed for only a small windowtiofie in which the event, automated
sample collection, manual sample collection, and $anglivery could take place. These
processes essentially had to occur late enough in th@mgdor the samples to be useable,
but early enough to allow for manual collection and dejiverTriTest within six hours and
before 3:00 PM. These constraints resulted in the whatdimited number of stormwater
and event-based groundwater samples collected during thepstidgl. To better examine
DIS performance, future studies should strive to develo mfficient means of gathering

event-based samples.
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Dune Hydrology Monitoring

Water table elevations were continuously monit@esbss both study sites and the
control site using INFINITY Water Level Loggers filmities USA, Inc. of Port Orange, FL)
and HOBG Water Level Loggers, set on 20 minute recordingrirals. The water table
wells consisted of 5 cm (2 in) PVC pipes that wetid into the dunes via pressurized water
(Fig. 2-15). Each well was installed to within £0n (2 ft) of elevation zero. The wells
were screened to near the dune surface. Fabiit stveks were placed over the screened

portion to prevent migration of sand and fines ifit® wells.

Figure 2-15. Site L water table well installation at the bealtime interface (23 m (75 ft)
downslope of the DIS). All water table and grouatiev sampling wells were installed in the
same manner.
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Wells with INFINITY loggers were fitted with 10 cm (4 iR)VC header pipes to hold
the loggers. The HOBDloggers were placed at the bottom of the wells and sédor
coated steel wire. The wire was attached to thedfiekell, near the top, so that the logger
could be retrieved for data downloading. In 2009, all oHB8G® loggers used in water
table wells were replaced with INFINITY loggers for gmuent and data consistency
purposes.

Both study sites had a transect of four water table Wwellted 6 m (20 ft) upslope
(LWT-UP and MWT-UP), 1 m (3 ft) downslope (LWT-CHAM aMWT-CHAM), 6 m
(20 ft) (Site L)/8 m (25 ft) (Site M) downslope (LWT-MI&nd MWT-MID), and 23 m
(75 ft) downslope (LWT-VEG and MWT-VEG) of the chambgfgs. 2-16 and 2-17). The
control site had one water table well (CWT) locatedriee mid-point of the dunes
(Fig. 2-18). Data logged by INFINITIES were downloaded t& MBg (Hewlett-Packard
Co. Palo Alto, CA) calculators and transferred to apmater via INFINITIES PC Transfer
Software. The HOB®water table data were downloaded to HOB®@aterproof Shuttles,
then to a computer via HOBOw&r€ro. All data were imported into Microsoft Ex@dbr

archiving and analysis.
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Figure 2-16. Site L monitoring schematic. Not to scale.
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Figure 2-17. Site M monitoring schematic. Not to scale.
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Figure 2-18. Control site monitoring schematic. Not to scale.
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The water table data were analyzed via mean and maxetavations, as well as the
standard deviation (SD), at each well location. Funtioee, the Average Absolute
Difference (AAD) from the control (CWT) was also calated for data observed at the 1 m
(3 ft) downslope wells at Sites L and M (Eq. 2-8). $tendard deviation of the water table
at the study sites quantified the amount of verticabv@m, due to stormwater infiltration
and natural influences, such as tides, surface infdtrdtom the surrounding land, and
incoming groundwater flow from upslope of the sites. TheaBibe control quanitifed the
vertical variation due only to natural influences. TheDAguantified how different the
water table elevations were between the control and3 fthdownslope monitoring wells at

Sites L and M.

Equation 2-8. Average absolute difference from the control.
63 B9 9: 7
where, AAD = average absolute difference from thar@dCWT) (m)
Cx = water table elevation in CWT, at time(m)
Sy = water table elevation in wel},(m)

(LWT-CHAM or MWT-CHAM), at time,x
n = total number of data points

The water table data were also used to determine the duohtieater table impacts
during and after infiltration events. Due to tidal fluctaas, the beginning and end of the
water table responses were difficult to determinegusamparisons based solely on

elevations. This was most evident during events whencaming high tide naturally raised
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the water table, preventing it from returning to the poers elevations. In addition, the tidal
influences also caused the water table to vary con$iyeeven within the data logging
interval of 20 minutes.

Therefore, two conservative methods, based on ingreinelevation changes and
differences from the control, were used to identify start and end of water table responses
caused by the infiltration of stormwater. To identhg start of a response, data from LWT-
CHAM and MWT-CHAM were used to calculate the changel@vation every 20 minutes,
which were typically + 0.01 m (0.3 ft) during inter-storm periods. However, once
infiltration began, these changes dramatically in@eéathus signaled the beginning of the
water table response. This method accurately identliedtart of the responses; however,
it could not be used to identify the end of a responses Was because the incremental
elevation changes after the water table peak had passedaften very similar to the pre-
storm incremental changes, even though impacts wereudbyistill present.

Thus, to identify the end of a response, the pre-evem Atteach well was
compared to the post-event, incremental absolute diifer&ifference between a study site
well and CWT for each 20 minute data point). Once tlst-peent absolute difference in a
well returned to the pre-storm AAD, the response inwelt was deemed over. This
method adequately identified the end of water table resgptiough it appeared to be
conservative, partially because it was influenced by nlatided and well location (with

respect to distance from the ocean) effects.
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Lastly, groundwater flow velocities and residence timesevestimated for several
infiltration events and on data from the entire stuelyqul. Velocity was calculated via the
equation for flow between two reservoirs (Chin, 2006),etames referred to as the Dupuit-
Forchheimer Equation (D-F). Residence times were etgthiay division of the horizontal
flow path length and velocity.

The D-F equation was used for its ease of calculatdri@provide conservative
residence times. The assumptions inherent to this equagice likely pushed to their limits
during these calculations. However, modeling of eacheniting factor (stormwater
infiltration, groundwater flow, tidal influences, thrdenensional unsteady flow, saturated
and unsaturated flow, and surface recharge) would havennggmmore difficult and time
consuming, and not within the scope and frame of this stAdgitionally, such analyses are
potentially deserving of their own, separate researchur&analyses may include modeling

each factor via solutions such as the Boussinesq Equationsteady-flow (Youngs, 1999).

The inherent assumptions to the D-F equation were (2806; Dupuit, 1963;

Forchheimer, 1930; Kirkham, 1967; Kirkham and Powers, 1972):

1. Flow was steady-state, saturated, and unconfined.

2. The slope of the water table surface was small andttileusquipotential lines
were near vertical and the streamlines were neardnak

3. The hydraulic gradient was equal to the slope of the walbdx surface.

4. No surface recharge.
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Site specific assumptions and estimation limitationsewe

1. Only flows above elevation zero were considered (egiged to mean sea level)
since there was no depth to the impervious layer datiéable.

2. Sand was isotropic and homogeneous throughout dunes ad site
3. Only horizontal flow, perpendicular to the ocean (eatical or diagonal flow).

4. No edge effects (shape of lateral water table pro@tecansidered).

The accuracy of results from this method of estimationld be affected by:

1. Both positive (flow towards ocean) and negative (flowwfvam ocean) flows.

2. Tidal influences.

The velocities and residence times were calculated dsitagcollected once the peak
in the water table 1 m (3 ft) downslope of the systeatsbeen reached, and until the water
table response to infiltration was deemed over. Values eadculated every 20 minutes, the
data logging interval, then summarized via maximums arahme

Using the measured water table elevations from 1 m @ht)23 m (75 ft) downslope
of the DISs, the D-F Equation was used to estimate thendwater flowrate through the
dunes, per unit width of flow (parallel to ocean) (Eq. 2-R)graphical representation of the

variables used in the following equations is provided in Figeii®.
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Equation 2-9. Dupuit-Forchheimer Equation (Chin, 2006).

where, Q = groundwater flowrate {fr/m)
K = hydraulic conductivity (3.20 m/hr (Bright, 2007))

! = water table elevation 1 m downslope of DIS (m)
! = water table elevation 23 m downslope of DIS (m)
L  =distance between wells (22 m)

The area of groundwater flow was then estimated baséaeanean of the observed
elevations, and for flow above elevation zero (Eq. 2-T0)is represented an assumed area
of flow due to stormwater infiltration and incoming groundwatering infiltration events.
Additionally, consideration of flow only above elevatipero would provide conservative

estimates, via higher velocities, and consequently, eshggsidence times.

Equation 2-10. Area of groundwater flow.

where, A = area of groundwater flow %/m)
n porosity of soil (0.33 (Bright, 2007))
H; = water table elevation 1 m downslope of DIS (m)
H, = water table elevation 23 m downslope of DIS (m)

Next, the flowrate was divided by the flow area to datee the groundwater
velocity (Eq. 2-11). Lastly, the length between theewt&dble monitoring wells was divided

by the velocity to calculate the residence time (Eq. 2-12)
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Equation 2-11. Velocity of groundwater flow.

where, V  =velocity of groundwater flow (m/hr)
Q = groundwater flowrate (itr/m)
A = area of groundwater flow (m)

Equation 2-12. Residence time of groundwater flow from 1 m to 23 m dddeype of DIS.

1
where, t = residence time of groundwater flow from Jora3 m
downslope of DIS (hr)
L  =distance between wells (22 m)
V = velocity of groundwater flow (m/hr)

The estimated residence times were intended to s=oative, thus representing the
potential minimum times. While the assumed flow pathtuitled only perpendicular flow
towards the ocean, the actual flow paths included positidenegative horizontal flow, in
addition to flow in the vertical and lateral direct® Therefore, the true lengths of the flow
paths (within the dune area) were much longer than tenaess22 m (72 ft). Future

analyses using more appropriate models would greatly imphege estimates.
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Figure 2-19. Graphical representation of the variables used fouleding groundwater flow velocities and residence timeSitas L
and M.
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Groundwater Water Quality Monitoring

Groundwater beneath the dunes at both study sites andntinel site was monitored
for enterococci and nutrient levels. Sampling wellssesied of 5 cm (2 in) PVC pipes jetted
into the dunes in the same manner as the water taliomog wells. Each sampling well
was screened and had a fabric drain sock on the botém (2 ft) to prevent sand intrusion.
Each study site had seven sampling wells, while the ddwtbthree. One well was located
6 m (20 ft) upslope of the DISs (LWQ-UP and MWQ-UP), wkilewere installed
downslope of the chambers. The downslope wells wecegla two separate transects,
located in front of each bank of chambers at both &itsd M. Data from the two transects
were combined for analysis. These wells were locatad3 ft) (LWQ-CHAM and MWQ-
CHAM), 6 m (20 ft) (LWQ-MID)/8 m (25 ft) (MWQ-CHAM), and 2 (75 ft) (LWQ-VEG
and MWQ-VEG) downslope of the chambers (Figs. 2-16 and 2Giundwater sampling
wells at the control were located in the upper (CWQ-air) middle (CWQ-MID) dune
areas and at the vegetation line, also called the durné-b@arface (CWQ-VEG)

(Fig. 2-18).

Groundwater sampling was performed using a new and steplesdisle PVC bailer
at each well. The wells were purged three well volunigs pump or bailer before a sample
was collected. All samples were placed in a cooldr iwe. Samples intended for bacteria
testing were placed in new and sterile 250 mL plastiddsotvith sodium thiosulfate tablets.
Nutrient samples were placed in separate sterile 500lasti@bottles. Sampling occurred

monthly and during or after several storm events wi4 mm (0.25 in) of rainfall.
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Samples intended for enterococci analysis were deliter&édTest, Inc. in
Wilmington, N.C. for Enterolefttesting (ASTM #D6503-99) within the EPA holding time
of six hours. Several sample testing results wehereabove or below the testing limits. In
such cases, the sample concentration was estimathdithyng the lower limit by two or
multiplying the upper limit by two (Spooner, 2001). Samptdkected for nutrient analysis
(TKN, NH4-N, NOs-N, and TP) were delivered to the NCSU-BAE EAL. Theolalory
testing methods are outlined in Appendix B.

The enterococalata were analyzed using descriptive statistics (maximuomegeic
mean, and median), statistical analysis of the E@sares means (discussed later), and
percent difference between the median stormwater andtdwater enterococci

concentrations (Eg. 2-13).

Equation 2-13. Percent difference between median stormwater and gr@aiedenterococci
concentrations.

8.

—5. %%

where, D = difference between stormwater and groundwate
enterococci concentrations (%)

8. = median stormwater enterococci concentration
(MPN/100 mL)

8> = median groundwater enterococci concentration
(MPN/100 mL)
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Dune Sand Enterococci Monitoring

Dune sand sampling and analysis for enterococci took pla@e during the fall of
2008 and once during summers of 2009 and 2010 to determine if bactezigesiding at
high levels within the dune sand. Samples were collectiedthtstudy sites from 1 m (3 ft)
and 23 m (75 ft) downslope of the chambers and in the nitisie area and dune-beach
interface of the control. Upper samples, collectecdh®(@ ft) below the dune surface, were
collected at each location to determine natural leveimcteria within the dunes. Deep
samples were collected at each study site to estipaateria concentrations in the sand
presumably where infiltrated stormwater and groundwater diccurred during infiltration
events. Samples from 1 m (3 ft) downslope of the tlgaswere collected from roughly the
same elevation as the chamber inverts. Samplesteall28 m (75 ft) downslope were
roughly 0.6 m (2 ft) below the chambers. Deep samples tineroontrol were collected from
approximately the same elevations.

The sand samples were collected by augering with a 10 ethddameter auger to
just above the target sample depth. Next, a 5 cm @impling auger with removable a
plastic sample sleeve was used to collect a sam@eh gample was collected with a
separate, sterile sleeve that was capped and baggedaddiftetion. The samples were then
placed in a cooler on ice. The sampling auger was wasglle@ water-bleach mix and
thoroughly rinsed with DI water after each samplinge $amples were delivered to the

N.C. State Soil Science, Soil Microbiology Lab fort&wlerf testing (ASTM #D6503-99).
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Data Analysis Methods

Basic data calculations and analyses, such as fordtesirvolumes, AADs, and
descriptive statistics, were performed in Microsoft&%c The enterococclata were also
analyzed via a more detailed statistical model as Wélese analyses were performed in
SAS 9.1.3 (SAS Institute Inc. of Cary, N.C.) using phec mixedcommand. The data were
first natural log transformed then arranged accordirgatople date, season (winter-spring or
summer-fall), site, sampling well location, and thenber of days elapsed since the previous
storm event. A model statement was then declaredyaang the natural log of the
enterococci data to the sampling well location, systerd,elapsed time between storms.
The sampling date was modeled as a random variable. uhhigen of days elapsed since the
prior storm was nested within the date variable. Thé/aes were performed via contrast
estimation statements that compared the estimateicsigaasres means. All tests used

0.05 for significance testing.
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RESULTS AND DISCUSSION

Hydraulic Performance

During the three year study period, the Site L and M Dli$srted a combined
14,584 m (515,046 ff) of stormwater into the dunes, with an overall captatiag of 97%
(Table 2-3). The Site L DIS captured all associated<jomhile only 438 (15,457 ff)
bypassed the Site M DIS. Overall, 15,022(680,503 ff) of stormwater was produced from
the two watersheds due to 2,735 mm (108 in) of rainfall. iftheidual capture ratings of
100% (Site L) and 96% (Site M) were higher than thatadditional BMPs. For example,
constructed wetlands and bioretention cells have beslited with capture ratings ranging
from 27% to 69%, respectively (Bass and Evans, 2000; Hunt €086; Lenhart and Hunt,

2008; Li et al., 2009).

Table 2-3. Site L and M hydraulic performance summary afterelyears of monitoring.

Total Total

Total Total Capture
Site | Rainfall Stormwater Overflow Captured Rating
Flow 3 Flow 0
(mm) (m3) (m ) (m3) ( /0)
L 3756 0 3756 100
M 2735 11266 438 10828 96
Total 15022 438 14584 97

The watershed associated with Site M (3.2 ha (8.0 aoyjuped approximately three

times more runoff than Site L's (1.9 ha (4.7 ac)), thotlnghmeasured drainage area at Site
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M was only 1.7 times larger. This discrepancy was likelytdueggrors in the watershed
assessment. In addition, the amounts of imperviowss amay have been underestimated at
Site M and overestimated at Site L. Further evidehatthe watershed characteristics
differed from the estimated characteristics was foarekamining the depths of runoff
delivered to the diversion vaults. These depths werelasdd by dividing each study site’s
total stormwater volume for the three year study pebipds respective drainage area. The
depths of runoff that reached the vaults were 198 mm (7)@ Bite L and 352 mm (13.70
in) at Site M, much lower than expected. These low de@bresented just 7.2% (Site L)
and 13% (Site M) of the total rainfall. Therefore, biigh capture ratings could be partially
attributed to the smaller amounts of runoff produced wittnvtatersheds, in addition to the
conservative design of the DISs.

Bright (2007) observed similar trends during the initial fiedigt study in 2006, as no
overflow occurred at Site L and only 4% of the stormwaterflowed at Site M. These
values were identical to what was found in this longantsiudy, suggesting that over the
five years of operation, the DISs did not suffer any largidulic performance
degradations. In addition, Bright (2007) found similar prapos of runoff depth to total
rainfall, with 6.1% at Site L and 13% at Site M.

These small proportions of runoff reaching the vaultsevesidence that the initial
abstraction, surface storage, and infiltration throughmutvatersheds were higher than
expected, thus the curve numbers and Rational C valuedikedyeoverestimated. Also, the

actual watershed areas may have been much smalewtiz was estimated. Another
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possibility was diversion of water away from the sitkele to blockages within the
stormsewers.

In addition to the total flow analyses, 98 individual st@vents with 6.4 mm
(0.25 in) of rainfall were further examined to better gpalthe systems. Each event was
analyzed for its total rainfall depth, maximum rainfateinsity, rainfall duration, stormwater
volume, overflow volume, DIS inflow volume (captureslwme), and peak stormwater
flowrate into the vault (Appendix C-1, Tables C-1 and C-®)ese events accounted for
approximately 76% of the rainfall, 52% of the stormwateunwd, 100% of the overflow
volume, and 50% of the captured volume that occurred dthengntire study. The low
proportions of stormwater and captured volumes were dug uakanown source
contributing variable base flow at Site M, which wa® alaptured by the system. The
overall capture rating for both DISs combined during thesatewas 94% (Table 2-4).
This capture rating was lower than the overall rating dube exclusion of flow during

events with 6.4 mm (0.25 in) of rainfall.

Table 2-4. Site L and M hydraulic performance summary for eventis w6.4 mm (0.25 in)
of rainfall.

Total Total Total Total Capture
Site Rainfall Stormwater Overflow Captured Re[t)ting
(mm) Floy (m?) Floy (%)
(m°) (m°)
L 2859 0 2859 100
M 2090 4893 438 4455 91
Total 7752 438 7314 94




Of the 98 events analyzed at Site M, only four resultegteater than 50% overflow.
Six resulted in 0% - 10% overflow, three had 10% - 25%ftover and six had 25% - 50%
overflow. Therefore, overflow occurred in approximat2do of the storm events, even
though 54% of the events had maximum rainfall intensgreater than the DIS’s design of
12.7 mm/hr (0.5 in/hr). In the short-term study by Brig#007), 25 events were analyzed,
with five producing overflow at Site M. Also, Bright (200)served overflow only during
events with intensities 28 mm/hr (1.10 in/hr), while the latest study saw overfiowvents
with intensities as low as 20 mm/hr (0.80 in/hr), st@lll above the design intensity. This
longer-term study included analyzing nearly four times newents, with rainfall depths
reaching 98 mm (3.85 in) and intensities up to 99 mm/hr (3.86€) inBright’s (2007) study
included events with a maximum rainfall depth of 105 mm (4.14nd a maximum
intensity of 89 mm/hr (3.50 in/hr).

Examination of the rainfall and stormwater data fomévevith 6.4 mm (0.25 in) of
rainfall showed strong correlations between event tatafall and stormwater flow volume
(Fig. 2-20) and between event maximum rainfall intensit @a@ak stormwater flowrate
(Fig. 2-21). From Figure 2-20, it was evident that during eweittsless than approximately
16 mm (0.63 in) of rainfall, both watersheds produced siraitaounts of runoff. This was
most likely due to the similarity of the lower portiapisthe watersheds, both of which were
residential areas with similar amounts of imperviogmg. Beyond this rainfall depth, the
watershed contributing to Site M produced much higher voluagesompared to Site L.

This was due to not only to Site M’s watershed being latgéralso to potential differences
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in the upper reaches of the watersheds, such as imperveass eurb and gutter streets, and
stormsewers. Also seen in Figure 2-20 is the lack affloveduring events with 9.4 mm
(0.37 in) of rainfall, regardless of intensity.

Figure 2-21 shows that the watershed at Site L never progeeddiows above the
design capacity of 0.05%s (1.9 ff/s). This capacity was based on the stormwater peak
flowrate, as estimated by the Rational Method. Clegamination of the hydrologic data
revealed that events with maximum rainfall intensisiesilar to the design intensity
produced flowrates roughly nine times lower than the Rdtiethod estimate. This was
likely due to the potential errors in the watershed assests, as previously discussed. The
lower than expected flowrates were also part of taeae why the DIS captured all
stormwater flows.

Since the Site L DIS never overflowed, the data veedyzed to determine when
overflow might occur. This was accomplished by compatiegvault stages to the peak
stormwater flowrates, to see what flowrates wereetated with vault stages above the weir.
This relationship suggested that overflow might occur duruegts with peak flows above
0.038 ni/s (1.34 ff/s), just shy of the design capacity (Appendix C-2, Fig) CHowever,
one event during the study period exceeded this flowrate by m%6¢0.21 f/s) and did
not result in overflow, though the maximum stage indigediversion vault was just 0.06 m

(0.19 ft) below the crest of the weir.
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Figure 2-20. Site L and M event rainfall depth and stormwatdume relationships for events with6.4 mm (0.25 in) of rainfall.
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Figure 2-21. Site L and M event maximum rainfall intensity astdrmwater peak flowrate relationships for evavitt 6.4 mm
(0.25 in) of rainfall. The constructed capacitytiod Site M DIS was limited by the distribution @ipnd not by infiltration. This
analysis was based on data from Site M, prior terwda blockage in the distribution pipe was belieteedave occurred.
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Closer examination of the Site M data in Figure 2-21 skiaivat the smallest
maximum rainfall intensity resulting in overflow was 2n/hr (0.80 in/hr), higher than the
design storm of 12.7 mm/hr (0.5 in/hr). Only one eveiit) wpeak flow of 0.115 s (4.07
ft%/s), exceeded the DIS'’s design capacity of 0.078 (2.8 ff/s). However, overflow was
observed during events with peak flows as low as 0.0l (3149 ft/s), suggesting that the
system’s actual capacity was lower than designed. éuritiestigation into this discrepancy
showed that the capacity was actually limited by theidigion pipe and not by the
infiltration ability of the soil (Appendix C-3). Thesemated actual capacity of the
distribution pipe was determined to be near 0.025 (0.90 ff/s), less than that of the
infiltration capacity. The low pipe capacity was daette constructed slope (0.04%) being
less than the designed slope (0.4%). However, evettipeak flows less than this also
resulted in overflow, which was due to a partial blockdge@edistribution pipe (Appendix
C-3). This blockage was discovered in the summer of 201Wasdelieved to have
originated in October 2009.

Therefore, because the watershed did not produce theteapesak flowrates and
because the distribution pipe at Site M was not irestadk the correct slope, the chambers
and dunes at Site M likely never experienced their desigapacities. However, even with
the decreased pipe capacity, the system still perforxezpaonally, capturing 96% of the
stormwater flow. These construction errors also hyditid the need to ensure proper

installation techniques and accurate surveying during systerroctien.
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Further examination of the Site M flow data was penfed to evaluate the system’s
stormwater volume capture efficiency. This was acdmmpd using the event maximum
rainfall intensities and DIS captured volume as a ptapoof total stormwater flow (Fig. 2-

22). This analysis resulted in three observable owenfégimes, characterized as zones:

Zone 1. No Overflow Zone (up to 20 mm/hr (0.80 in/hr))
Zone 2: Transitional Zone (20 mm/hr (0.80 in/hr) to 31 nar(itR in/hr))
Zone 3: Definite Overflow Zone (greater than 31 mmih2 {n/hr))

The break-point between Zone 1 and Zone 2, 20 mm/hr (0180, im/as well above
the design storm of 12.7 mm/hr (0.5 in/hr). Beyond thsnisity, overflow potential began
to rapidly increase, as intensity increased. During eweititsintensities greater than 31
mm/hr (1.2 in/hr), overflow always occurred, suggestirag flows had exceeded the pipe’s
capacity. This type of analysis provided means to predistiiflow and overflow
proportions and frequencies at Site M. Though this anlayassspecific to Site M, future
monitoring and analyses may provide the information needdéevielop this type of analysis

into genrealized design tools for other locations ancesyst
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Figure 2-22. Site M DIS relationship between captured volunsea @roportion of total stormwater flow, and evelaiximum rainfall
intensity for events with 6.4 mm (0.25 in) of rainfall.
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Lastly, several individual storm events were more ¢yoseamined to characterize
each DIS’s performance under various hydrologic conditidriseese events were selected
based on the event maximum rainfall intensities and taeking among all 98 of the events
with 6.4 mm (0.25 in) of rainfall. Events with the lowesgdian, and greatest rainfall

intensities were chosen. Hydrologic and hydraulic sanes are given in Tables 2-5 - 2-7.

Table 2-5. Hydrologic summaries for several storm events with4 mm (0.25 in) of
rainfall. The rainfall intensity rankings were basedall 98 analyzed events.

Rainfall Max_lmum Total Storm
Storm . Rainfall : :
Intensity : Rainfall | Duration
Date Rankin Intensity (mm) (hr)
91 (mmin
10/18/08| Lowest 2.0 7.4 6.0
12/30/09| Median 14.2 23.6 7.5
03/15/08| Highest 99.1 36.3 3.4

Table 2-6. Site L hydraulic summaries for selected storm evers wé.4 mm (0.25 in) of
rainfall. The rainfall intensity rankings were basedall 98 anlayzed events.

. Peak DIS DIS
Storm Ramfa_lll Stormwater Stormwater | Overflow Capture | Capture
Intensity Volume Volume .
Date Rankin Flow (m?) (m?) Volume | Rating

I mds) (m’) | ()
10/18/08| Lowest 0.002 14.2 0.00 14.2 100
12/30/09| Median 0.004 30.5 0.00 30.4 100
03/15/08| Highest 0.044 51.1 0.00 51.1 100
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Table 2-7. Site M hydraulic summaries for selected storm eweiits 6.4 mm (0.25 in) of
rainfall. The rainfall intensity rankings were basedall 98 analyzed events.

. Peak DIS DIS
Storm Ramfa_lll Stormwater Stormwater | Overflow Capture | Capture
Intensity Volume Volume .
Date Rankin Flow (md) (md) Volume | Rating
I (ms) (m’) | (%)
10/18/08| Lowest 0.003 18.1 0.0 18.1 100
12/30/09| Median 0.008 42.7 0.0 42.7 100
03/15/08| Highest 0.115 114 56.3 57.6 51

The storm event on 10/18/08 produced just 7 mm of rainfalfifthdowest of all 98
analyzed events, and an intensity of only 2 mm/hr. Buigd 14.2 (500 ft) of
stormwater flow at Site L (Fig. 2-23) and 18.1 (®38 ff') at Site M (Fig. 2-24). No
overflow occurred at either site due to the low rainfaénsity and associated peak flowrates
of 0.002 n¥/s (0.08 ft/s) at Site L and 0.003%s (0.09 ff/s) at Site M. This event did little

to challenge the DISs, as the flows were well beloavcbnstructed capacities of the systems.
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Figure 2-23. Site L hydrograph for a storm event on 10/18/08.
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Figure 2-24. Site M hydrograph for a storm event on 10/18/08.
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The event representing the median event maximum taimnsity (14 mm/hr
(0.56 in/hr)) occurred on 12/30/09 and produced 24 mm (0.93 in)rd&laiNo overflow
occurred during this event, thus the stormwater volurh@8.6 n? (1,076 ff) at Site L and
42.7 ni (1,509 ff) at Site M were completely captured (Figs. 2-25 and 2-2Bjs &vent’s
maximum rainfall intensity was similar to the desigtensity (12.7 mm/hr), though the peak
flowrates of 0.004 rits (0.15 ff/s) at Site L and 0.008%s (0.27 ft/s) at Site M were well
below both the design capacities (0.08s¢1.9 fé/s) at Site L and 0.079%s (2.8 ff/s) at
Site M). The low flowrates during this event again hgtted the fact that the watersheds
did not produce the estimated flows. Therefore, teéesys were not challenged

hydraulically during this, or other similar storm events.
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Lastly, the event (03/15/08) with the greatest event maximainfall intensity,

99 mm/hr (3.90 in/hr), produced 36 mm (1.43 in) of rainfall, 81805 ff) of stormwater
flow at Site L, and 114 (4,021 ff) at Site M (Figs. 2-27 and 2-28). The peak flowrates
were 0.044 ris (1.55 ft/s) and 0.115 s (4.07 ft/s) at Sites L and M respectively. The
peak flowrate at Site M was the highest recorded amohgresite and all analyzed events.
In addition, this flowrate was well above the digttibn pipe’s constructed capacity, which
caused the vault stage to dramatically increase, regirtis6 ni (1,989 ff) of overflow at
Site M. This was the second highest amount of ovenfimasured among all of the 98
analyzed events. The event that resulted in the Higihesunt of overflow (11/11/09) had
98 mm (3.85 in) of rainfall (the highest amount of all anadiyevents) and a maximum
intensity of 63 mm/hr (2.48 in/hr) (the fifth highestansity). The 11/11/09 event occurred
shortly after the Site M distribution pipe was bel@gve have been partially blocked by a
piece of lumber (10/28/09). The peak flowrate at Site M duttie 11/11/09 event was
0.034 ni/s (1.20 ft/s).

These two events certainly challenged the DISs in tagdsaulic performance,
though the Site L system still performed as expecte@dbas the peak flow. It also
demonstrated that the constructed capacity of the Sitstem was likely near the design
capacity, as the peak stormwater flowrate during the 03/154& €0.044 ris (1.55 ff/s))
was just shy of the design capacity. The Site M systiel experience a large amount of
overflow, and thus a relatively low capture rating; heeve it was the capacity of the

distribution pipe that limited inflow and not the infdtion ability of the dunes.
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Figure 2-27. Site L hydrograph for a storm event on 03/15/08.
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In summary, the Site L and M DISs operated very ieffidy, capturing nearly 97%
of the stormwater from the two watersheds, amongla vange of rainfall intensities. In
fact, the Site L DIS captured all the runoff fromwatershed. These capture ratings were
also much higher than traditional BMPs. However, wiibh high capture ratings, it was
evident that the systems were overdesigned with respégtdtaulic performance, at least
partially because the watersheds did not produce thetexpamounts or flowrates of runoff.
Even with the lower runoff volumes and rates, the $itDIS still produced just 4%
overflow. Any overflow was largely due to the distriloutipipe’s constructed capacity being
far below the design capacity, preventing stormwatanfreaching the chambers, meaning
that infiltration was not a limiting factor of DIS ioflv. If the pipe had been installed at the
correct slope, the capture rating at Site M would h&edylibeen even more similar to rating
observed at Site L. However, a partial blockage irdtsiibution pipe at Site M, noted in
the summer of 2010, also decreased its capacity and resuibedeased overflows. Even
with these issues, the Site M performed well and naet to exceed capture expectations.
These data and analyses will provide important informdtiothe future design and

installation of other DISs.

Dune Hydrology
The diversion of 3,756 #1{132,654 f) of stormwater into the dunes at Site L and
10,828 m (382,392 ff) at Site M had very little overall impact on dune hydrg|aas the

long-term water table data appeared to be similar bettheestudy sites and control site. In
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fact, the only truly observable impacts were short-liledalized groundwater mounds
beneath the systems that formed during infiltration eyehscussed later.

The water table was monitored at four locations withichestudy site and in the
middle dune area of the control (CWT) (Figs. 2-16 - 2-18)e monitoring locations at Sites
L and M were 6 m (20 ft) upslope of the chambers (LWT-UPNMIWVT-UP), 1 m (3 ft)
downslope (LWT-CHAM and MWT-CHAM), 6 m (20 ft) (LWT-MIDand 8 m (25 ft)
(MWT-MID) downslope, and 23 m (75 ft) downslope (LWT-VEGIaMWT-VEG) of the
chambers. During infiltration events, the water tabteinds at Sites L and M were expected
to be highest at the 1 m (3 ft) downslope wells and dsere elevation in all directions
further away from the DISs. Other factors influendimg water table elevations at both
study sites and the control included tides, direct infibratnto the dune surface, infiltration
throughout the watershed (incoming groundwater flow), nkivater table gradients, and
well location effects with respect to distance frdma bcean.

The water table data were analyzed via maximum and nhezatiens, as well as by
Standard Deviation (SD) and Average Absolute Difference ftecontrol (AAD). The
SDs quantified the amount of vertical deviation withinreater table well. These were
used to determine if the water table changes caused hyfittration of stormwater were
greater than those caused by natural effects, such astidesurface infiltration, by
comparing the study site SDs to those from the conirbé AADs quantified the difference

in elevations between the 1 m (3 ft) downslope wéN¥T-CHAM and MWT-CHAM) and
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the elevations measured at the control’'s water tablgtoring well. These comparisons
were used because the wells were installed at simdtardies from the ocean.

Water table data collected from Site M confirmed expexgtsf as the highest
observed elevation (3.51 m (11.53 ft)) and long-term SD (0.4R 37 ft)) occurred at the 1
m (3 ft) downslope well location (Table 2-8). In fatk maximum elevation at Site M
exceeded the invert of the system (3.47 m (11.40 ft)) by 0.@18 {t). This impact on the
system lasted for only 40 minutes and was the only period thireoccurred during the
entire three year study. While this was not favorabldigd not result in damage to, or

decreased performance of the system.

Table 2-8. Site M and control water table monitoring summarye THS invert elevation
was 3.47 m (11.40 ft). Elevations were based on meansd#dMSL) and referenced to
NGVD88.

Water

Table CWT MWT-UP | MWT-CHAM MWT-MID MWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (8 m Downslope)| (23 m Downslope)

(m)

Maximum 1.96 1.91 3.51 2.55 2.68
Mean 0.65 1.03 0.88 0.72 0.56

Minimum 0.14 0.57 0.22 0.31 -0.08
SD 0.28 0.23 0.42 0.32 0.31
AAD - - 0.25 - -

Though not observed during this study, potential problemsigrisbm the water
table surpassing the DIS’s invert include: damage or dagtdluh of the chambers,

decreased hydraulic performance, or decreased treatméninpaance. A high water table
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would limit the hydraulic gradient of infiltration frorhé DIS, potentially resulting in
decreased stormwater capture. The unsaturated zone béhsezhambers and water table
was believed to significantly contribute to the retenbanteria, thus could be diminished if
the water table remained within this zone for extended genbtime. Additionally, each of
these factors had implications on the vertical plaa@of the DISs and these results
suggested the placement of the Site M DIS was adequatentiBbtuture systems should
especially consider vertical placement, as discuss€tiapter 4.

Data from MWT-CHAM was also compared to data from thetol| (CWT). As
expected, the maximum elevations were quite differe86(m (6.42 ft) at CWT and 3.51 m
(11.53 ft) at MWT-CHAM), which was due to the infiltratioh stormwater via the DIS.

The mean elevations, 0.65 m (2.13 ft) at CWT and 0.88 m (2.88MWT-CHAM, were
slightly different, which was due to not only infiltrati effects, but also the natural water
table gradient, as the water table was naturally high8ite M as compared to the control.
These differences were also evident via the SDs, 0.423% {t) at MWT-CHAM and 0.28

m (0.92 ft). This difference indicated that stormwantéitration had a slightly larger effect
on the water table deviations, as compared to natural mtihgeseen at the control. The
AAD at MWT-CHAM was 0.25 m (0.82 ft), which was slightly gter than the difference
between the raw mean elevations (0.23 m (0.75 ft)). WwhdeAADs were affected by
natural water table gradients, the slightly higher valugite M may have been indicative of
some stormwater infiltration effects on long-ternfetiénces in the water table between the

two locations.
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Data from MWT-MID, located 8 m (25 ft) downslope of ttembers showed lower
elevations and a lower SD, as expected (Table 2-8). &lx@mam was just 2.55 m (8.38 ft),
while the mean was 0.72 m (2.36 ft), which was close ttenrae CWT (0.65 m (2.13 ft)).
This difference was likely heavily influenced by the natlateral water table gradient, in
addition to some infiltration effects. The SD was 321.05 ft), only 0.04 m (0.13 ft)
higher than at CWT. This indicated that stormwatettration had slightly more effect on
water table elevation changes than did natural influences

Lastly, water table elevations observed at MWT-VEG Viketperienced the greatest
amount of tidal influences and least amount of infilbraeffects. The maximum elevation,
2.68 m (8.79), was higher than at MWT-MID and occurred dunmgpfdtration event on
09/25/08. However, the maximum elevation at CWT for theeestudy period also
occurred during this event. Therefore, tidal and surf#deation effects likely played the
key roles, in addition to discharge from the DIS, in ¢hagyht differences. The mean
elevation at MWT-VEG was just 0.56 m (1.83 ft), belowattbf CWT, as expected. The SD
at MWT-VEG was 0.31 m (1.00 ft), only 0.03 m (0.08 ft) highemtthe control. This was
expected due to increased tidal influences at MWT-VEG, apad to CWT.

Overall, it was apparent that stormwater input at Sitiealll no large, long-lasting,
negative impacts on dune hydrology. Mean elevationscht\eall location within Site M
were similar to, and within the expected ranges of, tmtrcl. Furthermore, the SDs
indicated that stormwater infiltration might have only lsightly more effect on water table

changes as compared to natural influences, such astidesirface infiltration from the
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surrounding landscape. Also, the chosen invert elavafithe DIS at Site M was found to
be adequate, as the water table surpassed the invertabiaimers for only 40 minutes over
the entire three year study period.

Examination of the water table data from Site L showmdas trends as those at Site
M, but were typically much lower in magnitude (Table 2-Bjterestingly, all of the
maximum observed elevations at Site L occurred during tiatibn event on 09/25/08,
which was the same event when several of the maxinatii@te M were observed. Also
noteworthy, was that the maximum elevation recorded\afVEG (3.29 m (10.80 ft)) was
1.24 m (4.08 ft) higher than the maximum recorded at LWT-CHANI5 m (6.72 ft)). This

elevation was unexpectedly high and warranted furthetisgr

Table 2-9. Site L and control water table monitoring summarie DIS invert elevation
was 2.85 m (9.35 ft). Elevations were based on meargela(MSL) and referenced to
NGVD88.

Water
Table CWT LWT-UP LWT-CHAM LWT-MID LWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (6 m Downslope)| (23 m Downslope)

(m)

Maximum 1.96 1.91 2.05 2.09 3.20*
Mean 0.65 0.79 0.66 0.65 0.59
Minimum 0.14 0.29 0.00 0.06 -0.04
SD 0.28 0.26 0.29 0.28 0.30
AAD - - 0.05 - -

* Value was likely result of equipment error (Appendixtd-value likely 2.1 m (6.9 ft).
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Investigation into the high maximum elevation at LWT&/ked to the discovery that
equipment malfunction likely resulted in erroneousen&ible elevations during the
09/25/08 event (Appendix D-1). The next highest elevatioarded outside of this event
was 1.95 m (6.41 ft).

Monitoring data from LWT-CHAM revealed that the meaevakion over the entire
study period, 0.66 m (2.16 ft), was very similar to the medneacontrol (0.65 m (2.13 ft)).
The maximum elevation observed at LWT-CHAM was just 2008.72 ft), well below the
invert of the chambers (2.85 m (9.35 ft)). The SD, 0.29 m (0. 9vas essentially the same
as what was calculated at CWT (0.28 m (0.92 ft)). Th®Awas just 0.05 m (0.16 ft).
These indicated that the effects of stormwater infitraon the water table were virtually
indistinguishable from natural influences.

Water table data from LWT-MID, located 6 m (20 ft) doveps of the Site L DIS,
also did not show large variations from the conttalfact, the mean elevations were the
same (0.65 m (2.13 ft)). The maximum, 2.09 m (6.85 ft), wghtslihigher than at LWT-
CHAM, which was likely due to tidal and infiltration effe¢ias both maximums occurred
during the same event. The SD was the same as whdowal at the control site (0.28 m
(0.92 ft)), indicating that stormwater infiltration had more influence on the water table as
did natural processes.

Lastly, data from 23 m (75 ft) downslope of the chambev¥T-VEG) indicated that
the water table mounds had little effect on the oVetavations, as the mean (0.59 m (1.94

ft)) was below that found in the control, as expectedtdube natural water table gradient.
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In addition, the SD was only 0.30 m (0.99 ft), slightly abtheeSD at CWT. This was
expected due to larger tidal influences since LWT-VEG weaseclw the ocean. Thus, the
low SD indicated that stormwater infiltration effegtere not substantial at this location.
The maximum recorded elevation, 3.29 m (10.80 ft), was litteé/to equipment
malfunction, as previously discussed and explained in Appdhdi. The true maximum
elevation that occurred at this location was likel®.1 m (7 ft), based on responses in the
other wells at Site L and monitoring data from LWQ-VEGinlyiother infiltration events.

These results showed that the Site L DIS was not itagddry the water table and that
there were no long-term impacts on dune hydrology. Trenmater table elevations at four
monitoring points around this system were each sinoléingé control and well within the
expected range. SD analyses indicated that effecterofiwater infiltration on water table
fluctuations were no greater than effects of natufalemces, such as tides and surface
infiltration. Lastly, the maximum water table eleweats showed that the water table only
rose slightly due to input from the DISs, except for avieich was due to potential
instrument error. Overall, it was apparent that the SDIS was able to disperse the small
amounts of stormwater over a large enough area as substantially affect the water table.
However, with the input of stormwater into the dunelsadh DISs, temporary impacts on
dune hydrology were inevitable.

The only distinct impacts on the water table occurrechduand shortly after
infiltration events, when infiltrated stormwater wouléate water table mounds underneath

the chambers. The mound was highest directly underneatihétimbers and decreased in
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height in all directions. To analyze these tempprapacts, several individual infiltration
events were more closely examined. Events were sdlbesed on the combined total
amount of DIS inflow into the two DISs. Ideally, thelected events would have represented
those with the smallest, median, and highest amod@im$Sinflow, but this was not possible
due to either equipment malfunctions or the water talilagebelow the elevation of some

of the water level sensors. Thus, the chosen egetislly represented those events with the
4™ 48" and 98 highest DIS inflow totals, out of all 98 events witl6.4 mm (0.25 in) of
rainfall. The inflow totals ranged from 8.5 (801 f£) at Site L up to 116 "{(2,490 ff) at

Site M (Table 2-10).

Table 2-10. Site L and M hydrologic summaries for three of 98 totfltration events.

Total DIS Site L DIS | Site M DIS
Storm Inflow Inflow Inflow Rainfall
Date Volume Volume Volume (mm)
Ranking (m°) (m°)
12/08/09 | 98 Highest 8.5 12.0 8
03/02/10 | 48 Highest 24.5 36.7 21
11/11/09 | 4 Highest 70.5 115.6 98

The event representing the lowest amount of DIS infleeurred on 12/08/09,
produced 8.5 M(301 ff) of DIS inflow at Site L and 12.0 h{422 ff) at Site M, and had
water table impacts that were scarcely noticeablgs(F2-29 and 2-30). In fact, the water
table immediately down slope of the systems rose by@dliyy m (0.36 ft) at Site L and 0.42

m (1.39 ft) at Site M (Tables 2-11 and 2-12).
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Table 2-11. Site L water table response results for an infibtraevent on 12/08/09. The
DIS invert elevation was 2.85 m (9.35 ft). Elevations vised on mean sea level (MSL)
and referenced to NGVD88\.R.denotes no response detected in well.

Water
Table CWT LWT-UP LWT-CHAM LWT-MID LWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope) | (6 m Downslope) | (23 m Downslope)

(m)

Maximum 0.98 N.R. 1.01 0.91 0.85
Mean 0.94 N.R. 0.96 0.88 0.81

Minimum 0.88 N.R. 0.90 0.86 0.78
SD 0.03 N.R. 0.03 0.02 0.02
AAD - - 0.02 - -

Table 2-12. Site M water table response results for an infibtraevent on 12/08/09. The
DIS invert elevation was 3.47 m (11.40 ft). Elevations vibaged on mean sea level (MSL)
and referenced to NGVD88.N/R.denotes no response detected in well.

Water

Table CWT MWT-UP | MWT-CHAM MWT-MID MWT-VEG
Elevation | (Control) | (6 m upslope) | (1 m Downslope) | (8 m Downslope)| (23 m Downslope)

(m)

Maximum 0.98 1.40 1.71 1.22 N.R.
Mean 0.92 1.38 1.47 1.13 N.R.

Minimum 0.84 1.33 1.28 1.03 N.R.
SD 0.04 0.02 0.12 0.06 N.R.
AAD - - 0.55 - -

The small water table mounds correlated to maximumntabde elevations of just
1.01 m (3.30 ft) and 1.71 m (5.60 ft) at Sites L and M respagtivn addition, only very
small responses were observed in the remaining wetls,newiresponses found in LWT-UP

or MWT-VEG. During the event, the mean water tabdvations at Site L ranged from 0.81
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m (2.65 ft) up to 0.96 m (3.15 ft), depending on well locati®hese were very similar to the
mean at the control (0.94 m (3.09 ft)). The mean elevatat Site M, 1.13 m (3.70 ft) up to
1.47 m (4.84 ft) depending on well location, were higher tharmean at the control, which
was clearly due to stormwater infiltration. SDs & %i( 0.03 m (0.10 ft)) showed that the
water table experienced similar deviations as thentabde did at the control (SD of 0.03 m
(0.09 ft)). Therefore, during this event, the infiltratmirstormwater at Site L had no more
effect on water table deviations than did natural inflesncThe SDs at Site M 0.12 m
(0.39 ft) were slightly higher than at the control, whegain indicated increased temporary
effects due to DIS input. These small responses wesipalied within 15 hours at Site L
and 30 hours at Site M.

These data were also used to estimate groundwater flogities and residence
times, above elevation zero, between the 1 m (3 ft&nu (75 ft) downslope wells at both
sites. The mean velocities were 1 cm/hr (0.5 in/h8it&t L and 25 cm/hr (10 in/hr) at Site
M (Appendix D-3, Table D-4). These yielded residence tiafels767 hr at Site L and 88 hr
at Site M (Appendix D-3, Table D-5). The large differeniof these estimates between the
two sites were due to much higher water table gradienteals Additionally, these
estimates were conservative since they only congidevazontal flow from the chambers
towards the ocean, when the actual flow paths extemdaitidirections around the DISs,
including vertical flow. These results are discussed duythiter the individual infiltration

event analyses.
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Overall, this example showed that small infiltraticeets had little impact on the
water table, as expected. There was very littlebfice from the control, as the mean and
maximum elevations at the study sites were similardsétat the control. SD analyses
showed that stormwater infiltration had virtually no maer#uence on the water table at Site
L, as tides and surface infiltration had at the cont&ids at Site M were slightly higher than
those at the control, indicating that stormwateitnafiion had marginally more influence on
water table deviations during the event. Lastly, thisig\end other similar ones, did not
result in water table levels close to the DISs.

The event representing the median amount of totalii?k8v between the two sites
occurred on 03/02/10. Inflow totaled 24.8 (867 ff) at Site L and 39.7 #(1,401 ff) at
Site M. The water table responses were more pronouhged this event, compared to the
previous, as the water table 1 m (3 ft) downslope of thesys rose by 0.14 m (0.46 ft) and
0.60 m (1.97 ft) at Sites L and M, respectively (Tables 2-t®aiv; Figs. 2-31 and 2-32).
These corresponded to maximum elevations of 1.08 m (3.55 ft).&&dn (5.42 ft), which
were 1.77 m (5.80 ft) and 1.82 m (5.98 ft) below the chambengaeites L and M,
respectively. No response was observed at LWT-UP, wdsleonses were observed in all
the wells at Site M. Comparisons to the control'sameater table elevation (0.94 m (3.09
ft)) revealed that the mean elevations 1 m (3 ft) dovpestaf the systems were higher at both
sites (1.02 m (3.35 ft) at Site L and 1.35 m (4.41 ft) at Ske ™he responses further
downslope were muted compared those just downslope of thibeha In fact, the mean

elevation at MWT-VEG (0.78 m (2.55 ft)) was much loweartithe mean at the control.
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Table 2-13. Site L water table response results for an infitraevent on 03/02/10. The
DIS invert elevation was 2.85 m (9.35 ft). Elevations vised on mean sea level (MSL)

and referenced to NGVD88\.R.denotes no response detected in well.

Water
Table CWT LWT-UP LWT-CHAM LWT-MID LWT-VEG
Elevation | (Control) | (6 m upslope) | (1 m Downslope)| (6 m Downslope)| (23 m Downslope)
(m)
Maximum 1.01 N.R. 1.08 1.08 1.19
Mean 0.94 N.R. 1.02 1.01 1.06
Minimum 0.86 N.R. 0.94 0.93 0.85
SD 0.05 N.R. 0.04 0.05 0.11
AAD - - 0.08 - -

Table 2-14. Site M water table response results for an infibtraevent on 03/02/10. The

DIS invert elevation was 3.47 m (11.40 ft). Elevations vibaged on mean sea level (MSL)

and referenced to NGVD88\.R.denotes no response detected in well.

Water
Table CWT MWT-UP | MWT-CHAM MWT-MID MWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (8 m Downslope)| (23 m Downslope)
(m)
Maximum 1.07 1.34 1.65 1.24 0.79
Mean 0.98 1.29 1.35 1.12 0.78
Minimum 0.86 1.19 1.05 0.92 0.77
SD 0.05 0.05 0.12 0.06 0.007
AAD - - 0.36 - -
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Figure 2-31. Site L water table response to an infiltration evan08/02/10.
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SDs showed that the water table closest to the Dlg@sriexced slightly higher
deviations ( 0.12 m (0.39 ft) at both sites) compared to the control (0.0& 16 ft)). The
SD at LWT-VEG (0.11 m (0.37 ft)) was higher than the $iha control, which was most
likely due to tidal influences, as seen in Figure 2-31. Theder table impacts were
dissipated within 20 hours at Site L and 106 hours at Sitd . long response time at Site
M was probably an overestimate, as the method formdeterg this time was fairly
conservative, as mentioned in the Materials and Metkection. The long duration was
likely due to the event occurring at the same time swiag tide, causing the water table to
remain elevated for an extended period.

The mean groundwater velocities during the event weren®far ¢0.2 in/hr) at Site L
and 16 cm/hr (6 in/hr) at Site M. These were lowen thahe previously discussed event
due to lower water table gradients. The lower gradieatsmve been due to tidal
influences and larger responses 23 m (75 ft) downslogeeafitambers during this event.
The residence times were 4,308 hr at Site L and 140ealSit

Overall, this example showed that a moderately sizélttanion event had some
effects on the water table, but did not cause extemegmonses. The effect of Site M’s
higher DIS inflow volume, compared to Site L, was evidenthe mean water table
elevations near the Site M DIS were noticeably highan tat Site L and the control. SDs
showed that the water table nearest the systems exqegtisome temporary stormwater
infiltration effects, as the deviations were sligttigher than those at the control. Further, at

no point did this event remotely threaten the perfowwaaof either BMP.
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Lastly, an event on 11/11/09 produced 7032190 ) and 115.5 (4,083 ff) of
DIS inflow at Sites L and M respectively. In additi@nthis event, two smaller infiltration
events occurred during the two days prior to the primegeyne These two smaller events
were not analyzed for flows due to falling below the 6m (0.25 in) rainfall depth
threshold. The primary event had noticeable water talsjgonses at both sites, while the
two preceding had no detectable response at Site L aniddin@isponses at MWT-CHAM
and MWT-MID. These responses corresponded to maximumtelesaf 1.64 m (5.37 ft) at
LWT-CHAM and 3.51 m (11.53 ft) at MWT-CHAM, for water tabt@und heights of 1.04
m (3.40 ft) and 2.87 m (9.41 ft), respectively. These heigjletre relative to the water table
elevations observed just before the water table respdyegmn. The maximum water table
elevation at Site M was 0.04 m (0.13 ft) above the inviethe@chambers (3.47 m (11.40 ft)).
This impact on the chambers lasted for 40 minutes andhgasty impact on either system,

as previously discussed (Tables 2-15 and 2-16; Figs. 2-33 and 2-34).

Table 2-15. Site L water table response results for an infibtraevent on 11/11/09. The
DIS invert elevation was 2.85 m (9.35 ft). Elevations viEsed on mean sea level (MSL)
and referenced to NGVD88\.R.denotes no response detected in well.

Water
Table CWT LWT-UP LWT-CHAM LWT-MID LWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (6 m Downslope)| (23 m Downslope)

(m)

Maximum 1.23 1.34 1.64 1.20 1.20
Mean 0.90 1.22 1.07 1.05 0.91

Minimum 0.58 0.85 0.60 0.66 0.55
SD 0.22 0.11 0.23 0.11 0.17
AAD - - 0.17 - -
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Table 2-16. Site M water table response results for an infitraevent on 11/11/09. The
DIS invert elevation was 3.47 m (11.40 ft). Elevations vibaged on mean sea level (MSL)
and referenced to NGVD88\.R.denotes no response detected in well.

Water
Table CWT MWT-UP MWT-CHAM MWT-MID MWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope) | (8 m Downslope) | (23 m Downslope)

(m)

Maximum 1.61 1.91 3.51 2.17 1.45
Mean 1.16 1.43 1.56 1.41 0.92
Minimum 0.57 0.95 0.65 0.57 0.49
SD 0.27 0.38 0.44 0.38 0.37
AAD - - 0.40 - -

Interestingly, this event also produced the highest veduai stormwater and
overflow at Site M; however, the relationship betwdanhigh water table and the large
amount of overflow was not clear. While the high wasble and impact on the Site M DIS
may have played a role in the amount of overflow, ¢éwisnt occurred shortly after the
blockage in the DIS distribution pipe was believed teehaccurred, thus much of the
overflow could be attributed to the decreased pipe capa€iirther, the peak stormwater
flowrate, 0.034 riis (1.20 ft/s), was above the pipe’s estimated capacity pridneo t
blockage. Lastly, due to equipment malfunction, the statign the chambers was not
analyzed, thus infiltration limitations could not be id&ed.

In addition to the water table elevation increasdlastudy sites, the water table at
the control also rose 1.01 m (3.33 ft). This was lildelg to a large amount of infiltration
throughout the watershed contributing groundwater flovhiodrea of the dunes. This

likely played a key role in the high elevations at MWHAM.
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Figure 2-33. Site L water table response to an infiltration evanfL/11/09.
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Figure 2-34. Site M water table response to an infiltration evenibfi1/09.
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SDs at Site L (0.23 m (0.75 ft)) were similar to the control (0.22 m (0.7 Which
again showed that stormwater infiltration effects weyenore extreme than natural tide and
surface infiltration effects. The SDs at Site MO(44 m (1.43 ft)) were higher than at the
control, which showed that stormwater infiltration dmlve more effect on water table
changes, as compared to natural influences. The whter&sponse durations were 45 and
276 hours, respectively. These times were longer tiprdvious events, partially due to
the higher stormwater inflow volumes from the threengs, but also to the large amount of
surface infiltration throughout the watersheds, whichideldrge increases in the water table
elevations. The mean groundwater velocities during teatavere 7 cm/hr (3 in/hr) at Site
L and 15 cm/hr (6 in/hr) at Site M. These translatecsience times of 318 hr at Site L
142 hr at Site M.

This example showed that even with high stormwateswflolumes, the Site L DIS
was able to disperse the water over a large enough atedirag the water table response.
On the contrary, the effects of higher stormwatepimfl/olumes at Site M were clearly
shown, as the water table elevations near the DI8 n@iceably higher than at the control.
In addition, the water table surpassed the invert etavati the chambers for 40 minutes.
However, this was not due solely to stormwater infilravia the DISs, but also the large
amount of surface infiltration throughout the watershedyraviously discussed. If surface
infiltration had not resulted in such a large increaselse water table elevations (1.01 m
(3.33 ft)) then the water table would have likely not ssspd the invert elevation of the Site

M DIS, as it was only 0.04 m (0.13 ft) above the invertdifionally, the water table never
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reached the Site L DIS. These results confirmedtheavertical separation of the systems
and water table were adequate, further discussed in CHapter

These analyses showed how the water table respondedrigeaaf DIS inflow
volumes. The responses were noted to be temporaey tadle mounds beneath the DISs
that dissipated within a few hours to several days. Qumall events, both DISs were able
to disperse the stormwater over large enough areas agetomhlg small, short-lived impacts
on the water table. Larger events resulted in propatip larger responses. Overall,
infiltration via the Site L DIS resulted in much snealtesponses, as compared to Site M.
Surface infiltration throughout the watersheds was a@liserved to cause noticeable rises in
the water table elevations.

The SDs at the study sites were compared to the SI@ abtitrol site to determine if
stormwater infiltration from the DISs affected thetgratable more so than tides and surface
infiltration. Since the SDs were typically similaetween Site L and the control, the effects
of stormwater infiltration were determined to be simianatural influences. SDs at Site M
were elevated compared to the control during larger evnits showing the influences of
stormwater infiltration.

Lastly, groundwater flow velocities were estimated i@ D-F equation and for
flows above elevation zero, between 1 m (3 ft) and Z35t) downslope of the systems.
These were used to conservatively estimate potentialrizacteidence times within the
dunes. Mean velocities during three infiltration eventgea from 0.5 cm/hr (0.2 in/hr) to 7

cm/hr (3 in/hr) at Site L and between 15 cm/hr (6 indmg 25 cm/hr (10 in/hr) at Site M.
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The mean velocities based on data from the entire stedy 3 cm/hr (1 in/hr) at Site L and
17 cm/hr (7 in/hr) at Site M (Appendix D-3, Table D-4).e$h estimated velocities were
similar to traditional sand filter BMP velocities, whiwere shown to range from 1.5 cm/hr
(0.6 in/hr) to 30 cm/hr (12 in/hr), depending on the cooditf the filter media (Urbonas,
1999). The large difference in velocities betweenwweestudy sites was due to higher
gradients at Site M, caused by higher water table mousmsalth the DIS.

The mean residence times during these three infiltratients were 318 hr to 4,308
hr at Site L and 88 hr to 142 hr at Site M. The meaileace times based on data from the
entire study period were 837 hr at Site L and 137 hr at\&it& hese were much higher than
typical sand filter residence times (40 hr), as tlasalesigned to ensure capture of
consecutive storm events (N.C. DWQ, 2007). Additionallg, length of a filter also affects
residence times, thus dune infiltration would provide a mucfeloflow path as compared to
traditional sand filters. The estimated residence twere expected to represent the
minimum duration of which infiltrated stormwater and gs@ciated bacteria would reside
inside within the study sites. The actual intervalsvben infiltration into the dunes and
discharge into the ocean were likely much longerhasssumed flowpaths were directly
from 1 m (3 ft) downslope to 23 m (75 ft) downslope of¢hambers, while the actual paths
extended from the chambers to underneath the ocean.iohddlig, inland groundwater
flow, due to negative gradients caused by stormwater atfdin and tides (higher water table
elevations downslope as compared to upslope of the systamddgteral flow (parallel to the

ocean), would have acted to potentially further increasiglence times. With such
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extensive times, the treatment potential of the DIS Wkaly much larger than traditional
sand filters. The increased residence durations woulg klew for more chances of
physical and chemical retention, and die-off due to prenldiimited nutrients, or other
natural means.

These estimations could likely be much improved if mg@rapriate models which
could account for the actual flow conditions were uséthile the method used was thought
to provide conservative velocities and means, it wdgulif to extrapolate and compare the
estimated values to those which may be found by a mdebkumethod. This was due to
the complexity of the flow regimes and several unknswihcharacteristics, such as
hydraulic conductivities and porosities throughout the duSesh investigations should be
performed and are likely deserving of their own researctheascope, nature, and

limitations of this study were not well suited to accoodate for such complex analyses.

Stormwater and Groundwater Quality
Enterococci Monitoring

The diversion of stormwater into the dunes placed Ilegéls of fecal bacteria into
the sand and groundwater beneath the DISs (Fig. 2-35). & temmonitoring revealed
maximum enterococci concentrations of 89,680 MPN/100 mLtattSand 3,076 MPN/100
mL at Site M, much higher than the state maximum of 1@NMOO0 mL for Tier | beaches

(Table 2-17). The median concentrations were alsoakeNe the state limit, at 185

123



MPN/100 mL (Site L) and 435 MPN/100 mL (Site M). In additidh% of samples at Site L
and 79% at Site M exceeded the state maximum.

These results were somewhat similar to Bright's (20@0ring that study, 93% of
the stormwater samples exceeded the state limit, Wiglenedian concentrations were found
to be 1,013 MPN/100 mL and 1,725 MPN/100 mL, at Sites L and M résglgct There was
no clear explanation for the decrease in the meditaraocci concentrations between the

two studies, as there was no evidence of a change iusendr BMPs within the watersheds.

Table 2-17. Site L and M stormwater enterococci monitoring sumymd he state maximum
enterococcconcentratiorfor Tier | beaches was 104 MPN/100 mL.

Enterococci
Concentrations SiteL | Site M
(MPN/100 mL)
Maximum 89,680 3,076
Geometric Mean 278 315
Median 185 435
Total Number of
Samples Collected 24 24
Number of Samples
Exceeding State Limit 17 19
Exceedance Rate (%) 71 79
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Figure 2-35. Site L and M stormwater enterocoocapnitoring results during several monitored evavita 6.4 mm (0.25 in) of
rainfall. The state maximum enterococoncentratiorfor Tier | beaches was 104 MPN/100 mL.
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The highest concentrations in the stormwater wereatgdeo occur at Site M due to
the watershed being larger and thus potentially containing bamteria sources. This was
reflected in the median and geometric mean concemisaéind the exceedance rate, but not
the maximum concentration. The data were also exahfareelationships with hydrologic
and hydraulic factors, though no strong trends were obder8easonal factors also did not
appear to play a major role in bacteria concentratitogigh the concentrations were, on
average, slightly higher in the summer and fall.

Contrary to the stormwater, concentrations in the gitaater at the study sites were
much lower (Table 2-18). In fact, the median conceptmatin the groundwater at both sites
were > 97% lower than their respective stormwater aredoncentrations, at just 4
MPN/100 mL (Site L) and 5 MPN/100 mL (Site M). The ovegahundwater exceedance
rates were also much lower, at just 4% (Site L) artd {Bite M). These results showed that
fecal bacteria concentrations could be substantiadlyaed via infiltration and filtration
through the natural sand dunes. The processes respoaosibleii reductions were most
likely dilution, physical and chemical capture within tlod,sand permanent removal from

the dunes, as discussed later.
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Table 2-18. Site L, M, and control groundwater enterococci momgpsummary. The state
maximum enterococa@oncentratiorfor Tier | beaches was 104 MPN/100 mL.

Enterococci
Concentrations Site L | Control | Site M
(MPN/100 mL)
Maximum 945 429 3,063
Geometric Mean 4 5 7
Median 4 5 5
Total Number of
Samples Collected 285 122 206
Number of Samples
Exceeding State Limit 12 ! 22
Exceedance Rate (%) 4 6 11

In addition to the decreases from stormwater leveésgroundwater concentrations
at the study sites were mostly similar to those fourtdeatontrol site, as expected (Table 2-
18; Figs. 2-36 - 2-39). In fact, the median concentratioggardless of well location &
MPN/100 mL) matched the median observed at the conttdRE/100 mL). However,
statistical analyses revealed that overall, the quragons were significantly (= 0.05)
higher at Site M as compared to Site L (p < 0.0001) andaiead (p = 0.0015). The
groundwater concentrations at Site L were not signiflgathfferent from the control (=
0.05, p = 0.4914). These analyses suggested that some tentjamtarna survival and
accumulation might have occurred at Site M, but nobaterning levels. However,
groundwater monitoring should continue to ensure that adatioudoes not become
problematic. The likely causes of the potential accatian in the groundwater at Site M
were the consistently high stormwater concentratomswere largely limited to one well

location, as discussed below.
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Figure 2-36. Groundwater enterococci monitoring results from 6 m {R0dslope of the Site L DIS and in the upper dune ardaeof t
control site. No samples were collected from theagesivell at Site M because the well was not instalgp enough. The state
maximum enterococaoncentratiorfor Tier | beaches was 104 MPN/100 mL.
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Figure 2-37. Groundwater enterococci monitoring results from 1 nt)(@8dwnslope of the DISs and in the middle dune ard¢heof
control site. Site L and M data were averaged betweenvells in separate transects. The state maximuen@wocciconcentration
for Tier | beaches was 104 MPN/100 mL.
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Figure 2-38. Groundwater enterococci monitoring results from 6 m {Bite L)/8 m (25 ft) (Site M) downslope of the DISxlan
the middle dune area of the control site. Site L andiaih were averaged between two wells in separate ttanddwe state
maximum enterococaoncentratiorfor Tier | beaches was 104 MPN/100 mL.
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Figure 2-39. Groundwater enterococci monitoring results from 23 mt)7@ownslope of the DISs and at the vegetation lirteet
control site. Site L and M data were averaged betweenvells in separate transects. The state maximuen@wocciconcentration
for Tier | beaches was 104 MPN/100 mL.

131



More in depth analyses of the groundwater enteroatatei included comparing the
concentrations between each well location and ifsects/e control well, as well as between
the different locations within each site. Data cdaéelcfrom the 6 m (20 ft) upslope well at
Site L (LWQ-UP) was compared to data from the cordropper dune well (CWQ-UP) to
identify potential incoming bacteria concentrations frgpstream sources. However,
backflow of the groundwater towards LWQ-UP during infilmatevents likely transported
some bacteria to this well. No samples from Site ifyslope well (MWQ-UP) were
collected due to the well not being installed deep enough.

Data collected from the 1 m (3 ft) downslope wells (LMEé@AM and MWQ-
CHAM) were used to quantify the concentrations of b&cfast after entering the dunes.
These concentrations were also compared to data f@gotiirol's middle dune well
(CWQ-MID) since their locations, with respect to diste from the ocean, were similar.
Monitoring data from 6 m (20 ft) downslope of the Site ISELWQ-MID) and 8 m (25 ft)
downslope of the Site M system (MWQ-MID) was used tav@xa the bacteria levels
partway between the chambers and beach-dune interface.

Samples collected from the 23 m (75 ft) downslope wel8Q@-VEG and MWQ-
VEG) were especially considered important because thesethe last points of
groundwater monitoring, prior to moving beneath the recnealtioeach area, and before
discharging into the ocean. At these locationsgtbendwater-stormwater mixture had
traveled at least 23 m (75 ft), laterally, with approxehaB0 m (100 ft) more before

reaching the ocean. In addition, the groundwater flow gily conveyed the water
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further out under the ocean, to beyond typical swimmiegs Therefore, if the monitoring
results from these well locations (also referredstthe vegetation line or beach-dune
interface) were near or below the state maximunTier | beaches, then it could be
reasonably assumed that the bacteria concentrat&cisadged into the ocean would be safe
for human contact. These data were also comparée tata from the control’s vegetation
line well (CWQ-VEG).

Overall, the concentrations between the differert lveations at Site L were mostly
similar, which was due to the concentrations largetyaiaing low. However, the
groundwater bacteria data from within Site M showed ti@tbncentrations were different
between each well location. The concentratiorikeatontrol remained similarly low
between each well location. Figure 2-40 provides an dwaeal of these data and analyses,
including comparisons between the stormwater and grounde@teentrations, as well as
inter- and intra-site comparisons. The figure showsxalot of the minimum, Lquartile,
median, geometric mean, arithmetic medhg@artile, and maximum enterococci

concentrations observed in each monitoring well andarstormwater.
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Figure 2-40. Boxplots of the Site L and M stormwater, and &it&1, and control groundwater, enterococci concmns. No data
were collected from the upslope well at Site M.tdDfsom the downslope wells at Sites L and M (CHAWID, VEG) were averaged
between two wells in separate transects. The stat@mum enterococcioncentratiorfor Tier | beaches was 104 MPN/100 mL.
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This figure clearly depicts the large decrease in coragois between the
stormwater and groundwater, but also that high condemsaoccurred within the
groundwater at both study sites and the control. Also evidem this figure were the
overall low levels of bacteria within the dunes ath&tudy sites and the control, as indicated
by the locations of the quartile boxes. All groundwatedian and geometric mean
concentrations were well below the state maximunTfer | beaches, while one arithmetic
mean was just above the limit, at MWQ-VEG. This was to a few high sample
concentrations, and as seen by the other descriptiv&istatwas not indicative of
persistently high groundwater bacteria concentrations.

One interesting discovery was the presence of high otnat®ns, at most sampling
locations, within the first four months of monitoring (@D07 — December 2007). This also
occurred at the control site and thus could be relatedritamination of the wells during
installation or well-development phenomena. None efstimpling events closely followed
an infiltration event. Overall, the concentrationsiniyithe initial four months of the study
were persistently higher than those observed througheutmainder of the study
(Appendix E-2).

Quantitative analyses of the monitoring results (Takid8 - 2-21) further explained
the trends noted in Figure 2-40. The median concentsatibeach well location within the
study sites were all 10 MPN/100 mL, matching that of the control. Additionathg
exceedance rates were similar between Site L ancbtiteol, while those at Site M were

slightly higher.
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Table 2-19. Site L groundwater enterococci monitoring summary at fecations within

the study site. Data from the downslope wells wereagesl between two wells in separate
transects. The state maximum enterocoeocentratiorior Tier | beaches was 104
MPN/100 mL.

Enterococci
Concentration
(MPN/100 mL)

LWQ-UP LWQ-CHAM LWQ-MID LWQ-VEG
(6 m Upslope) | (1 m Downslope) | (6 m Downslope) | (23 m Downslope)

Maximum 945 164 164 271
Geometric Mean 6 5 3 4
Median 5 5 4 4
Total Number 41 30 82 g2
of Samples
Number of
Samples Exceeding 4 4 1 3
State Limit
Exceedance
Rate (%) 10 5 1 4

Table 2-20. Site M groundwater enterococci monitoring summaryae locations within
the study site. No samples were collected from theoppsiell. Data from the downslope
wells were averaged between two wells in separatecitemsThe state maximum
enterococcconcentratiorfor Tier | beaches was 104 MPN/100 mL.

Enterococci
Concentration
(MPN/100 mL)

MWQ-UP | MWQ-CHAM MWQ-MID MWQ-VEG
(6 m Upslope) | (1 m Downslope) | (8 m Downslope) | (23 m Downslope)

Maximum (no data) 945 2599 3063
Geometric Mean (no data) 11 5 7
Median (no data) 10 5 5
Total Number (no data) 55 71 80
of Samples
Number of
Samples Exceeding (no data) 7 6 9
State Limit
E;(gfso(l%ce (no data) 13 9 11
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Table 2-21. Control site groundwater enterococci monitoring sumnaaiyree locations
within the site. The state maximum enterocaoecicentratiorfor Tier | beaches was 104
MPN/100 mL.

CEnterococ_CI CWQ-UP | CWQ-MID | CWQ-VEG
oncentration (Upper Dunes) | (Middle Dunes) | (Vegetation Line)
(MPN/100 mL) PP ’
Maximum 429 215 254
Geometric Mean 6 4 6
Median S S 5
Total Number 40 41 41
of Samples
Number of
Samples Exceeding 2 2 3
State Limit
Exceedance
Rate (%) > 4 !

The enterococci concentrations observed at LWQ-UP &d@-TP were similar
with medians of 5 MPN/100 mL and were not significantfedent ( = 0.05, p = 0.8427).
These results, and the groundwater concentration spaked in Figures 2-36 and 2-40 at
both Site L and the control, suggested that upstreangrebiS, sources were likely present,
but did not contribute large amounts of bacteria tadties. Furthermore, comparison of
the LWQ-UP data to the 1 m (3 ft) downslope well (LWBAM) data showed no
significant difference (= 0.05, p = 0.4980). Since the concentrations in LWQ-Uif¢ wet
significantly different from those in CWQ-UP, it wapparent that the concentrations
observed 1 m (3 ft) downslope of the Site L DIS wekelyi similar to the concentrations
entering the dunes via upstream and/or other sources. tioaddomparison of the LWQ-

UP concentrations to those observed in the 6 m (Z0WQ-MID) and 23 m (75 ft) (LWQ-
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VEG) downslope wells showed significant differencethat = 0.05 level (p = 0.0063 and p
=0.0441, respectively). These results indicated thaebaaoncentrations were reduced
with increasing distance from the upper dune area. Tdnsl tvas not observed at the
control site, where the concentrations remained ariyilow throughout the dunes (Table 2-

22).

Table 2-22. Control site groundwater p-values for intra-site comgpais of enterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred
(*) values indicate p-values associated with negatitienates (downslope concentration
greater than upslope concentration).

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) (Mid Dunes) (Vegetation Line)
(U%‘é\é%fn'zs) . 0.1738 0.6271
m%ﬂﬂéi’) 0.1738 . 0.3705 *
(V%;’ggt'ig’nﬁ o| 06271 0.3705 * ;

Further evidence of bacteria reductions through the dunesobserved in
comparisons of the LWQ-CHAM and LWQ-MID data, as wslthe MWQ-CHAM, MWQ-

MID, and MWQ-VEG concentrations (Tables 2-23 and 2-24).
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Table 2-23. Site L groundwater p-values for intra-site comparisdresterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred
(*) values indicate p-values associated with negatitienates (downslope concentration
greater than upslope concentration).

LWQ-UP LWQ-CHAM LWQ-MID LWQ-VEG
(6 m Upslope) | (1 m Downslope) | (6 m Downslope) | (23 m Downslope)
LWQ-UP . 0.4980 0.0063 0.0441
(6 m Upslope)
LWQ-CHAM 0.4980 . 0.0124 0.1047
(1 m Downslope)
LWQ-MID 0.0063 0.0124 i 0.3828
(6 m Downslope)
LWQ-VEG 0.0441 0.1047 0.3828 .
(23 m Downslope)

Table 2-24. Site M groundwater p-values for intra-site comparismrenterococci
concentrations. No samples were collected from thiepgsvell because the well was not
installed deep enough. Values in bold font were signifigathtierent at the = 0.05 level.
Starred (*) values indicate p-values associated with negastimates (downslope
concentration greater than upslope concentration).

MWQ-UP MWQ-CHAM MWQ-MID MWQ-VEG
(6 m Upslope) | (1 m Downslope) | (8 m Downslope) | (23 m Downslope)
MWQ-UP )
(6 m Upslope) (no data) (no data) (no data)
MWQ. CHAM (no data) - < 0.0001 0.0216
(1 m Downslope)
MWQ-MID ] .
(8 m Downslope) (no data) < 0.0001 0.0482
MWQ-VEG . ]
(23 m Downslope) (no data) 0.0216 0.0482

As previously seen in Tables 2-19 and 2-20, higher concemtsatiere observed in
the 1 m (3 ft) downslope wells (LWQ-CHAM and MWQ-CHAMyhich were due to the
close proximity of these wells to the DISs. While hagimcentrations were expected at these

well locations, lower concentrations were expectatieatwo wells further downslope. This
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trend was noted between LWQ-CHAM and LWQ-MID, MWQ-CHAivild MWQ-MID, and
MWQ-CHAM and MWQ-VEG. The differences between thessans were significant at
the =0.05level (p =0.0124, p <0.0001, and p =0.0216, respectivEigse results
suggested that bacteria concentrations were reduced vinehmitldle dune area of Site L
and between the chambers and vegetation line at Sit8ilte this trend was not noted at
the control, it was apparent that the dunes were alassimilate high bacteria
concentrations.

These data were also compared to their respectiveotsite well locations (Tables
2-25 and 2-26). These comparisons revealed that the cataamroetween the individual

well locations at Site L and Site M were not signifidg different from the control at the=

0.05 level, except for at MWQ-CHAM, which was significgrdifferent (p = 0.0003).

Table 2-25. Site L and control p-values for inter-site comparssohthe groundwater
enterococcconcentrations. Values in bold font were significadifferent at the = 0.05
level. Starred (*) values indicate p-values assocwmitdtnegative estimates (Site L
concentration greater than control site concentration

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Mid Dunes) | (Vegetation Line)
((SLX]VSF;;IJOF:)G) 0.8427 * i ;
(Ll"r‘f]%gﬂggge) i 0.5048 ;
(2I?:Vn\1IQD(-)?//vEsCIine) i i 0.087*
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Table 2-26. Site M and control p-values for inter-site comparisoithie groundwater
enterococcconcentrations. Values in bold font were significadifferent at the = 0.05
level.

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Mid Dunes) | (Vegetation Line)

MWQ-UP

(6 m Upslope)
MWQ-CHAM
(1 m Downslope)

MWQ-VEG
(23 m Downslope)

(no data) - -

- 0.0003 -

- - 0.4419

The most important conclusions from these analyses therfindings of no
significant differences (= 0.05) at the vegetation line between both study site $hen
control (p = 0.087 at Site L and 0.4419 at Site M). Furttecause there were no
differences at the dune-beach interface, it was apptrainthe high stormwater
concentrations had been effectively reduced to levedadyrfound in the groundwater.
Additionally, because these concentrations were lz$mw the state maximum level, the
groundwater would have been safe for human contact asdeadged into the ocean.

In summary, stormwater enterococci monitoring revettiat the concentrations were
highly variable, but mostly above the state limit fomaun contact at Tier | beaches (104
MPN/100 mL). The two study watersheds in Kure Beach prodmeebian stormwater
concentrations of 185 MPN/100 mL (Site L) and 435 MPN/100 mle (8, with an overall
maximum of 89,680 MPN/100 mL. Without the use of the DISsstbrmwater and bacteria
would have been discharged onto the beach and/or intbxcé#as, placing swimmers at risk

of contracting various illnesses. However, the digersif the stormwater into the dunes via
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the DISs allowed the water to be treated and dischahgedgh groundwater flow. The
median groundwater bacteria concentrations at the stte/( 5 MPN/100 mL) were both
found to be > 97% lower than the stormwater mediangsd medians also matched what
was found at the control site, indicating that oveedbumulation of bacteria within the
groundwater was not substantial. Statistical analyisesshowed that the concentrations at
Site L were similar to the control € 0.05; p = 0.4919), but that the Site M levels were
higher than at Site L (p < 0.0001) and the control (p = 0.00dBwever, high bacteria
concentrations were noted at each study site and titeot,dending evidence to the presence
of other, upstream, bacteria sources. While the magnitutiese concentration spikes were
sometimes above the state maximum, they were fewnmber, as Site L had an exceedance
rate of only 4%, while Site M had a rate of 11%. The beixperienced a 6% exceedance
rate. Closer examination of these data revealedhbaiite M levels were higher overall due
to high concentrations observed at MWQ-CHAM. Howetlggse high levels were
mitigated, as there was no evidence of a differencedazt\the levels at MWQ-VEG and
CWQ-VEG. There was also no difference between LW@G\éhd CWQ-VEG.

These results showed that high bacteria levels witl@rstormwater could be reduced
via dune infiltration. Furthermore, it was shown tttet concentrations could be decreased
to levels similar to those already occurring in the lgcaundwater, such as at the control
site. These background levels were below the state maxiior Tier | beaches and

remained similar throughout the control area.
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The scope and design of these experiments were to ex#raifield-scale bacteria
treatment performance of the DISs, thus the micrcest@ichanisms behind the bacteria
concentration reductions could not be identified. Howesdrer research has shown various
processes that act to remove bacteria from flow apeémmanently remove bacteria from the
natural environment. Firstly, the vast amount of groundag¢neath the dunes likely
played a role in diluting the stormwater and thus reduttiadbacteria concentrations.
However, the physical movement of bacteria througlséimel would have also acted to
retain bacteria via sorption, straining, and hydraulic cept@&bu-Ashour and Abu-Zreig,
2005; Corapcioglu and Haridas, 1984; Ginn et al., 2002; Huysmaneastraéte, 1993;
Lawrence and Hendry, 1996; Torkzaban et al., 2008; Weber, 19725 Weal 1995).

Hydraulic capture of bacteria, as described by Torkzabalh @008), may have
played a large role in retention. While this mechamsay have retained bacteria
throughout the soil, it probably would not have permdgertmoved bacteria alone.
However, flow within the unsaturated zone between thenbbas and water table may have
allowed hydraulically disconnected regions to exist, trappawgeria in the remaining water
still adhered to sand grains above the groundwater. &afies,infiltration had ceased,
bacteria trapped in the unsaturated zone may have bé&=hdl by desiccation or other
natural processes, discussed later.

Other physical removal processes, such as sorptiomistyaand chemisorptions,
likely also removed bacteria from the stormwater @poioglu and Haridas, 1984; Ginn et

al. (2002), Lawrence and Hendry, 1996; Weber, 1972). The commpilexatrix of the
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dunes, in addition to small amounts of clay within thesmuld have allowed for the
adsorption of bacteria, filtration, straining, and potdhtieven chemisorptions, as described
previously. Further, the long flowpaths and retentiongindéscussed previously, between
infiltration and discharge into the ocean would have atbwany chances for these
processes to retain bacteria. In addition to the rahwffecal bacteria from infiltrating
stormwater, the long flowpaths and times would have allswed for die-off mechanisms to
further reduce bacteria concentrations. Such mechansydave included predation,
competition for limited nutrients, toxicity, and othetunal processes (Mitchell, 1968).
Lastly, sand enterococci monitoring also showed thetieba were not residing at
high levels within the dunes (Table 2-27; Appendix E-4). Oleha control site mean (28
MPN/20 g sand) was higher than the means at Site L (10/RRiNsand) and Site M (21
MPN/20 g sand). This may have been evidence of increasedpent bacteria removal at
the study sites. No clear treatment effects, witheetsto distance from the systems, were

observed as the concentrations showed opposing tratiddistance from the DISs.

Table 2-27. Site L, M, and control mean dune sand enterococciesamtions.

Mid Dunes Vegetation Line
Overall | Shallow | Deep | Shallow | Deep
Samples| Samples| Samples| Samples

Mean Concentration
(MPN/20 g Sand)

Site L 10 11 3 5 19
Site M 21 24 39 15 5
Control Site 28 43 1 49 21
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Nutrient Monitoring

Stormwater and groundwater at Sites L and M were bothtaredifor Total
Kjeldahl Nitrogen (TKN), Ammonium-Nitrogen (NN), Nitrate-Nitrogen (N@N), and
Total phosphorus (TP). Stormwater monitoring revealedthgatutrient levels produced
from the watersheds at Sites L and M (Table 2-28) wardasito those of other coastal
watersheds in North Carolina (Hunt et al., 2006; Len2&@8; McNett et al., 2010).
However, a few high sample concentrations were natgggesting that nutrient sources
were sometimes present within the watersheds. Tlnedeigcentrations occurred mostly
during the spring and early summer, thus could have be#utdt to residents fertilizing
lawns, as there was no agricultural land use within therslaeds. The stormwater nutrient
data were also compared to hydrologic and hydraulic mongt@ata, though no clear trends
were noted. Also, except for TKN (Fig 2-41), the nutriemels did not appear to vary with
time (Appendix E-5, Figs. E-1 - E-3). The TKN concentnadi except for the first samples,
appeared to decrease during the study period. Comparisons méteetormwater and

groundwater nutrient data also did not reveal any detectabids.

Table 2-28. Site L and M stormwater nutrient monitoring summary.

Site (mg/L) TKN | NH4-N | NOs-N | TP

Maximum 1.24 0.17 0.38| 0.38

L Mean 0.39 0.02 0.05| 0.1y
N 17 17 17 17

Maximum 1.16 0.15 0.67 | 0.30

M Mean 0.34 0.03 0.16 | 0.1y
n 21 21 21 21
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Figure 2-41. Site L and M stormwater TKN results for the ensiredy period. Concentrations were averaged for figureawhe
multiple samples were collected during a single storemev
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Groundwater nutrient levels mostly remained above tfas®l in the stormwater
(Table 2-29; Appendix E-5, Figs. E-4 - E-7). The only groundwai&ient levels that were
below those in the stormwater were the mean-NHnd TP concentrations at Site M.
However, nutrient levels in the groundwater at the cbmtere also higher than in the
stormwater at both Sites L and M, except for,NNH Additionally, the groundwater levels at
the study sites were similar or lower than at therobneéxcept for N&E-N at Site M. The

groundwater data were also compared to hydrologic and hyadfaators, but no trends were

observed.

Table 2-29. Site L, M, and control groundwater nutrient monitoring swary. No samples
were collected from the upslope well at Site M.

Site mg/L TKN NO3-N NH4-N TP

Maximum 1.85 0.69 0.65 0.43

L Mean 0.59 0.19 0.09 0.19
N 44 44 44 44

Maximum 2.83 2.81 0.17 0.57

C Mean 0.76 0.79 0.02 0.19
N 33 33 33 33

Maximum 1.85 0.75 0.10 0.24

M Mean 0.48 0.39 0.02 0.14
n 27 27 27 27

Overall, nutrient levels did not appear to be of comaethe stormwater or
groundwater. Concentrations within the stormwater as3itand M were typical, though a
few high sample concentrations did suggest that varghleces were present within the

study watersheds. The groundwater nutrient levels @ §iand M were higher than in the
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stormwater, but mostly below those found in the grouneattthe control, which were
typically also higher than the stormwater concerdreti In fact, nitrogen levels (TKN and
NOs-N) at the control, where no direct stormwater inpegwred, were surprisingly high.
These results suggested the upslope sources of nutrietpresent, in addition to possible
accumulation due to stormwater infiltration at the stsitlys. While the groundwater levels
were not of concern during the study, future monitoringiEhbe conducted to ensure that

the levels do not become problematic.
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LONG-TERM STUDY CONCLUSIONS

Long-Term Study Summary

Results from the three-year study of the Site L anBIBIs supported their continued
use, as well as for the implementation of future systm Kure Beach and other coastal
towns. The Site L DIS captured all of the runoffifriis watershed, which totaled 3,758 m
(132,654 ff). In addition, 96% of the runoff from the watersheaiged with Site M was
diverted into the DIS. This provided an overall captutiageof 97% for the two systems,
diverting a combined 14,584%t515,046 ft), with only 438 m (15,457 f) being
discharged onto the beach at Site M. These captungsatiere nearly identical to what
Bright (2007) found during her one year feasibility study. fBogthat the overall capture
ratings did not significantly decrease over a five-yeaiogandicated that the DISs did not
experience significant hydraulic performance reductidtiswever, some overflow
anomalies were observed at Site M, which lead to ideodery that the distribution pipe was
limiting inflow into the chambers. The cause of timsitation was the slope of the
distribution pipe, which should have been 0.4% in ordeptvey a flowrate of 0.079 s
(2.8 ft'/s) to the chambers. However, examination of the torng data suggested that the
actual slope was closer to 0.04%, which would provide a maxicapacity of only 0.03
m®/s (0.9 ff/s). Fortunately, this error did not cause any signifigaoblems at this site;

however, such faults with potential future systems caeddlt in more detrimental impacts.
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Further, this construction error highlighted the need suenproper system installation and
accurate surveying to achieve proper system performance.
Further analyses of the Site M data revealed stroagaeships between rainfall

intensity and DIS capture rating. Three distinct zomexe observed at this system:

Zone 1. No Overflow Zone (up to 20 mm/hr (0.80 in/hr))
Zone 2: Transitional Zone (20 mm/hr (0.80 in/hr) to 3t/hr (1.2 in/hr))
Zone 3: Definite Overflow Zone (greater than 31 mmih2 {n/hr))

The maximum intensity for Zone 1 was well above trsteay’s design storm of
12.7 mm/hr. This suggested that the watersheds did not prdduerdected peak
stormwater flowrates, most likely due to higher amouonisfiltration, surface storage, and
initial abstraction than what was estimated. Thenstgewer could have also diverted water
away from the systems, by either design or blockagés. d€sign storm was expected to
produce a peak runoff rate of 0.07&sn(2.8 ff/s) at Site M; however, the results showed
that such a storm actually produced a flowrate of only 034 (.34 ff/s). These findings
demonstrated the need to conduct hydrologic analyses adguvhtn designing a DIS.

Complementing the hydraulic monitoring of the DISs, durgrdipgy monitoring
showed that the diversion of stormwater into the dinaelslittle overall impact. The mean
water table elevations at the study sites were sitaltre control, though Site M had higher
elevations overall. This was due to not only stormwiafétration, but also natural

elevation differences as well. Average absoluteegfices between the 1 m (3 ft)
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downslope wells at Sites L and M and the control rexe#iat overall, even with stormwater
infiltration effects, the water table behaved simyldrétween each study site and the control.
In addition, the AAD at Site L, 0.05 m (0.16 ft), suggested the water table varied only
slightly, as compared to the water table at the canffbke AAD at Site M, 0.25 m (0.82 ft),
was higher and revealed that stormwater infiltration hateraffect on the water table than
natural influences. This was due to the larger amourgohwater diverted into the dunes,
inducing larger water table mounds beneath the Site M Bt&ndard deviations 1 m (3 ft)
downslope of the Site L (0.29 m (0.94 ft)) and Site M (0.4@A.187 ft)) systems were similar
to the SD at the control (0.28 (0.92 ft)), indicating tihat effects of stormwater infiltration
over time were not much different than those causeadaibyg and surface infiltration.

The water table responses to infiltration events weted to be quickly forming
mounds that receded once infiltration stopped. The mowads highest underneath the
DISs and spread throughout the groundwater underneath teensysFollowing the quick
recession from the peak water table elevation, thend®alowly dissipated over a few hours
to days, depending on the size of the event, antecedéstuneoconditions, and tides.
Additionally, the water table never reached the SIEd&; however, the system at Site M
was impacted by the water table for just 40 minutes outeo¢hire study period. These
results were promising, as they confirmed that the systeere installed at adequate
elevations. While completely avoiding water table impaxct the systems were unavoidable,
these occurrences were meant to be rare, as theyresultlin destabilization and/or

decreased hydraulic or treatment performance of thersgste
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Lastly, water quality monitoring showed that the inflliva of stormwater into the
dunes had little effect on overall groundwater bactarthrautrient levels. The stormwater
enterococci concentrations were mostly above e shaximum, with 71% and 79%
exceedance ratings, at Sites L and M respectively médian concentrations were 185
MPN/100 mL and 435 MPN/100 mL, respectively. Meanwhile, theadgroundwater
median concentrations were only 4 MPN/100 mL at Sitad. 2MPN/100 mL at Site M.
These were the same as the median found in the tdotres (5 MPN/100 mL). The
exceedance rates were: 4% at Site L, 11% at Sitexd16% at the control.

Statistical testing of the groundwater data showed higattajority of the impacts
occurred at MWQ-CHAM. This was expected as the infétlastormwater had received the
least amount of treatment before reaching this weltpagpared to the others. Further
analyses showed that the groundwater bacteria levetefudobwnslope of the DISs were not
significantly different from levels at the contr@dieria. These results suggested that
bacteria were not residing at high levels within the damelsgave evidence to treatment
effects, as the concentrations were lower furthermsdtope of the chambers. The reduction
in groundwater concentrations was likely due to dilution@thér natural processes, as
previously outlined. Additionally, the long residence timestimated using the D-F
equation, may have played a role in the large condentreeductions. Compared to
traditional sand filter BMPs, the DISs provided muchglemflow paths (hundreds of meters

compared to < 1 m) and thus higher retention times (legisdvf hours compared to 40 hr).
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Dune sand sampling also showed that bacteria were rimirkd at high levels within
the dunes. In fact, the overall mean concentraiise study sites were lower than the
control site’s mean. These results suggested thaetimeanent removal rates of bacteria
might have been higher at the study sites. Nutrieetidevere also monitored in the
stormwater and groundwater. The stormwater concentsatiere of typical values, while
the groundwater levels were generally higher than timode stormwater. However,
groundwater levels at the control were also elevatedtating the presence of nutrient
sources other than the DIS. However, it did not apie@mutrient concentrations were of
concern during the study.

In conclusion, this study revealed that the DISs wapable of treating large
proportions of stormwater, with no long-term adverspaiots on groundwater quality or
dune hydrology. However, continued monitoring of the sgsteould benefit potential
future researchers, designers, and operators, in adthtiemsuring that conclusions from this

study remain true.

Future Research and Recommendations

The initial investigative and long-term DIS studies provided sttdpo continued
use of the systems. The goals of these examinatiamstaeetermine if the DIS was a
feasible BMP that could reduce discharge onto the beacligve fecal bacteria from
infiltrating stormwater, and do so without long-term adeenspacts on dune hydrology or

groundwater quality. The studies found that the DISs paddras intended, and that they
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could potentially be used at other coastal locations. édew because the DISs were studied
for just five years, and only at one beach, future implaations would benefit from
continued monitoring.

Traditional BMPs, such as detention basins, bioretecgdls, and wetlands, have
been in use for several decades, but are still undeygesearch and monitoring. Therefore,
the DIS would deserve the same scrutiny, especially gice@ be placed within a fragile
environment, such as beach sand dunes. Most importiantige DIS monitoring should
include groundwater quality sampling for fecal indicator ha@gtautrients, and possible
other contaminants often found in stormwater. Additignpotential future DIS locations
and contributing watersheds may have very differeatattteristics that produce dissimilar
pollutants and concentrations as those observed inBeaeh. This alone would necessitate
future monitoring to ensure proper DIS performance and avoadaingroundwater
contamination.

Future dune hydrology monitoring might also be needed, aspigfic conditions
may lead to different water table responses as thas\@a at the DISs in Kure beach.

This may also lead to the development of more robustdes®)n tools and processes. Such
activities have already begun with a predictive watbletresponse model, DMPOND. This
computer model was developed from DRAINMOD, a water managemodel used largely
for agricultural drainage simulations (Skaggs, 1978). DMPONDB eveated to simulate
stormwater pond performance on the barrier islanddéooth Carolina (Chescheir et al.,

1990). It was modified and calibrated to model the watee ta&siponses of the Dune
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Infiltration Systems in Kure Beach (Price et al., 201B)rther information about DMPOND
and the modeling results will be provided through future pubdinatand/or technical
reports. Potential future computer modeling programs could bpon this model, to
include complete routing of the diversion device, chambefifration, and overflow, based
on site-specific characteristics and historical clintsta.

Further groundwater and stormwater quality monitoring, akasdlow monitoring,
could also aid in future bacteria treatment prediction nsod€his would also require other
ancillary research, such as the export of bactevia fivatersheds and the fate and transport
of bacteria in natural marine sands. Studies, suthogs by Hathaway et al. (2010) and
Hathaway and Hunt (2011), were conducted to examine thetexfdmacteria from
watersheds, with respect to watershed and climateractbsuch research were continued
and export prediction models were established, the desigituoé DISs could also include
pollutant treatment considerations, instead of beindysbé&sed on hydrology.

Finally, these studies also highlighted several potedtialdesign improvements and
recommendations. Firstly, pollutant source controlald/aid in reducing the amount of
pollutants delivered to the DISs. These pollutants coulddecfecal bacteria, sediments,
litter, among other common stormwater contaminaBisch a need was highlighted during a
maintenance inspection in 2010. This inspection reveatedtelly clogged distribution
pipe at Site M and some litter and sediment build-up withé chambers where distribution
pipes entered the systems. In addition to limiting sedirand debris build-up, source

controls could also potentially reduce the export otdyg from the watershed. Controlling
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pollution sources could be conducted via non-structural BBIRS) as public education
efforts, pet waste removal regulations, regular stieanings, addition of trash bins to
reduce littering, and animal food source controls, sugdadsage dumpster placement,
covers, and pick-up scheduling. Each of these could riesultreased performance and
reduced maintenance of the DISs. In addition, such mesasway be necessary in certain
watersheds that produce pollutant levels too high for ai®IiBitigate properly.

Also vital to maintenance are distribution pipe andnoher access. The pipes, their
locations, and access ports, should be able to accomenexiating pipe cleaning tools, such
as water jets and vacuum trucks. Bends in the pipes wesilitt the ability of these tools to
reach certain locations, so access to the entingbdigon pipe system should be considered.
Maintenance access to the start chambers shouldeaisclbded, as removal of sediment
and trash will be necessary. The Site L and M DihSkided 25 cm (10 in) PVC pipe
accesses to the start and end chambers so that debsedament build-up could be
monitored and removed when necessary (Fig. 2-9). The platerhsumps beneath the
distribution pipe inputs should also be included, as theselimit build-up on the chamber
floor.

In addition to these recommendations, several potetgg&gn improvements were
also realized, which lead to the development of a thii$l, Site K. The Site L and M DISs
each diverted one storm pipe, using large concrete yaithstwo independent banks of
chambers. The large vaults were expensive to purchasastall, and substantially lowered

the elevation of the chambers. The use of only onghiition input into each bank also
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limited the inflow capacity of the system, as welpasvented utilization of the entire
chamber banks during many storm events. Bright (2007), cdzberater stages within the
start and end chambers of each bank at both sitesaslfound that, during most storm
events, water was not being dispersed evenly along the mgth of the chamber banks.
This indicated that the banks may have been installaglght slope and/or the water was
infiltrated faster than it could laterally travel. éither case, these results suggested that the
use of distribution pipe inputs at each end of the chabdgks would better utilize the
systems by ensuring that the stormwater could be dispbexss a larger area.

To examine the potential design improvements, the SibéKwas constructed in
2009, near K Avenue in Kure Beach, just south of thelS&ged M DISs. Use of large
diversion vaults, such as at Sites L and M, was nssipte with the new DIS because the
large vertical drop of the vaults would have placedsgfstem too low in elevation since the
dune elevation was lower at Site K. Therefore, at@lof the diversion vaults, existing
stormwater drop inlets located within the street wereifaldto divert stormwater into the
DIS. Further, three inlets were diverted into four iguts, with one inlet that drained the
majority of the watershed being diverted into each ledrdhambers. These modifications
were thought to improve chamber bank utilization by ensuhagdtormwater was dispersed
along the entire length of the system. The last fimadion made to Site K DIS was placing
the chambers lower in elevation, as compared to teeLSind M systems. This change was

necessary because the dune surface and stormsewelswesren elevation.
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In addition to these design changes, the watershedias=d with the new DIS was
highly impervious and home to the business and tourist distridiese factors were
expected to produce higher peak flows and storm volumeslaasabacteria concentrations.
The Site K system underwent a one-year field stuaxémine the effects of these design
modifications and watershed characteristics, as disgussehapter 3.

Lastly, as discovered in this long-term study, proper digdyic analyses and
construction are vital. It was noted that the studyevgdiieds did not produce the expected
runoff volumes or peak flows. This was likely due to kigtihan expected infiltration and
initial abstraction within the watersheds, errorthim watershed delineations, and/or potential
stormsewer blockages. While the lower storm volumesflamrates led to better DIS
performance, it also meant that the systems weredasgned, with respect to the actual
hydrology of the watersheds. This led to higher thade@eosts and dune impacts during
construction. If the hydrologic analyses had been raocerate, the number of chambers
used within the systems, and thus dune impacts during gotistr, could have been
reduced. However, these systems did show that oveynilegia DIS was potentially a
feasible option, should such high capture ratings be neeldselimportance of proper
construction was noted at Site M, as the distribupipe was installed at a much lower slope
than designed. This lead to DIS inflow restrictions, reduthe amount of water delivered

to the chambers, and increasing overflows.
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CHAPTER 3

SHORT-TERM STUDY OF A MODIFIED DUNE INFILTRATION
SYSTEM IN KURE BEACH, N.C.

INTRODUCTION

The U.S. coast is home to 29% of the nation’s pomriafVilson and Fischetti,
2010) and is the vacation destination for millions of tosigstich year. With its large
popularity, the coastal region has experienced vast asiotiarban development, much of
which occurred prior to current stormwater managementagguos. Along with urban
development came increases in impervious surfaces, rgdheirmmount of area available
for the infiltration of runoff, which increased runofblumes, peak flows, and pollutant
loadings. In many coastal towns, such as Kure Bea¢h, Bntiquated stormwater systems
discharge these polluted waters onto the beach anthmtacean, risking the health of beach
goers.

Thus, to protect the health of ocean swimmers, fedegalation, such as the Clean
Water Act (CWA) and Beach Environment Assessment angt@lddealth Act (BEACH
Act), mandated the U.S. Environmental Protection AgeB&A() to enforce fecal indicator
bacteria standards for recreational beaches (U.S, EBO0; U.S. EPA, 2008a; U.S. EPA,
2008b; U.S. EPA, 2008c). The EPA then instructed states tcogewminitoring programs
and report their findings to the public. Most importarithg state governments were to
publicize when fecal indicator bacteria monitoring resinticated human health hazards.

In compliance with these regulations, North Caroéstablished monitoring protocols and
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standards for the state’s 240 recreational beachesgoMeenment agency given this duty,
the Recreational Water Quality Program (N.C. RWQ)nitaos the state’s recreational
waters for enterococci concentrations and publisheethdts online. Monitoring data from
2003 to 2009 showed maximum concentration exceedance rdt€®ot 2.9% each year
(N.C. RWQ, 2010a). Even with the seemingly low exceedaates, the N.C. RWQ issued
2,951 days of swimming advisories during this same period totwanpublic of the
potential hazards (N.C. RWQ, 2010b).

Though these advisories were issued to protect the publi2z4theur lag time
between sample collection and result reporting sftlideean swimmers at risk of contact
with potentially high levels of fecal bacteria. In #@abh, this program does not address the
needs of stormwater treatment or the reduction ofrst@ter discharge onto the beach.
Furthermore, reports of hazardous waters may act td egtdrception of dirty beaches
within the minds of the public, damaging the economy, and pallgrthe reputations, of
coastal towns. Thus, in 2006 the N.C. Department ofspamation (N.C. DOT) and the
Town of Kure Beach set out to install Stormwater Béahagement practices (BMPSs) to
treat the town'’s bacteria-laden stormwater and to rethecdischarge from 22 stormwater
beach outfalls. During the initial investigation, théaéls determined that the limited and
highly expensive coastal property prohibited the town froftalirsy enough traditional
BMPs and that a new type of coastal BMP was needeth t town’s high and wide sand

dunes, officials decided to examine the use of a newurssite sand filter device.
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This new type of sand filter, the Kure Beach Dune I@filon System (DIS), diverted
stormwater into a series of subsurface, open-bottom lodawhich allowed for temporary
storage, while water infiltrated through the dunes. Tke&esy removed bacteria from
infiltrating stormwater through similar processes aditienal sand filter BMPs; however,
the use of in-situ soils allowed for coastal and mapimeesses and organisms to potentially
increase the system’s treatment capabilities. Seladyatatory and field experiments have
shown bacteria retention in sandy soils to be airoatisal process (Abu-Ashour and Abu-
Zreig, 2005; Corapcioglu and Haridas, 1984; Ginn et al., 2002; HuyanwhVerstraete,
1993; Lawrence and Hendry, 1996; Torkzaban et al., 2008; Weber,\1@1% et al 1995).

In short, Torkzaban et al. (2008) and Weiss et al. (199%dsthat bacteria capture in
soils was affected by Brownian forces, buoyancy, ¢®llsoil surface charges,
hydrophobicity, cell shape, cell size, hydrodynamics, gyaidnic strength, soil grain size,
pore space geometry, and surface coatings. Severatadgseribed bacteria removal from
sand columns to include physical and chemical processeapg@oglu and Haridas, 1984;
Ginn et al., 2002; Huysman and Verstraete, 1993; Lawrencel@amdry, 1996; Weber,
1972). The physical processes were adsorption, straininghanasorptions. Corapcioglu
and Haridas (1984) described straining as the retentionaftarium due to being larger
than a solil pore it encountered. Chemisorptions weraeed to result from the
rearrangement of polymers, macromolecules, and otHestaedtures within a bacterium
when it approached a soil particle (Ginn et al., 200®)w#hrough sand column

experiments were conducted by several researchers tanextima removal of bacteria from
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flow on the macro-scale (Bright et al., 2010; Garbrettl., 2009; Jiang et al. 2007; Mankin
et al., 2007; Powelson and Aaron, 2001). These studies fauyitgy rates of bacteria
capture; however, the capture rates were significantalyp ranging from 20% to 99%-+.

In addition to the removal of fecal bacteria fronmilirdgting stormwater, die-off of the
bacteria within the sand dunes would ideally preventraatation that could subsequently
be released into the groundwater. Luckily, the survivgllittecal bacteria in natural
marine environments has been shown to be quite limitedgson et al., 2005; Desmarais et
al., 2002; Hartz et al., 2008; Mitchell, 1968; Wait and Sobsey, 208dgording to Mitchell
(1968), non-marine organisms within marine environments dideafto predator organisms
or natural processes. These processes include compéditiimited nutrients, toxicity, and
natural antibiotics, among others. Complementing teedements, Hartz et al. (2008)
conducted a study examining the reproducibility of fecal bectathin sterile and natural
marine sand columns. The authors discovered that baster@aable to replicate multiple
times in sterile columns, but not within natural colemihe die-off of bacteria was likely
due to the aforementioned processes.

Such findings suggest that the use of a DIS to treat mddelen stormwater could
result in the capture and die-off of bacteria, priorelease into the ocean. In addition,
diverting stormwater into the dunes could substantiallsel the amount of discharge onto
the beach, greatly reducing the risk of human contattmgth levels of fecal bacteria.

Investigations into the use of the DIS began with ailfelty study, then a long-term

study, of two DISs (Sites L and M) (Chapter 2). Thesdiss not only provided positive
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results, but also important details on how the desigheosystem might be improved. Thus,
with these findings and potential advancements, theKS&s was constructed and
monitored for one year. This new DIS differed fromEi8s at Sites L and M in the

following ways:

1. Modification of existing stormwater drop inlets to acdasersions, instead of
using large concrete vaults within the dunes.

2. Diversion of three storm pipes instead of one.
3. Use of two DIS distribution inputs on each bank, instdazhe input per bank.
4. Lower system elevation and closer to the water table

5. Higher hydraulic and bacterial loading

The watershed associated with Site K was also véigreint from those at Sites L
and M. The Site K watershed was highly impervious, thge latorm volumes and high
peak flows were expected. Additionally, with the lackndiftration throughout the
watershed, pollutant loading was expected to be high as Wed overall stormwater
volume capture rating between the Site L and M syst8ifts) indicated that the DISs might
have been over designed for the flows actually produced their watersheds. Thus, since
the watershed at Site K was expected to produce everr Isighe volumes and flowrates
and in multiple storm pipes, the new system was eggddct be challenged in terms of

hydraulic loading.
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Bacteria concentrations were also expected to be haghkis site due to the
watershed containing the town’s business and tourist dsstriche site was located adjacent
to the Kure Beach Fishing Pier and several restauranksgnidoe area a popular
congregation place for vacationers. In turn, theseiged food sources, such as dumpsters,
hand feeding of birds, and fishing bait, to nhon-domesticatemals. These animals, as well
as pets, were likely the primary sources of fecal bacie the watershed. In addition, this
watershed discharged into the area of the ocean that.@ RWQ monitored for bacteria
levels. Past monitoring at this location has revealetesaugh enterococci concentrations,
resulting in swimming advisories.

Therefore, with these design modifications and highadihgs, the objectives of the

Site K study were to:

1. Evaluate the feasibility of using modified drop inletgla®rsion devices.

2. Evaluate if chamber utilization increased through therdiga of three storm
pipes into four separate DIS inputs (one input on each felmotio banks).

3. Determine if placing the DIS closer to the water tafffiecéed hydraulic
performance, with respect to stormwater volume captarerar stormwater
treatment performance, with respect to fecal indicb&oteria.

4. Examine effects on performance due to higher hydrautidasterial loading
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M ATERIALS AND M ETHODS

Site Location

Kure Beach is located in New Hanover County, saditWilmington, N.C. The town
has 22 stormwater beach outfalls that dischargeffamto the beach or into the ocean
without treatment. This runoff often contains higkels of fecal bacteria that may cause
various illnesses in humans. In order to treaistbemwater, a Dune Infiltration System was
installed within the sand dunes, adjacent to ttersection of Atlantic and K Avenues (Site
K) (Fig. 3-1). A control site was located furthrearth of the study site, in between to the
previously established systems (Sites L and M)e She K DIS was installed in early 2009

and the control was established in 2007.

Figure 3-1. Site K and control dune locations (Image uset wérmission from the New
Hanover County GIS Department, Wilmington, N.C.).
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Dune Infiltration System Design and Installation

The Site K DIS was designed using the Rational Methodandy's Equation to
capture runoff from a 12.7 mm/hr (0.5 in/hr) storm everite Gontributing watershed was
divided into three sub-watersheds due to the three staanwatfalls located at the site
(Table 3-1). Further watershed, DIS, and site informatambe found in Table 3-2.

Each sub-watershed was analyzed via the Rational Méthestimate peak flowrates
(Eq. 3-1). These flows were then used to determine shebdition pipe sizes and the
required number of chambers used in the system, discussed3ance the elevation of the
existing stormsewers and the target installation el@vatf the chambers were fixed, the
slopes of the distribution pipes were also fixed. Tésulted in a distribution pipe capacity,
based on Manning’s flow, of 0.07%m (2.5 fé/s). However, the rational method estimated a

peak flowrate of 0.1 f¥s (3.4 ft/s), thus the distribution pipes would limit flow to théS.

Table 3-1. Site K sub-watersheds and hydrologic analyses results

, Rational | Peak | Distribution De_S|gn_ed Number
Size . : Distribution of
Sub-Watershed C Flow | Pipe Size ; :

(ha) (metric) | (m%s) (m) Pipe Capacity | Chambers

(m3/s) Required

K-South 0.39| 0.0024| 0.023 0.15 0.011 3
K-North 2.63| 0.0021| 0.063 0.31 0.059 20

Atlantic Ave 0.33| 0.0025| 0.011 0.15 0.011 3

Total 3.35| 0.0021| 0.088 - 0.081 26
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Table 3-2. Site K watershed, DIS, and dune characteristics. abtas were based on mean
sea level (MSL) and referenced to NGVD88 elevation data.

Watershed description Mixed urban and residential
Watershed area 3.4 ha (8.3 ac)
Weighted Rational C (English) 0.0021 (0.77)
Dune elevation at installation location 4.0 m (13.1 ft)

Dune width (boardwalk to vegetation line) 27 m (90 ft)
Beach width (vegetation line to ocean) 23 m (78 ft)

K Ave South distribution pipe diameter 0.15m (6 in)

K Ave North distribution pipe diameter 0.30 m (12 in)
Atlantic Ave distribution pipe diameter 0.15 m (6 in)
Distribution pipe material (Manning’s n) Ductile Iron Pi8e0015)

K Ave South distribution pipe slope 0.6%

K Ave North distribution pipe slope 0.3%

Atlantic Ave distribution pipe slope 0.3%

K Ave South weir height (v-notch/rectangular) 0.19 n680)/0.27 m (0.88 ft)
K Ave South weir length 0.60 m (2 ft)

K Ave North weir height (v-notch/rectangular) 0.35 m (1i)®.43 m (1.40 ft)
K Ave North weir length 0.60 m (2 ft)

DIS invert elevation 2.23 m (7.5 ft)
Approximate depth from DIS invert to water table 1.5 m (5 ft)
Number of chambers installed 26

Linear distance of dune required 69 m (225 ft)
Dune area required for chambers and gravel bed 23,850 ft)
Approximate depth of sand on top of DIS chambers 0.49 — 0.98.6n— 3.2 ft)

Equation 3-1. Rational Method for stormwater peak flowrates (ND&/Q, 2007)
8

where, @ = Rational method peak flow rate estimaté/&n
k = unit conversion (0.00278 for metric)
C = Rational C value (Table 3-1)
I = rainfall intensity (12.7 mm/hr)
Aw = sub-watershed area (ha) (Table 3-1)
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Next, Darcy’'s equation was used to determine the requinetb&uof chambers, via

the infiltration flowrate, per chamber (Eq. 3-2).

Equation 3-2. Darcy’s equation for infiltration flowrate per chambe
, 8
where, @ = Darcy's Equation infiltration flowrate estimate¥(s)
K = hydraulic conductivity (320 cm/hr)

[ = hydraulic gradient (m/m)
Ac = area of one StormChamber™ (3.3 m

One potential drawback of this method was violating teeragtion of saturated flow
conditions, which were not present beneath the DI8weder, consideration of only vertical
flow at the mean head gradient was thought to provide oatser and reasonable
infiltration estimates. Future work should be perfadit® develop more appropriate design
processes; however, monitoring results revealed thatyistem performed as designed,
suggesting that violation of this assumption did resudt snbpar design.

The vertical flow path length between the chambersnaean water table was
estimated at 1.2 m (4 ft). The estimated driving heads »ezme(chambers empty) and 0.9
m (3 ft) (chambers full). These corresponded to hyarguadients of 0.3 m/m (1 ft/ft) and
0.5 m/m (1.75 ft/ft). This resulted in a mean infiltratitowrate of 0.004 ris (0.15 ff/s)
per chamber.

Next, each sub-watershed’s Rational Method estinvagedivided by the infiltration

rate per chamber (Eq. 3-3), to determine the numberawhbérs required for each sub-
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watershed’s contribution. This calculation resulted total of 24 chambers, which would
provide a mean infiltration rate of 0.4 (3.5 ft/s) for the system; however, in order to
provide a conservative design, 26 chambers were instaltbcawioverall mean infiltration
rate of 0.11 rils (3.77 ft/s), above that of the Rational Estimate and distidm pipe
capacity. Since the distribution pipe capacity waslothian the infiltration capacity, DIS

inflow was restricted by the pipes, and not necesshyilyfiltration.

Equation 3-3. Calculation for the required number of chambers foh sab-watershed

where, n = number of chambers required
Qr = Rational Method peak flowrate estimate/gn
Qo = Darcy’s Equation infiltration flowrate estimate¥(s)

Diversion Device Installation

Due to elevation constraints, the large concrete vaaétd at Sites L and M were not
feasible at Site K, because these would have plaeechdmber banks at an elevation too
close to the local water table. In addition, inst#tin of vaults would have required the use
of a crane and excavation of a large pit in the durdebng significant cost to the system’s
construction. Therefore, it was decided to modify twisteng stormwater drop inlets
connected to the beach outfalls and located withirmntieesection of Atlantic and K Avenues

(Fig. 3-2).
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Figure 3-2. Site K drop inlet and stormwater monitoring statiocations.

The drop inlets were on the northern and southdesof the intersection and named
accordingly (K-North and K-South). The K-North grmlet had an incoming stormwater
pipe and surface grate, as well as an outgoingnstater beach outfall. The K-South inlet
only had a surface grate and stormwater beachlbutfae surface grates allowed nearby
surface water on the roads to enter the drop inlets

Brick and mortar weir walls with sharp-crested connpd metal weir plates (Fig. 3-3)
were installed in the drop inlets. The compoundsveonsisted of a 7.6 cm (3 in), 90°
v-notch and a 0.62 m (2 ft) long sharp-edged regtkm weir. The crest heights of the v-
notches were 0.35 m (1.15 ft) and 0.19 m (0.63ft}he north and south inlets, respectively.
The rectangular weir crest heights were 0.43 n)Xft)and 0.27 m (0.88 ft). The weirs
were used to divert stormwater into distributiopgs which were connected to the inlets,

discussed below.
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Figure 3-3. Site K-North modified stormwater drop inlet. TKeSouth inlet was modified
in a similar manner.

Additionally, thin aluminum sheets were installagarneath the grates to force
surface flow onto the upstream side of the weinsre&vent premature bypass of the system

(Fig. 3-4). The existing stormwater beach outfalése left in place to act as overflow pipes.

Figure 3-4. Aluminum sheeting to direct water to the upstresigie of the weir at the K-
North inlet. This modification was also made a KaSouth inlet.
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A third drop inlet, conveying stormwater from a small watedsconsisting mostly of
Atlantic Avenue was not modified due to site constraamds its small contribution to the
system. The diversion for this outfall was constructeglaging a small, subsurface
diversion box on the outfall just after it entered tlunes. A 0.15 m (6 in) diameter
distribution pipe was connected to the box at a lowaragion than the outgoing stormwater
outfall so that water would flow into the DIS. Thmat's watershed was 15% smaller than
K-South’s and had a similar proportion of impervious atfeas it was assumed to provide at

least 15% less hydraulic loading to the DIS.

Distribution Pipe Installation

The distribution pipes were installed by digging a treindime road using an
excavator. Ductile iron pipe (DIP) was placed fromittiets to a sub-surface bulkhead that
separated the dune area from the town. DIP was used #abitular loads on the road
above the pipes (Fig. 3-5). Once the pipes reachduutkkead, PVC sewer pipe was used
(Fig. 3-6). The pipe connected to the K-South inlet, 0.16 m)(in diameter, was routed to
the southern-most end of the system (Fig. 3-7). Ther@.@12 in) pipe from the K-North
inlet was routed to the center of the system (betwieetwo banks) and was split to deliver
water to both banks. The distribution pipe from AtiaAtvenue was routed to the northern-
most end of the system. Several 10 cm (4 in) clearumaisa pipes were installed along the

distribution pipes, at or near bends and within long pips.
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Figure 3-5. Installation of the 0.15 m (6 in) distribution piffem the K-South drop inlet.

Figure 3-6. Routing through the bulkhead of the 0.15 m (6 mj 8.31 m (12 in) diameter
distribution pipes, from the K-South and K-Nortlodrinlets.
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Figure 3-7. Plan view of Site K. Not to scale.
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Chamber Installation

The Site K DIS consisted of two, independent basflkgpen-bottomed, subsurface
StormChambers™ (HydroLogic Solutions, Inc. of Oagag, VA). The chambers were 2.60
m long x 1.5 m wide x 0.86 m tall (8.5 ft x 5 f2@ ft) and made of HDPE. The four
chambers located on the ends of the banks weresattbn one side and open on the side
adjacent to an interior chamber (Fig. 3-8). Therior chambers were open on one end and

had a baffle wall on the other (Fig 3-9).

Figure 3-8. StormChamber™ used on ends of the DIS chamber baltks ends adjacent to
interior chambers were fully open.

179



Figure 3-9. StormChamber™ used within the interior of the Di&mber banks. The ends
adjacent to the other interior chambers were foign.

The banks were installed by excavating two trenchpgroximately 3 m (10 ft) wide,
on either side of a beach access located at #e Wihile this was occurring, a 0.3 m (1 ft)
layer of gravel was placed on the floor of the ¢ftenSedimenTraps™ (HydroLogic
Solutions, Inc.) were installed underneath eachtippe location and flush with the gravel
layer to capture sediments (Fig. 3-10). A nylorsimaised to prevent gravel loss during
maintenance operations, was placed on top of theegyr Chambers were placed on the

mesh, laid end-to-end, and connected by 7 cm (8anking screws (Fig. 3-11).
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Figure 3-10. SedimenTrap™ installed beneath the DIS distribupipe inputs.

Figure 3-11. Site K chamber bank installation. Note the gedteihbric that was wrapped
around the side layers of gravel and chambersawept sand intrusion into the system.
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Each chamber with a distribution pipe input was to be raozut for stage, thus 10
cm (4 in) screened PVC well pipes were installed ingledmmbers. The wells extended
from the floor of the chambers to above the dune surf&eeh well held a stage recording
device, discussed later. In addition, 25 cm (10 in) pipes wstalled in the end chambers,
directly above the SedimenTraps™ for maintenance ag@ssuipment such as a vacuum
hose. These accesses were connected to the topabiatimders and extended to above the
surface.

Once the chambers were installed, another layer oefrax6 m wide x 0.3 m deep
(2 ft x 1 ft) was placed on each side of the bank of chesrtbeprovide stability and cover
weep holes in the sides of the chambers. Next, a géetbric was wrapped around the
tops and sides of the gravel and chambers to prevent sgratiom into the system
(Fig. 3-11). Excavated sand was then replaced and thesdufaee was smoothed. Profile

and end views of the system are shown in Figures 3-12 and 3-13
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Figure 3-12. Profile view of the Site K DIS (Adapted with pdassion from HydroLogic Solutions, Inc.). Not toade.

183



Figure 3-13. End view of the Site K DIS (Adapted with permissirom HydroLogic Solutions, Inc.). Not to scale.
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Lastly, dune vegetation was replanted twice dutirgggrowing season. The first
planting, in May 2009, was to provide initial dustability with American beachgrass
(Ammophila breviligulatp(Fig. 3-14). Seaoat$(iola paniculatg and bitter panicum
(Panicum amarumnwere planted in June 2009 to provide long-terabiity. Dune
vegetation quickly reestablished after one yedurneng to near the pre-construction state

(Fig. 3-15).

Figure 3-14. Post-construction dune vegetation planting (2009)

Figure 3-15. Dune vegetation approximately one year afterargpig (2010).
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Research Monitoring

Monitoring of the Site K DIS was performed from 05/20/08&#06/10. Monitoring
included rainfall depth, stormwater flow depth, DIS chanstage, and water table elevation
measurements. Stormwater samples were collectedSienK and groundwater samples

were collected from both the control and study site.

Surface Hydrology and Water Quality Monitoring

Rainfall was monitored using a 0.25 mm (0.01 in) tipping bucketgauge
connected to a HOBDEvent Logger (Onset Computer Corp. Bourne, MA). Duringppler
when the rain gauge malfunctioned, hourly rainfall dateevcollected from the N.C. State
Climate Office’s Sunny Point (NSUN) remote automatedtiver system. This weather
station was located approximately 4.8 km (3 mi) west @fthdy site.

The rainfall data were downloaded to a HOB®aterproof Shuttle on a semi-
monthly basis, transferred to a computer via HOBO®aaad then imported into Microsoft
Excel’ (Microsoft Corp. Redmond, WA). The rainfall data,ceted by bucket tip, were
transformed into per-minute rainfall depths for analy3isese data were then used to
identify storm events by observing periods with persist@ntall totaling 6.4 mm
(0.25in). Once these periods were identified, the sflommndata were examined to
determine if the rainfall developed into consistent steaiter flow. The data were then
considered for further analyses if stormwater flow wasntained with no major stoppages.

A major stoppage was considered more than three hoassibrmwater flow. In cases
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when such a break in flow occurred, the data were esépgarrated into multiple events,
discounted as an event, or the event was terminatedtbastoppage occurred, depending
on the depth of rainfall depth during the periods with storranfiow.

The rainfall data were also used to calculate the maxinanfall intensities for each
storm event. This was performed by computing the maximyotha rainfall occurring
within any 15 minute period. This amount of rainfall wasitbenverted to an hourly
rainfall intensity. When NSUN data were used, the gstdtourly depth of rainfall was used
as the maximum intensity.

Stormwater flow monitoring and sampling occurred in the ifremtidrop inlets,
where stormwater first entered the systems (Table 385 was accomplished using ISEO
6712 Full-Size Portable Samplers (Teledyne Isco, Intimzbln, NE) with ISCE 730

Bubbler Flow Modules attached.

Table 3-3. Site K stormwater monitoring equipment and methodern®vater samples
were collected by field personnel from the samplersvatlg several storm events with

6.4 mm (0.25 in) of rainfall and when the samples coulddiigered within EPA holding
times.

Parameter Equipment Method Frequency

DIS inflow ISCO® 730 Bubbler Depth of flow in drop inlet ¢ .
Flow Module (Manning’s equation)

Stormwater ISCO® 730 Bubbler Depth of flow in drop inlet 5 min

overflow Flow Module (Compound weir equation)

Stormwater flow N/A DIS inflow + 5 min
Stormwater overflow

Stormwater ISCO” 6712 Automated, 2.83

Full-Size

sampling flow-paced sampling (100 f£)

Portable Sampler
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The ISCO equipment was installed inside of secure, locklblees, next to the drop
inlets (Fig. 3-16). A third storm pipe and diversi(Atlantic Avenue) was not monitored due

to site constraints.

Figure 3-16. Site K stormwater monitoring station locations.

The ISCE 730 Bubbler Modules were used to determine théhdefpwater in the
drop inlets on a five minute interval. The bubbteydule tubing was routed from the
modules, inside the inlets, and then attached tden braces that were secured to the walls
of the inlets (Fig. 3-17). The depth of water waed to calculate DIS inflow and
stormwater overflow. Stormwater flow was calcuthby adding these two flows together.

The drop inlet stage data were downloaded to a®fSRapid Transfer Device (RTD) semi-
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monthly. The data were then transferred to a coenptia FlowLink® (Teledyne 1ISC®)

and imported into Microsoft Excefor calculation.

Figure 3-17. Interior view of the K-North modified drop inlefThe K-South inlet included
the same modifications but did not have an incomstogmwater pipe.

DIS inflow calculations began with converting tidet stages into central angles of
flow in the distribution pipes (Eq. 3-4). Nextethareas of flow and hydraulic radii were
calculated (Egs. 3-5 and 3-6). Each measured stage@ssumed to last for five minutes,

which was the data-logging interval.
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Equation 3-4. Conversion of pipe stage to central angle of flowipe. (Adapted from
Chow, 1959)

@ A B
where, = central angle of flow in DIS inflow pipe (rad)

r = DIS inflow pipe radius (m)
d = depth of flow in DIS inflow pipe (m)

Equation 3-5. Calculation of flow area. (Adapted from Chow, 1959)

where, A = flow area in DIS inflow pipe @n
r = DIS inflow pipe radius (m)
= central angle of flow in DIS inflow pipe (rad)

Equation 3-6. Calculation of hydraulic radius. (Adapted from Chow, 1959)

where, R = hydraulic radius in DIS inflow pipe (m)
A  =flow area in DIS inflow pipe (fh
r = DIS inflow pipe radius (m)
= central angle of flow in DIS inflow pipe (rad)

Since pipe flow conditions occurred at the two mondargets, DIS inflow was
calculated via Manning’s Equation or the orifice equatiopedding on the inlet stage
(Eq. 3-7). Overflow was also calculated based on thehd# water in the drop inlets

(Eg. 3-8). During periods when the inlet stage was belewdctangular portion of the weir,
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the v-notch weir equation was used. When the drop irdgegtesulted in flow over the
rectangular weir, both equations were used simultaneouglythe head on the v-notch
portion set equal to the height of the v-notch (7.62 cm){3 DIS inflow and stormwater
overflow were converted to flow volumes by multiplying titowrates by the time interval
between readings (Eq. 3-9). Total stormwater inflow gasulated by adding the DIS

inflow and overflow (Eq. 3-10).

Equation 3-7. Site K DIS inflow calculation (N.C. DWQ, 2007).

C# $ -
& $' $# 8 g/ 0! o

where, 9 = drop inlet stage (m)

= diameter of DIS inflow pipe (m)

= DIS inflow rate (n¥s)

= Manning’s unit conversion (1 for Sl units)

= Manning’s roughness coefficient (Table 3-2)

= cross-sectional area of flow in DIS inflow pifre?)
= hydraulic radius in DIS inflow pipe (m)

= longitudinal slope of DIS inflow pipe (m/m) (Tal3e2)
= coefficient of orifice discharge (0.017)

= cross-sectional area of orificeqm

= acceleration of gravity (9.81 rfy's

= driving head on orifice (m)

TeZ2QuI>> =00
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Equation 3-8. Stormwater overflow calculation

L #$ o %
I I #$% o8 !  (N.C.DWQ, 2007.)
&$ $# 4 8 lpg +  F%)* +%)%,-' .G/ 01  (Chow, 2006)
where, S  =drop inlet stage (m)

Hy = v-notch weir height (m)
Qo = overflow flowrate (r¥s)
Hr = rectangular weir height (m)
Cv = coefficient of discharge (1.38 for v-notch)
Hpv = driving head on v-notch (m)
Humax = maximum driving head on v-notch (7.62 cm (3 in))
Cw = coefficient of discharge (1.84 for sharp-crested)
L = weir crest length (m)
Hpr = driving head on rectangular weir (m)

Equation 3-9. Calculation of flow volumes

H H

where, Ox = flow volume ()
Qx = flowrate for flow component, x (is)
t  =time interval (s)

Equation 3-10. Site K Stormwater flow calculation
t e
= incoming stormwater volume {jn

= DIS inflow volume ()
= overflow volume (M)

where,

xhubh—n
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Complementing the DIS inflow monitoring, stages within finer start chambers
were continuously recorded. INFINITY Water Level Logg@MNFINITIES USA, Inc. of
Port Orange, FL) were installed in these chambers (K38, KSB, and KNB in Fig. 3-19)
and set to record the stage every eight minutes. Togele were placed inside 10 cm
(4 in) screened PVC pipes that extended from the chaftoberto above the dune surface.
For data analysis, all flow data were totaled for tht&re study period. To
investigate individual storm events, those witl6.4 mm (0.25 in) of rainfall were identified
and then analyzed for stormwater inflow, DIS inflow, staater overflow, DIS capture
rating, event duration, rainfall depth, and maximum ralimfigénsity. The capture rating was

the volume of DIS inflow as a proportion of total starater volume (Eq. 3-11).

Equation 3-11. DIS capture rating.

23
L 2% %%

5

where, R = DIS capture rating (%)
Qb = DIS inflow (n?)
Qs = stormwater flow into vault (fn

The bubbler modules also performed similar DIS inflovegkitions to conduct flow-
paced stormwater sampling, outlined in Table 3-3. The modaleslated the flowrate and
volume, then using the specified interval, signaled thegas to collected four, 250 mL
samples per bottle. The sampler tubing was routed thersamplers, to inside the inlets,

and attached to wooden braces secured to the side ofdte iEach sampler used a 24-
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bottle configuration. To avoid sample collection duringBmainfall and non-rainfall
related flows, afcnablesetting was entered into the samplers to prevent sagnphen the
depth of water in the inlets fell below a specified deptlen-rainfall related flows included
water from street cleaning activities and periodic variabke flow at K-North from an
unidentified source. These flows were also captured bpit&e

Stormwater sample collection from the samplers veaslacted by field personnel
following several storm events with6.4 mm (0.25 in) of rainfall. The samples were placed
in a cooler on ice and delivered to laboratories withidBBIding times. Samples intended
for enterococci analysis were delivered to TriTest, In Wilmington, N.C. for Enterolett
testing (ASTM # D6503-99; IDEXX Laboratories, Inc. WestltoME) (Appendix B-1).
Several stormwater samples were also delivered to tbe$ate Biological and Agricultural
Engineering Department’'s (NCSU-BAE) Environmental Analysaboratory (EAL) in
Raleigh, N.C. for nutrient testing. These analysekided Total Kjeldahl Nitrogen (TKN),
Ammonium Nitrogen (NE-N), Nitrate Nitrogen (N@N), and Total Phosphorus (TP). The
testing methods used by the EAL are outlined in Appendix BaBle B-1.

The control site was not monitored for stormwatethase was no direct input.
However, a 0.38 m (15 in) stormwater beach outfall did gassigh the control dunes,

though no signs of discharge were ever observed.
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Dune Hydrology Monitoring

Water table elevations were continuously monitahedughout the site using
INFINITY Water Level Loggers set on 20 minute resiog intervals. The water table wells
consisted of 5 cm (2 in) PVC pipes that were itestlalising an auger truck and a pressurized
water jet (Fig. 3-18). Each well was installedatithin £ 0.6 m (2 ft) of elevation zero. The
wells were screened to near the dune surface.sdreened portion was covered with a

fabric sock to prevent migration of sand into thellsv The wells were also fitted with 10 cm

(4 in) PVC header pipes to hold the loggers.

Figure 3-18. Site K water table well installation. All of theater table monitoring and
groundwater sampling wells were installed in thexsananner.
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Wells were located 6 m (20 ft) upslope (KWT-UP), 1 m (3lfévnslope (KWT-
MID-A), and 15 m (50 ft) downslope (KWT-VEG) of the soeith bank of chambers,
Chamber Bank A (Fig. 3-19). One well was installed 1 m)(8dtvnslope (KWT-MID-B)
of the northern bank of chambers, Chamber Bank B.coh#&ol site had one water table
monitoring well that was located midway through the d@a8T) (Fig. 3-20). The data
were downloaded to HP48g (Hewlett-Packard Co. of Palo Alto, CA) calculatitwen
transferred to a computer via INFINITIES PC Transfert\garfe.

The water table data were analyzed via mean and maxihewatiens for the entire
study period. Furthermore, Standard Deviations (SDs) anchgeeAbsolute Differences
from the control (AADs) were used to quantify verticatigtions of the water table. SDs
were computed for each well location at Site K and trgrol. The Site K results
represented the water table deviations due to stormwditenation via the DIS, tides,
surface infiltration, and incoming groundwater. The cdmasults represented only the
background influences (tides, surface infiltration, incomiragugdwater). Thus, comparison
of the Site K and control SDs was used to determineffieets of stormwater infiltration on
dune hydrology. The AADs were computed using data from th€3 ft) downslope wells
(KWT-MID-A and KWT-MID-B) and the control site welQWT) (Eg. 3- 12). This was
used to quantify how the water table just downslope ofykem differed from the normal

water table.
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Figure 3-19. Site K monitoring schematic. Not to scale.
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Figure 3-20. Control site monitoring schematic. Not to scale.
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Equation 3-12. Average absolute difference from the control.

63 By o7
M 9 B9 o

where, AAD = average absolute difference from thar@dCWT) (m)
Cx = water table elevation in CWT, at time(m)
Sy = water table elevation in KWT-MID at time,(m)
n = total number of data points

In addition to analyzing data from the entire study persesteral individual storm
events were further examined using the analyses describeel. abhe storms were chosen
based on their DIS inflow volume ranking among all & $korms with 6.4 mm (0.25 in) of
rainfall.

The water table data were also used to determine the duodtizater table responses
during and after infiltration events. The beginning oésponse was identified by examining
the incremental elevation changes every 20 minutes (giggnip interval). During the initial
portion of an infiltration event, the water table elsmachanges were more dramatic as
compared to inter-storm periods, thus signaled the begimhiagesponse. While this
technique was adequate for determining the start of a respgiocseld not be used to
identify the end, as the incremental changes duringather portions of the event were often
similar to the pre-storm changes, even though a respassstiv evident. Therefore, to find
the end of a response, the individual pre-event AADs wemgpared to the post-event
incremental absolute differences for every 20 minute plaitd. Once the post-event

absolute differences returned to the pre-event AAD theorese was deemed over.
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Lastly, groundwater flow velocities and residence timesevestimated for several
infiltration events and on data from the entire stuelyqul. Velocity was calculated via the
equation for flow between two reservoirs (Chin, 2006),etames referred to as the Dupuit-
Forchheimer Equation (D-F). Residence times were etgthiay division of the horizontal
flow path length and velocity. The D-F equation was dseds ease of calculation and to
provide conservative residence times. The assumpgtibesent to this equation were likely
pushed to their limits during these analyses. However, ingd# each influencing factor
(stormwater infiltration, groundwater flow, tidal influeas, three-dimensional unsteady flow,
saturated and unsaturated flow, and surface recharge) wagidbean much more difficult
and time consuming, and potentially deserving of its own raepeesearch. Future analyses
may include modeling each factor via solutions such as theddwesq Equation for
unsteady-flow (Youngs, 1999).

The inherent assumptions to the D-F equation were (€806; Dupuit, 1963;

Forchheimer, 1930; Kirkham, 1967; Kirkham and Powers, 1972):

1. Flow was steady-state, saturated, and unconfined.

2. The slope of the water table surface was small andttileusquipotential lines
were near vertical and the streamlines were neardnak

3. The hydraulic gradient was equal to the slope of the walbd surface.

4. No surface recharge.
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Site specific assumptions and estimation limitationsewe

1. Only flows above elevation zero were considered (egiged to mean sea level)
since there was no depth to the impervious layer datiéable.

2. Sand was isotropic and homogeneous throughout dunes ad site
3. Only horizontal flow, perpendicular to the ocean (eatical or diagonal flow).

4. No edge effects (shape of lateral water table pro@tecansidered).

The results from this method of estimation would becéd by:

1. Both positive (flow towards ocean) and negative (flowyafwam ocean) flow.

2. Tidal influences.

Velocities and residence times were calculated usingaddieected once the peak in
the water table 1 m (3 ft) downslope of the system lesah beached, and until the water table
response to infiltration was deemed over. Values waleilated every 20 minutes, the data
logging interval, then summarized via maximums and meReser to Figure 3-21 for a
visual reference of the variables provided in the follmmequations.

Using the measured water table elevations from 1 m ght)15 m (50 ft) downslope
of the DISs, the D-F Equation was used to estimate thendwater flowrate through dunes,
per unit width of flow (parallel to ocean) (Eq. 3-13)heTarea of groundwater flow was then

estimated based on the mean of the observed elevatimh$or flow above elevation zero
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(Eq. 3-14). Next, the flowrate was divided by the flowaato determine the groundwater
velocity (Eq. 3-15). Lastly, the length between theewt&dble monitoring wells was divided

by the velocity to calculate the residence time (Eq.)3-16

Equation 3-13. Dupuit-Forchheimer Equation (Chin, 2006).

where, Q = groundwater flowrate (&fmr/cm)
K = hydraulic conductivity (320 cm/hr (Bright, 2007))
! = water table elevation 1 m downslope of DIS (m)

! = water table elevation 15 m downslope of DIS (m)
L =distance between wells (14 m)

Equation 3-14. Area of groundwater flow.

where, A = area of groundwater flow %/m)
n = porosity of soil (0.33 (Bright, 2007))
H; = water table elevation 1 m downslope of DIS (m)
H, = water table elevation 15 m downslope of DIS (m)

Equation 3-15. Velocity of groundwater flow.

where, V  =velocity of groundwater flow (m/hr)
Q = groundwater flowrate (itr/m)
A = area of groundwater flow (m)
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Equation 3-16. Residence time of groundwater flow from 1 m to 15 m dddeype of DIS.

1
where, t = residence time of groundwater flow from Jorhid m
downslope of DIS (hr)
L =distance between wells (14 m)
V = velocity of groundwater flow (m/hr)
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Groundwater Water Quality Monitoring

Groundwater beneath the dunes was monitored for enter@wtautrient levels.
Two transects of three wells each were installed pesio downslope of both chamber
banks (Fig. 3-19). The locations were 6 m (20 ft) upslop§@QKUP-A and KWQ-UP-B),

1 m (3 ft) downslope (KWQ-MID-A and KWQ-MID-B), and 15 ( ft) downslope
(KWQ-VEG-A AND KWQ-VEG-B). Data from each well pavere combined for analyses.
Three wells were located at the control site, inupper (CWQ-UP) and middle (CWQ-
MID) dune areas, and at the dune-beach interface, dled tlze vegetation line (CWQ-
VEG)

(Fig. 3-20).

The sampling wells consisted of 5 cm (2 in) PVC pipeggeitto the dunes in the
same manner as the water table monitoring wells. Eatipling well was screened and
socked on the bottom 0.6 m (2 ft). During sampling, a s#svile disposable PVC bailer
was used at each well to bail three well volumes atldat a 200 mL sample for analysis.
The samples were placed in new, sterile 250 mL bottigssedium thiosulfate tablets.
Sampling occurred monthly and during or after several steemts with 6.4 mm (0.25 in)
of rainfall. Samples intended for enterococci analsse placed in a cooler on ice and
delivered to TriTest, Inc. in Wilmington, N.C. for Erpéart® testing (ASTM #D6503-99).
Several sample testing results were either abovelowithe testing limits. In such cases,
the sample concentration was estimated by dividindpther limit by two or multiplying the

upper limit by two (Spooner, 2001). In addition, several 500sarhples were collected for
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nutrient analysis (TKN, NHN, NOs-N, and TP). These were placed on ice and delivered to
the NCSU-BAE EAL in Raleigh, N.C. for analysis. daassampling method is outlined in the

Appendix B.

Dune Sand Monitoring

Dune sand sampling and analysis for enterococci took piabe summers of 2009
and 2010. This was performed to determine if bacteria vesrging at high levels within
the dune sand. Samples were collected downslope of Ch&ablk B, next to the KWQ-
MID-B and KWQ-VEG-B monitoring wells. Samples fronethontrol were collected next
to CWQ-MID and CWQ-VEG. Samples were collected frawra tlepths at each location.
Shallow samples were collected 0.6 m (2 ft) belowdilnge surface in an attempt to
determine natural levels of bacteria within the dunes. Baeples collected at KWQ-MID-
B were obtained from approximately the same elevatidheagvert of the chambers, in an
attempt to test sand that would experience flow duringrafion events. Deep samples
collected at KWQ-VEG-B were obtained approximately 0.6 rit)(Below the invert of the
chambers.

Sand samples were collected by augering with a 10 cm (Maimeter auger to just
above the target sample depth. Next, a 5 cm (2 in) Isagrguger with a plastic sample
sleeve was used to collect a sample. Each samplealasted with a separate, sterile
sleeve that was capped and bagged after collection angl#wea in a cooler on ice. The

sampling auger was washed with a water-bleach mix andugbly rinsed with DI water
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after each sampling. The samples were delivered to @h8tiste Soil Science, Soil

Microbiology Lab in Raleigh, N.C. for Enterol@rtesting (ASTM #D6503-99).

Data Analysis Methods

Basic data calculations and analyses, such as for A&, and descriptive
statistics, were performed in Microsoft EXtelThe enterococasampling data were also
analyzed via formal statistical tests. These modepth analyses were performed in SAS
9.1.3 (SAS Institute Inc. of Cary, N.C.) using ffvrec mixedcommand. The data were first
natural log transformed then arranged according to satapde season, site, sampling well
location, and the number of days elapsed since thetdast svent. A model statement was
then declared, comparing the natural log of the enterodatz to the sampling well
location, system, and elapsed time between stormssdrhpling date was modeled as a
random variable. The number of days since the last exa&nested within the date
variable. The analyses were performed via contrast&sbn statements that compared the

estimate least squares means. All tests use@.05 for significance testing.
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RESULTS AND DISCUSSION

Hydraulic Performance

The Site K DIS performed efficiently with an overstibrmwater volume capture
rating of 80% between the two monitored inlets through @@ gf monitoring. This
capture rating was higher than ratings for traditionaFBlVisuch as constructed wetlands and
bioretention cells, which studies have shown captunegsbetween 27% and 69% (Bass
and Evans, 2000; Hunt et al., 2006; Lenhart and Hunt, 2008; Lj 08P). Measured
stormwater flows totaled 26,454’ 1t934,212 ff) from 1,200 mm (47.26 in) of rainfall, with
only 5,260 m (185,756 ff) bypassing the DIS (Table 3-4). Flows in a third inlefg#tic
Ave.) were not monitored due to site constraints. Thet enhd diversion likely contributed
less flow than K-South, as the Atlantic Avenue wdtedswas 15% smaller and had a similar
proportion of impervious area. Thus, the actual treatmelume was higher than 26,454 m
(934,212 ), but the overall capture rating was likely not mucledént when considering

the additional input from the Atlantic Avenue inlet.

Table 3-4. Site K hydraulic performance summary at the two moadanlets (K-South and
K-North) after one year of monitoring.

_ T(_)tal Stormwater | Overflow Inl?llosw Calljplti re
Site R(?T']r:;?” V((Jrlggr; € V‘(’:T‘]‘%" € Volume | Rating
(m°) (%)
K-South 6560 1985 4575 70
K-North 1200 19894 3275 16619 84
Total 26454 5260 21194 80
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In addition to the overall summary, forty individu&bisn events with 6.4 mm
(0.25 in) of rainfall were further analyzed. A hydraulicrsnary of each event is located in
Appendix C-1, Table C-3. These events accounted for 808 ahinfall, 79% of the
stormwater flow, 91% of the overflow, and 76% of the DifHw that occurred at the two
monitored inlets during the study period (Table 3-5). Thealveapture rating during these
events, 77%, was lower than the total capture rating becamaller events (6.4 mm

(0.25 in)), which often produced little to no overflow, weare considered in this analysis.

Table 3-5. Site K hydraulic performance summary for forty stonargs with 6.4 mm
(0.25in) of rainfall. Data from K-South and K-North werzombined.

Total Total Total DIS
Total Stormwater | Overflow DIS Capture
Site Rainfall Capture Pt
(mm) Vqu3me Vqu3me Volume Rating
(m°) (m°) (md) (%)
K-South 5237 1742 3494 67
K-North 960 15678 3035 12643 81
Total 20915 4777 16138 77

Each storm event was analyzed for storm duration, taiaiall, maximum rainfall
intensity, stormwater volume, peak stormwater flowraterflow volume, DIS inflow
volume, and DIS capture rating. Overall, these storerewmore intense than the DIS’s

design storm (12.7 mm/hr (0.5 in/hr)), with a mean ewaatimum rainfall intensity of 30

mm/hr (1.18 in/hr) (Table 3-6).
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Examination of the hydrologic monitoring results frdm two monitored drop inlets
showed strong correlations between rainfall and stoentexolume and between rainfall
intensity and peak stormwater flow (Figs. 3-22 and 3-23). cbhe=lation between rainfall
and storm volume was most likely due to the large amofuntpervious area in the
watershed, which would produce a consistent rainfall W flelationship, due to the
decreased effects of infiltration. However, this ielahip was somewhat weaker for events
with approximately > 45 mm (1.77 in) of rainfall, as seenhgyincreasing error in
Figure 3-22. For the most part during these larger eveitg flow was measured than the
best-fit line predicted, suggesting that this relationship haae not been fully linear,
possibly due to decreased infiltration capacity throughoutvdltershed as the soil became
saturated during large events. In addition, this analysssnet corrected for antecedent

moisture conditions, which also increased the amountrof.e
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Table 3-6. Site K hydrologic and hydraulic descriptive statistmsdvents with 6.4 mm (0.25 in) of rainfall. Data from K-South
and K-North were combined.

. Peak DIS

Rainfall Duration MaX|ml_Jm Stormwater Stormwater Overflow Capture
Intensity Volume Volume

(mm) (hr) (mm/hr) Flgw (md) (md) Volume

(ms) (m)

Maximum 23.3 97.8 75.2 0.690 2335 754 1734
Mean 6.8 24.0 29.9 0.243 523 119 403

Minimum 0.6 7.1 4.1 0.008 53 0 53
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Also shown in Figures 3-22 and 3-23 are the events thdte@so overflow. The
majority of events, 31 out of 40, resulted in overflimywever, 32 of the events had a
maximum rainfall intensity above the DIS’s designorfithese data, it was seen that no
overflow occurred in storms with rainfall intensitied.3.2 mm/hr (0.52 in/hr). This nearly
matched the DIS’s design storm of 12.7 mm/hr (0.5 in/@mly one event resulted in more
overflow than DIS inflow, when 53% of the water ovenfed during the fifth most intense

event (Table 3-7).

Table 3-7. Site K stormwater overflow frequencies for evenithw 6.4 mm (0.25 in) of
rainfall. Data from K-South and K-North were combined.

Percent Total
Overflow 0% | 0-10% | 10 - 25% | 25 - 50% | 50% + | Number of
Events
Number 9 9 8 13 ) 20
of Events

The overflow data were more closely examined by compatsthe stormwater
peak flowrates, since these were directly relatedstlfzi comparison of the peak stormwater
flowrates to the Rational Method estimates showetdithi events, the Rational Method
overestimated flowrates, and in the remaining 21 evélote was underestimated (Fig. 3-
23). On average, the Rational Method overestimated fmalbf 0.06 n¥/s (1.95 fi/s). It
was noted that the Rational Method tended to overesipeak flows from events with
lower rainfall intensities. Estimating from the measuflow, the design event of 12.7

mm/hr (0.5 in/hr), would have produced a peak flow of appratéty 0.084 rifs (2.97 ft/s),
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at two of the three inlets (Fig. 3-23). This was closth¢éoRational Method estimate of 0.07
m’/s (3.0 ff/s) for these two watersheds. These results suggesteslitfint errors might
have occurred in either the flow measurements, Rdtidralue determination, or watershed
area measurements. However, it was apparent thagliotlee watersheds did produce
flowrates and volumes similar to what was expected.

Closer examination of the flowrate and overflow d&ig.(3-23) revealed that the
lowest peak stormwater flowrate, from K-South and K{N@ombined, resulting in
overflow was 0.061 s (2.15 ft/s), while the highest rate that did not result in toar
was 0.054 riis (1.90 ft/s). This was very close the combined estimated capzfcihe K-
South and K-North distribution pipes (0.08/sn(2.1 ff/s)) suggesting the pipes were
installed properly and that infiltration did not limit Diflow during events with flowrates
less than the pipe capacities. The infiltration cdgadithe system, based on flows from the
two monitored inlets, was estimated to be 0.681f8.3 ff/s). To examine whether or not
infiltration did limit inflow, the chamber stage datare@xamined. Stages were recorded
inside each start chamber (those with distribution pipats). The data were observed to
determine which events resulted in filling of the chambehsch would subsequently create
backwater conditions in the distribution pipes and thwesflow at the inlets. It was
observed that the chambers did not fill during any evéht avpeak stormwater flowrate
< 0.15 ni/s (5.18 ff/s). Since overflow occurred during six events witlido peak
stormwater flowrates it was evident that infiltrativas not limiting inflow during events

with such inflow rates.
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Interestingly, the chambers were filled during only nine oé@&nts with peak flows

0.14 ni/s (5.18 ft/s) (Appendix C-4, Table C-5). There were no appareraeafions for
the chamber filling inconsistencies at these flowsygfoevent frequency, runoff volume,
and high tides may have played roles in these discregsanttiwas noted that during events
when the chambers filled, the minimum DIS inflow vokimas 287 (10,140 ff). This
finding was important because it showed that the chamienes fully utilized, with respect
to stage. This also had implications on hydraulic perdmce since this meant that during
these events, infiltration was also limiting systemowfland therefore increased overflows.
To examine this finding, the peak flowrates and overflow welsi were compared between
events when the chambers did and did not fill. Thisyasigtevealed that, for similar peak
stormwater flowrates, the overflow volumes were bigiuring events when the chambers
filled, as compared to events when they did not fill (Ambe C-4, Fig. C-4).

In order to better characterize the performance obilse several other relationships
were also examined. Since rainfall intensity and peakmstater flow had direct impacts on
DIS capture, comparison of these two variables to R[8uwe were conducted. As with the
intensity-peak flow relationship, comparisons betweesnsity and DIS capture rating as
well as between peak stormwater flow and DIS captumggratso showed strong
correlations (Figs. 3-24 and 3-25). Figure 3-24 shows th#ballwas captured in events
with rainfall intensities with < 13.2 mm/hr (0.52 in/hr)wd events with maximum rainfall
intensities of 13.2 mm/hr (0.52 in/hr) occurred, with ontg @roducing overflow. This was

due to the difference in stormwater peak flows, asttreswith overflow produced a peak
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flow of 0.061 ni/s (2.15 ft/s), while the storm with no overflow only produced 0.03%m
(1.13 ff/s). This discrepancy was likely due to the overaéinistty of the events, as the
event with overflow produced 7 mm (0.28 in) of rainfallust over 2 hours, while the other
event produced 10 mm (0.40 in) of rainfall in approximately 11uhoBeyond this
intensity (13.2 mm/hr (0.52 in/hr)), DIS capture decreagédincreasing rainfall intensity,
following a logarithmic curve. Examination of the peakstwater flow and DIS capture
rating relationship (Fig. 3-25) revealed a very similaultess the previous relationship, as

expected.
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Figure 3-24. Site K maximum rainfall intensities and DIS captutengs for events with 6.4 mm (0.25 in) of rainfall. Data from
K-South and K-North were combined.
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To further examine the DIS’s performance, several idd&i storm events were
further analyzed. These events were chosen basdiomaximum rainfall intensity, using
storms with the lowest *quartile, median, '3quartile, and highest intensities (Tables

3-8 - 3-10).

Table 3-8. Site K hydrologic summaries for selected storm es/auith 6.4 mm (0.25 in)
of rainfall.

Rainfall Max_lmum Total Storm
Storm . Rainfall . .
Intensity ! Rainfall | Duration
Date Rankin Intensity (mm) (hn)
9 | (mmihn)
10/05/09 Lowest 4.1 11.2 17.8
08/02/09 | i Quartile 13.5 7.9 3.0
07/14/09 Median 27.9 9.1 1.2
07/13/09 | % Quartile 39.1 16.9 1.8
12/02/09 Highest 75.2 47.8 4.8

Table 3-9. Site K stormwater and overflow summaries for deldstorm events with
6.4 mm (0.25 in) of rainfall. Data from K-South and K-Nowere combined.

Rainfall Total Peak Total Total
Storm Intensity Stormwater | Stormwater | Overflow
Date Ranking Flgw Vqu3me Vqu3me
(m°/s) (m°) (m°)
10/05/09 Lowest 0.008 55.7 0.0
08/02/09| I Quartile 0.078 79.7 2.1
07/14/09 Median 0.177 137 18.5
07/13/09| & Quartile 0.334 372 118
12/02/09 Highest 0.690 1423 653
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Table 3-10. Site K DIS inflow summaries for selected storm egemith 6.4 mm (0.25 in)

of rainfall. Data from K-South and K-North were commuxl.
Total
Storm Rainfa_lll Total Peak DIS Tg;?)ltl?rf
Date Intenglty DIS IQﬂow Capture Rating
Ranking (m°/s) Volume 0
| @
10/05/09 Lowest 0.008 55.7 100
08/02/09| I Quartile 0.073 77.6 97
07/14/09 Median 0.137 118 86
07/13/09| % Quartile 0.161 255 68
12/02/09 Highest 0.194 770 54

The storm event with the lowest rainfall intensity (thdoh/hr (0.16 in/hr)) of all 40
analyzed events occurred on 10/05/09 (Appendix C-5, Fig. C-Byoduced the 2940
highest amount of rainfall, 4140 peak stormwater flowrate, and”3€0 stormwater and DIS
capture volumes. No overflow was measured during the evenho chamber stage data
were available due to equipment malfunction. Overail, @vent did not hydraulically
challenge the DIS as the flowrates were well belesvconstructed capacities of the system
and distribution pipes.

The next event, representing the first intensity quartitcurred on 08/02/09, lasted
three hours, and had a maximum intensity 13.5 mm/hr (0.8 i#ppendix C-5, Fig. C-6).
The storm produced the 20 highest amount of rainfall, £40 peak stormwater flowrate,
37"/40 stormwater volume, and 280 overflow volume. Stormwater volume totaled
79.7 mi (2,813 ff) and only 2.1 (73 f£) bypassed the system, for a capture rating of 97%.

The stormwater peak flowrate was 0.078s1§2.76 ft/s), which was above the estimated
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capacity of the K-South and K-North distribution pipe®@nt/s (2.1 ff/s)). The peak DIS
inflow (0.073 ni(2.58 ff)) was also higher than the estimated pipe capacityvasdiue to
orifice flow at the K-South inlet. In addition, theaximum stage within any monitored
chamber was just 0.29 m (0.95 ft) (Appendix C-5, Fig. C-7). ifitegior height of the
chambers was 0.87 m (2.84 ft). Therefore, overflow ocdibeeause of pipe inlet
restrictions and not infiltration limitations. Sinttes event represented just the first quartile
of the event maximum rainfall intensities, it demortsiathat the DIS frequently
experienced high rainfall intensities and stormwater iia@s, relative to its design.
However the system still performed well, capturing a lgmggoortion of the runoff volume.
The next storm, which represented the median evexitmaan rainfall intensity,
occurred on 07/14/09 and produced th&/86 highest amount of rainfall, #810 peak
stormwater flowrate, 3940 stormwater volume, and 40 overflow volume (Fig. 3-26).
The storm had a single peak during which 18°%663 £) of stormwater overflowed due to
a stormwater flowrate of 0.177%= (6.24 ft/s). A total of 137 rh(4,831 ff) of stormwater
was produced during the event, resulting in an 86% captiimg.ral he maximum DIS
inflow was 0.137 ris (4.85 ff/s). Overflow occurred in both monitored inlets and wias
to inlet restrictions in distribution pipes and not imfition, as the maximum stage within any

monitored chamber was just 0.52 m (1.71 ft) (Appendix C-4, Fig).C
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Figure 3-26. Site K DIS hydrograph for the storm event (070P3/with the median event maximum rainfall intep$27.9 mm/hr
(2.10 in/hr)). Data from K-South and K-North we@mbined.
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The event representing th€ Bitensity quartile occurred a day before the previously
discussed storm. This event produced tH&/22 largest amounts of rainfall and peak
stormwater flowrate, 1840 runoff volume, and 1840 overflow volume (Fig. 3-27). The
capture rating was only 68% due to the bypassing of £1@ 452 ff) out of 372 m
(13,147 ) of stormwater produced during the storm. Both inlets eepeed overflow,
with both portions of the compound weirs transmitting flo@werflow occurred due to a
peak stormwater flowrate of 0.334/m(11.80 ft/s), which was much higher than the
capacity of the distribution pipes, as they permittpeak DIS inflow of 0.16 fifs
(5.67 ft/s), due to orifice flow. Infiltration was shown not te lmiting as the maximum
chamber stage was 0.79 m (2.59 ft) (Appendix C-5, Fig. C-@reSrifice flow conditions
occurred relatively frequently, as seen in thesettestexamples, future DIS designs may
benefit from considering this type of flow. The $d®IS and associated distribution pipes
were sized based on Manning’s Equation for a pipe flowirigllatapacity. Therefore, when
there was head on the distribution pipes creatingcerffow, the flowrates increased to
above the design capacity. This also meant thatiples gvere restricting inflow, causing
increased overflow. However, it appeared that the duees able to infiltrate higher
flowrates than the design method predicted, confirmingitiwéds indeed conservative.

Closer examination of the peak flow, drop inlet stage,cuadflow data showed that
overflow did not occur at K-North until the distributipipe experienced orifice flow
conditions. However, the weir crest was 0.05 m (0.JL&dove the top of the distribution

pipe, thus orifice flow could occur without overflow hi¥ corresponded to a peak

224



stormwater flow of 0.101 ¥s (3.58 ft/s) and a DIS inflow rate of 0.100%m (3.52 ft/s) at
K-North.
Examination of these data for K-South showed thaicerifftow conditions existed
during five events without overflow and during all eventdwaiverflow. Orifice flow at K-
South was first observed during an event with a peak#mof 0.017 riis (0.58 ft/s),
while overflow did not occur until the stormwater flate reached 0.020%s (0.70 ft/s)
(DIS inflow of 0.019 n¥s (0.68 ft/s)). Orifice flow conditions not resulting in ovieny
occurred because the weir crest was 0.04 m (0.13 ft) dhevep of the distribution pipe.
These examinations showed that the distribution pipgsieersions were properly
designed and installed, in relation to pipe capacity andaberrence of overflow. This also
indicated that future designs could potentially benefit fommsidering orifice flow
conditions. One benefit could be the use of a smdigtribution pipe or lower slope, which
might reduce material and construction costs, as welllaw for a gain in system elevation.
With a smaller pipe, the diversion could be designedidavdbr head on the distribution
pipes to reach the levels needed to achieve the requited irsfte of the system, the

infiltration capacity of the sand.
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Figure 3-27. Site K DIS hydrograph for the storm event (07/13/@%h the 3" quartile event maximum rainfall intensity (39.1
mm/hr (1.54 in/hr)). Data from K-South and K-Nowtlere combined.
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Finally, the event with the highest rainfall intensit$,2 mm/hr (2.96 in/hr),
produced the 40 largest amount of rainfall®40 highest stormwater peak flow'/80
stormwater volume, and th&“210 volume of overflow (Fig. 3-28). The capture rating
during this event was only 54%, as 653(&8,048 ff) of stormwater overflowed, while 770
m® (27,208 ff) was captured. The total peak stormwater flowratedriwto monitored drop
inlets was 0.69 ffs (24.38 fi/s). The peak DIS inflow rate from the two inlets was
0.194 ni/s (6.87 ft/s). The exceptionally high DIS inflow rate was dueritic@ flow
conditions on the distribution pipes, which experier@ed m (1.43 ft) (K-South) and
0.70 m (2.30 ft) (K-North) of driving head. DIS inflow wasniied by the distribution pipes
and the infiltration capacity as the peak stormwaterréid@/was above both capacities, and
because the chambers were filled during the event (App€a8ixFig. C-10).

This event clearly challenged the DIS in terms of hylitgerformance, as the
extremely high stormwater flowrate produced a large amofuowerflow. However, the
system was still able to capture a majority of thenevelume. The large amounts of head
on the distribution pipes could have implications onstiadility and treatment performance
of this system, and future systems as well. A possilaelokck of orifice flow is the
potential large increase of DIS inflow rates, which neadlto an excessive gradient on
infiltration. This could led to high infiltration veld@s and potentially destabilization of the
sand beneath the system. Treatment performance atgghsuffer due to a decrease in
bacteria sorption to solil particles, as high wateraigés can prevent sorption, or cause the

detachment of bacteria already sorbed to soil parti@les-Ashour and Abu-Zreig, 2005).
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Figure 3-28. Site K DIS hydrograph for the storm event (120@Avith the highest event maximum rainfall intéyn$v5.2 mm/hr
(2.96 in/hr)). Data from K-South and K-North we@mbined.
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Overall, the Site K DIS performed close to design d@ations by capturing nearly
80% of all stormwater flows through the two monitoredodrdets. In addition, all flows
during events with rainfall intensities < 13.2 mm/hr (0.58rnivere captured, and 76% of
the water was captured in more intense storms. Momgeesults showed a mean event
rainfall depth of 24 mm (0.95 in), mean event maximum rdinfensity of 30 mm/hr (1.18
in/hr), and mean event peak stormwater flowrate of 0.24 8.60 ff/s). Each of these far
exceeded the design and constructed capacities of tleensybtowever, the system
performed well with a 95% capture rating during events siithlar rainfall depths and
intensities as those previously mentioned. In addigaorl % capture rating was found
during events with peak stormwater flowrates similahtodverall mean flowrate. The
measured mean peak DIS inflow rate was 0.1¥g (.15 ff/s) (median = 0.136 {fs (4.81
ft*/s)) and the maximum was 0.194/sn(6.87 ft/s). These were also above the estimated
system capacity, based on a system sized for the K¥%od K-North watersheds. The
mean DIS inflow volume was 403°(iL4,247 ) (median = 258 (9,103 ff)) and the
maximum was 1,734 7{61,244 ff).

These results were promising for continued use and futudenmemtations of the
DIS. The influences of high impervious area, high stootames, and peak flows were
observed at Site K, but the system continued to opeeatethe design specifications. Future
implementations could potentially be modeled after thdrdnylic design of Site K, though
the designer would have to account for acceptable amonohisrdrequencies of overflow,

as specified by the project owner or government reguaktidlowever, in addition to
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hydraulic performance monitoring, the diversion of stoatawx into the dunes made dune
hydrology and groundwater monitoring necessary to deterneaentent performance and to

identify any impacts caused by the DIS.

Dune Hydrology

During one year of operation, the Site K Dune InfilsatSystem diverted 21,194 m
(748,456 ft) of stormwater from the K-South and K-North watedshinto the sand dunes
beneath the system. The infiltration of stormwatty the dunes resulted in the formation of
temporary water table mounds underneath the DIS duringramtysafter infiltration events.
Monitoring of the water table elevations was used to exathase responses, as well as to
identify any overall impacts on dune hydrology.

Dune hydrology monitoring results showed that the DISlitideloverall impact on
mean water table elevations at four locations withendtudy site. These locations were 6 m
(20 ft) upslope (KWT-UP), 1 m (3 ft) downslope (KWT-MID-And 15 m (50 ft) downslope
(KWT-VEG) of Chamber Bank A and 1 m (3 ft) downslope (KWITB-B) of Chamber
Bank B (Fig. 3-19). A monitoring well was also located nagihrough the control site
(CWT) (Fig. 3-20). Overall, the mean water table elevatat Site K were quite similar to
the control site, varying only by -0.02 m (-0.06 ft) to 0.1204Q ft) (Table 3-11). These
means included not only stormwater infiltration effebts, also natural water table gradients,
tidal, well location (distance from chambers; diseaftom ocean), and surface infiltration

influences. In addition, a bulkhead that extended atweeters downward into the dunes
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was located approximately 8 m (25 ft) upslope of the DIS, ¢bu&l have also impacted the

natural hydrology of the site as well.

Table 3-11. Site K water table monitoring summary after one ydanonitoring. The DIS
invert elevation was 2.23 m (7.5 ft). Elevations were basedean sea level (MSL) and
referenced to NGVD88.

Water
Table CWT KWT-UP KWT-MID-A KWT-MID-B KWT-VEG
Elevation | (Control) | (6 m upslope) | (1 m Downslope)| (1 m Downslope)| (15 m Downslope)

(m)

Maximum 1.61 2.13 2.19 3.00 2.00
Mean 0.68 0.80 0.72 0.72 0.66

Minimum 0.21 0.44 0.04 0.18 -0.02
SD 0.26 0.31 0.33 0.34 0.31
AAD - - 0.10 0.09 -

The mean elevations at the two 1 m (3 ft) downslopksw0.72 m (2.37 ft)) showed
that neither bank had a different overall effect onvthéer table. As expected, the maximum
water table elevations at Site K were higher thahatontrol, but only by 0.39 m (1.28 ft)
to 1.4 m (4.57 ft), depending on the well location. Thédsg water table elevation, 3.0 m
(9.84 ft) was observed at KWT-MID-B. Interestingly, tiighest elevation at KWT-MID-A
was only 2.2 m (7.19 ft). This result was surprising as tiwetls were expected to have
similar elevations. One possible explanation of ih@ing could be differences in the
hydraulic conductivities of the sand beneath the two baskhkis occurrence was observed

during several events. Thus, a higher hydraulic conductivitherneath Bank B could allow
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for a larger volume of water to be infiltrated withistzort enough period as to raise the
water table before dispersion could occur.

In addition, the maximum elevation at KWT-MID-B wagher than the invert
elevation of the chambers (2.2 m (7.5 ft)) by 0.71 m (2.34Thjis was just 0.15 m (0.50 ft)
below the top of the chambers. While some water taipgacts on the system were
expected, the magnitude of this impact suggested that ttearsgaght have been installed
near the minimum safe distance from the water taBieerall, impacts on the chambers
occurred during 11 of the 40 analyzed storm events and lastaddtal of 33 hours during
the one year study. While not observed thus far, repeatextended periods of water table
impacts on the system could lead to destabilization or deedeperformance. Higher water
table elevations could reduce the stormwater’s infiiregradient, potentially resulting in
increased overflow. Also, the unsaturated zone bettheechambers and water table was
thought to contribute to bacteria removal via interastiovith the air-water interface
(Powelson and Aaron, 2001), sorption to sand particlesr@race and Hendry, 1996; Weber,
1972), hydraulic capture (Torkzaban et al., 2008), and poterdiediigcation. Therefore,
extended periods of a high water table could act to dexthase potential treatment
processes.

Elevations observed 15 m (50 ft) downslope of the DISwaéso within the expected
range. The mean elevation (0.66 m (2.17 ft)) was slidésly than at CWT (0.68 m (2.23

ft)), which was expected since KWT-VEG was closer todbean and thus had naturally
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lower water table elevations. This well locatioreetfwas most noticeable via the minimum
elevation at KWT-VEG (-0.02 (0.05 ft)) which was due toltidduences.

The standard deviations at Site K were higher than atahiol, though the
magnitudes were relatively small, all withir0.08 m (0.26 ft). This suggested that the
infiltration of stormwater had slightly more effeat water table changes as did natural
influences, though these effects were limited. Averdggolute differences from the control,
analyzed at the 1 m (3 ft) downslope wells, showedthgalong-term AADs were 0.10 m
(0.31 ft), which also showed the small effects of stoatewinfiltration and potential
differences due to the bulkhead limiting dispersion oftnatied stormwater.

The overall water table analyses showed little to nmaicts on dune hydrology as the
mean water table elevations and deviations were sitoildnose found at the control.
Though no concerning impacts on the water table wereausénrough these analyses, with
the large amount of stormwater infiltration into the esyrshort-term impacts were
inevitable. Therefore, several individual storm eventeeweore closely examined, using the
same methods as previously discussed. The events vesendbased on their DIS inflow
volume ranking among all of the analyzed events w4 mm (0.25 in) of rainfall. The
selected volume rankings represented the low&sgydrtile, median, '3quartile, and highest
DIS inflow volumes (Table 3-12). This selection method wsed because the volume of

DIS inflow should have correlated well with the magnituflstort-term water table impacts.
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Events representing the lowest afitqliartile DIS inflow volumes (01/30/10 and
04/09/10) both showed little effect on the water table ans pinovided little information.

Data and figures for these two events are provided in Appénd.

Table 3-12. Site K hydrologic summaries for five infiltration extse used to analyzed water

table impacts.

DIS Inflow DIS Inflow Total
Storm Date Volume Volume Rainfall
Ranking (m°) (mm)
01/30/10 Lowest 53.5 7.4
04/09/10 i Quartile 136 11.9
02/02/10 Median 215 19.6
01/24/10 2 Quartile 472 24.9
03/29/10 Highest 1734 71.4

An infiltration event on 02/02/10 produced 215 (#,583 ff) of DIS inflow from the
K-South and K-North drop inlets, which represented thelaneidflow amount for all
analyzed events (Fig. 3-29). In addition, a second ewenireed on 02/05/10 which resulted
in an additional 952 ™M(33,628 ff) of stormwater input into the dunes. The water table
response was nearly completely dispersed before the 0@/68ént, but due to the
elevations at KWT-UP and KWT-MID-B remaining slightyevated during the inter-storm
period, the water table response was deemed to span throbghioevents. However, the

below analyses are for only the 02/02/10 event, unless adeenated.
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Figure 3-29. Site K water table response to an infiltratioemtvon 02/02/10.
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The maximum water table elevations 1 m (3 ft) downslogbéetystem were 1.59 m
(5.22 ft) at KWT-MID-A and 2.03 m (6.67 ft) at KWT-MID-B, botielow the invert of the
chambers (Table 3-13). However, during the 02/05/10 evendtes table beneath
Chamber Bank B did exceed the system’s invert elevafitv@ mean water table elevations
at Site K during the 02/02/10 event were higher than the @aieidne control, though only by
0.24 m (0.78 ft) at both KWT-MID-A and KWT-MID-B. The Seere also elevated
compared to the control, with a maximum difference betwSDs of 0.19 m (0.62 ft), which
clearly showed the short-term impacts of stormwatdtration. The response duration for
both the 02/02/10 and 02/05/10 events was 153 hours. This included ther80tér-storm
period when the water table upslope of Bank A and 1 m (®W#hdlope of Bank B

remained slightly elevated.

Table 3-13. Site K water table response results for an infibragvent on 02/02/10. The
DIS invert elevation was 2.23 m (7.5 ft). Elevations weased on mean sea level (MSL)
and referenced to NGVD88.

Water
Table CWT KWT-UP KWT-MID-A KWT-MID-B KWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (1 m Downslope)| (15 m Downslope)

(m)

Maximum 1.01 1.62 1.59 2.03 1.37
Mean 0.91 1.24 1.15 1.15 1.18
Minimum 0.81 1.07 0.94 0.93 0.97
SD 0.04 0.17 0.18 0.23 0.10
AAD - - 0.24 0.24 -
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Lastly, the water table data were used to estimate gratedflow velocities and
residence times above elevation zero, between th€3lfthand 15 m (50 ft) downslope
wells. The mean velocity during this event was 6.7 c2ht in/hr) (Appendix D-3, Table
D-6). This yielded a residence time of 213 hr (Appendix Dehle D-7). These estimates
were conservative since they only considered horizdlotalfrom the chambers towards the
ocean, when the actual flow paths extended in all tlimex around the DISs, including
vertical flow. Additionally, this velocity was sinait to traditional sand filter velocities,
though the residence time was much longer, discussed later

This event clearly showed the short-term impacts on dudelogy, as the input of
stormwater resulted in water table responses in eaditoning well. Additionally, the
effects of two infiltration events within a few daysasfe another were also shown. As seen
in Figure 3-29, the water table nearly returned to the yeetestate before the second event
(02/05/10) occurred. However, the close timing of thesetevbth not appear to drastically
change or increase the water table response, tharggr lor more closely spaced events
could result in increased water table responses, as cahtpaaa isolated event.

The next event (01/24/10), representing tHeyBartile total DIS inflow from K-
South and K-North, produced a much larger response compatteslgceviously discussed
storm. DIS inflow totaled 472 ${16,670 ff) which ultimately led to the water table
underneath Chamber Bank B to surpass the system’s inverd loy (1.3 ft) (Fig. 3-30).

This was due to a 1.6 m (5.2 ft) rise in the water tablengar high tide. The elevation of

this peak was 2.68 m (8.79 ft), which was 1.5 m (4.9 ft) abavedhtrol site’s water table
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elevation at that same time. The water table rgse@? m (2.1 ft) at KWT-UP, 0.81 m

(2.7 ft) at KWT-MID-A, and 0.24 m (0.79 ft) at KWT-VEG. Tineean elevations during the
event were all well above the mean at the contvbich clearly showed the size of the water
table mound (Table 3-14). Several of the SDs at Sit@ ¥5(m (0.49 ft) to 0.39 m (1.30 ft))
during the event were noticeably higher than at the ob{itrl9 m (0.61 ft)). The response
lasted approximately 47 hours as the water table upslope ef/stem remained elevated for
an extended period. This may have been partially due tautkbead located 8 m (25 ft)
upslope of the system. The mean groundwater velocityglthienevent was 17 cm/hr (7
in/hr) which corresponded to a residence time of 86 hpli¢ations of the groundwater

velocity and residence time are discussed later.

Table 3-14. Site K water table response results for an infiltraggant on 01/24/10. The
DIS invert elevation was 2.23 m (7.5 ft). Elevations weased on mean sea level (MSL)
and referenced to NGVD88.

Water
Table CWT KWT-UP KWT-MID-A KWT-MID-B KWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (1 m Downslope)| (15 m Downslope)

(m)

Maximum 1.19 1.84 1.95 2.68 1.47
Mean 1.04 1.31 1.24 1.21 1.10
Minimum 0.79 1.09 0.87 0.79 0.65
SD 0.19 0.31 0.26 0.39 0.15
AAD - - 0.30 0.31 -
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Figure 3-30. Site K water table response to an infiltratioemtvon 01/24/10.
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Lastly, the event (03/29/10) with the highest DIS inflomuwne from K-South and
K-North resulted in 1,734 #(61,244 ff) of stormwater input to the dunes that led to the
water table at KWT-MID-B reaching above the bottonthef system twice during the event
(Fig. 3-31). At this location, the water table rosell® m (6.3 ft) to a maximum elevation of
2.7 m (8.9 ft) (Table 3-15). The implications of this findmegre discussed previously and
are further examined later. The water table rose by ®.93.1 ft) at KWT-UP, 1.1 m (3.8 ft)
at KWT-MID-A, and 0.60 m (2.0 ft) at KWT-VEG. The resperiasted approximately 96
hours. Examination of the SDs showed that the wabde tat Site K experienced a large
amount of deviation, as compared to the control and preyidistussed events. In fact, the
highest SD at Site K was 0.41 m (1.36 ft) while the Setbntrol was just 0.04 m (0.14
ft). The mean groundwater velocity was 11 cm/hr (4 Jrdhd the mean residence time was
136 hr. Overall, this event showed that the DIS and dunesacapable of handling a large

amount of inflow and disperse its impacts within a few days

Table 3-15. Site K water table response results for an infilbragvent on 03/29/10. The
DIS invert elevation was 2.23 m (7.5 ft). Elevations weased on mean sea level (MSL)
and referenced to NGVD88.

Water
Table CWT KWT-UP KWT-MID-A KWT-MID-B KW T-VEG
Elevation (Control) | (6 mupslope)| (1 m Downslope)| (1 m Downslope)| (15 m Downslope)

(m)

Maximum 0.99 1.82 1.98 2.71 1.45
Mean 0.91 1.48 1.27 1.33 1.15
Minimum 0.80 0.88 0.84 0.80 0.85
SD 0.04 0.22 0.27 0.41 0.17
AAD - - 0.37 0.43 -
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Figure 3-31. Site K water table response to an infiltratioemtvon 03/29/10.
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The previous analyses revealed several trends in the tabte responses. As
expected, larger events produced increased water tabéiefes/and longer response
durations. Additionally, it was discovered that theevaable surpassed the invert of the
chambers during several large events. The total durdtivese impacts was just 33 hours
out of the entire one year monitoring period. Howetlex,maximum recorded elevation of
3.00 m (9.84 ft) was somewhat concerning as this was only 0(05%rft) below the top of
the chambers. Though no signs of system damage werkdwiag the study period, such
impacts could cause destabilization or damage. Overedletfesults suggested that the Site
K system might have been placed at the minimumdiatance from the water table, as there
was approximately only 1.6 m (5.1 ft) of separation betwkerchambers and mean water
table elevation. Just a 0.3 m (1 ft) increase in te&esy's invert elevation would have
decreased the total impact period from 33 hours to 12 hounsevdo, conditions at the site
made any increases in system elevation nearly impesdilastly, the water table impacts
lasted anywhere from a few hours to approximately one veegdending on the size and
frequency of the events, as well as local tidal infaess.

In addition to analyzing the data for water table respengroundwater flow
velocities were also estimated via the D-F equationfldars above elevation zero, between
1 m (3 ft) and 15 m (50 ft) downslope of the system. These used to conservatively
estimate potential bacteria residence times withidthrees. Mean velocities during five
infiltration events ranged from 6 cm/hr (3 in/hr) to 17 leng7 in/hr). These estimated

velocities were similar to traditional sand filter BMBlocities, which were shown to range

242



from 1.5 cm/hr (0.6 in/hr) to 30 cm/hr (12 in/hr), dependingtee condition of the filter
media (Urbonas, 1999).

The mean residence times during these three infiltratients were 86 hr to
225 hr. These were much higher than typical sand fét®dence times (40 hr), as such
BMPs are designed to ensure capture of consecutive sterts€N.C. DWQ, 2007).
Additionally, the length of a filter also affects iEnce times, thus dune infiltration would
provide a much longer flow path as compared to traditisaadl filters. The estimated
residence times were expected to represent the minimuriottuod which infiltrated
stormwater and its associated bacteria would resid#eitise study site. The actual intervals
between infiltration into the dunes and discharge intaoitean were likely much longer, as
the assumed flowpaths were from 1 m (3 ft) downslodbtm (50 ft) downslope of the
chambers, while the actual paths extended from the chandanderneath the ocean.
Additionally, inland groundwater flow due to negative gradiergused by stormwater
infiltration and tides, vertical, and lateral flow (plehto the ocean), would have acted to
potentially further increase residence times. With sxténsive times, the treatment
potential of the DIS was likely much larger than traatisil sand filters. The increased
residence durations would likely allow for more chandgshgsical and chemical retention,
and die-off due to predation, limited nutrients, or othéunz means.

These estimations could likely be much improved via mppeapriate models that
could account for the actual flow conditions. While nhethod used was thought to provide

conservative velocities and residence times, it wdsudlif to extrapolate and compare the
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estimated values to those which may be found by a mdebkumethod. This was due to
the complexity of the flow regimes and several unknswihcharacteristics, such as
hydraulic conductivities and porosities throughout the duSesh investigations should be
performed and are likely deserving of their own reseactheascope, nature, and

limitations of this study were not well suited to accoodate for such complex analyses.

Stormwater and Groundwater Quality
Enterococci Monitoring

The diversion of stormwater into the sand dunes bertbatBIS resulted in the
discharge of high bacteria concentrations into themplaater surrounding the system. In
fact, only two of the 35 samples (6%) collected duringetht@e study period were below the
allowable maximum concentration (Table 3-16). The maxireaterococci concentration
was 24,196 MPN/100 mL, with a median of 1,540 MPN/100 mL, bowhath were much
higher than the state limit of 104 MPN/100 mL for Tieehbhes (Fig. 3-32).

The persistently high enterococci concentrations Wieeé/ due to the large number
of potential sources within the watershed, as compardetwatersheds at Sites L and M.
The watershed associated with Site K contained apigse, several restaurants and their
garbage dumpsters, public areas, houses, and was therloghéce tourists generally
visited. Each of these provided potential food sourcestedomesticated, warm-blooded
animals, such as birds and vermin. Pet waste liketyastributed to the contamination

problem. Additionally, the watershed was highly impervighas most runoff, and
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associated pollutants, were delivered to the DIS and moedrately infiltrated throughout

the watershed.

Table 3-16. Site K stormwater enterococci monitoring summarye $tate maximum
enterococcconcentratiorfor Tier | beaches was 104 MPN/100 mL.

Enterococci
Concentration K-South | K-North | Overall
(MPN/100 mL)
Maximum 24196 19900 24196
Geometric Mean 1591 945 1164
Median 2611 523 977
Total Number of
Samples Collected 14 21 35
Number of Samples
Exceeding State Limit 13 20 33
Exceedance Rate (%) 93 95 94

Contrasting the stormwater levels, concentrationsiwthe groundwater surrounding
the DIS were generally much lower, with an overaltima of only 16 MPN/100 mL (Table
3-17). Additionally, only 16% (21 of 132) of the samples otdld at Site K exceeded the

state limit, as compared to 94% of the stormwater sssnpl
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Figure 3-32. Site K stormwater enterococci concentrationsrduseveral monitored storm events with.4 mm (0.25 in) of rainfall.
The state maximum enterococoincentratiorfor Tier | beaches was 104 MPN/100 mL.
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Table 3-17. Site K groundwater enterococci monitoring summary. Brata Site K was
combined between wells in separate transects. Theratatimum enterococconcentration
for Tier | beaches was 104 MPN/100 mL.

Enterococci
Concentration Site K Control
(MPN/100 mL)
Maximum 4,839 215
Geometric Mean 16 5
Median 16 4
Total Number of
Samples Collected 132 n
Number of Samples 21 3
Exceeding State Limit
Exceedance Rate (%) 16 4

Furthermore, the overall median concentration ingtteeindwater at Site K (16
MPN/100 mL each) was only slightly higher than the mediaserved at the control (4
MPN/100 mL) (Table 3-17). However, statistical analyse®aled that there was a
significant difference (= 0.05) between the sites (p < 0.0001). Results fromsathtical
test are also provided in Appendix E-3. The overall excexdaate at Site K (16%) was
also higher than at the control (4%), though when densig the nature of the DIS and the
extensive stormwater bacterial contamination issuedttierence was not concerning.

In order to further analyze the Site K groundwater eat@rcidata, monitoring
results from the two well transects were combinedchEgnsect had a well located 6 m (20
ft) upslope of the DIS (KWQ-UP), 1 m (3 ft) (KWQ-MIDjd 15 m (50 ft) (KWQ-VEG)

downslope of the DIS (Fig. 3-19). The control site haddmonitoring wells located in the
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upper (CWQ-UP) and middle (CWQ-MID) dune areas, and ataetation line (CWQ-
VEG) (Fig. 3-20).

Figure 3-33 provides an overall view of these data and asalystuding
comparisons between the stormwater and groundwater c¢oatg@ms, as well as inter- and
intra-site comparisons. The figure shows a boxpleh@iminimum, i quartile, median,
geometric mean, arithmetic meaff quartile, and maximum enterococci concentrations
observed in each monitoring well and in the stormwa@®rerall, three main findings could
be extrapolated from this figure: 1) the large decreasennentrations between the
stormwater and groundwater, 2) high groundwater concerigaticcurred at KWQ-MID, 3)
groundwater concentrations observed at the other Sitell& were similar to those found at
the control, and 4) most importantly, the concentratiappeared to be very similar between
KWQ-VEG and CWQ-VEG. The high concentrations at KWK were expected due the
close proximity to the DIS. Concentrations at KWQ-Viz€re expected to be much lower,
due to dilution and treatment. Additionally, concentraifrom this location were especially
important because this was the last point of monitdsefgre the groundwater flowed
underneath the beach and ocean. Figures 3-34 - 3-36 shenténecocci results for each

control site and Site K well location (transects borad).
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Figure 3-33. Boxplots of the Site K stormwater, and Site K andtrol groundwater enterococci concentrationatalrom Site K
were averaged between two wells in separate tremsé&tie state maximum enterococencentratiorfor Tier | beaches was 104
MPN/100 mL.
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Figure 3-35. Site K 1 m downslope and control site middle dune arem@rdcciconcentrations. The Site K data were averaged
between two wells in separate transects. The stat@mum enterococcioncentratiorfor Tier | beaches was 104 MPN/100 mL.
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Figure 3-36. Site K 15 m downslope and control site vegetation line eabeciconcentrations. The Site K data were averaged
between two wells in separate transects. The stak@mum enterococconcentratiorior Tier | beaches was 104 MPN/100.
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These figures revealed the similarity between the exainations observed at Site K
and the control, as well as the elevated levels at KdRM. Also, it was evident that no
strong seasonal trends were present in the data arzbti@entration spikes above the state
limit for contact waters were not uncommon in the gdwatter at the control. This
suggested that an upstream source of bacteria may haveresent, such as a faulty sanity
sewer, as discussed in Chapter 1. Quantitative asadyse revealed the similarity between
the concentrations found among the different welltiooa at both sites, sans KWQ-MID

(Tables 3-18 and 3-19).

Table 3-18. Site K groundwater enterococuabnitoring summary for each sampling well.
The data were averaged between two wells. The staienona enterococatoncentration
for Tier | beaches was 104 MPN/100 mL.

Ent '
nierococc KWQ-UP | KWQ-MID | KWQ-VEG
Concentration (6 m Upslope) | (1 m Downslope)| (15 m Downslope) Overall
(MPN/100 mL)
Maximum 4839 3466 177 4839
Geometric Mean 9 62 7 16
Median 10 76 6 16
Total Number of
Samples Collected 46 45 41 132
Number of Samples
Exceeding State Limit 3 17 1 21
Exceedance Rate (%) 7 38 2 16

253



Table 3-19. Control site groundwater enteroconmnitoring summary for each sampling
well. The state maximum enterococoncentratiorfor Tier | beaches was 104 MPN/100
mL.

Ent [
nierococc CWQ-UP | CWQ-MID | CWQ-VEG
Concentration (Upper Dunes) (Mid Dunes) (Vegetation Line) Overall
(MPN/100 mL)
Maximum 75 215 210 215
Geometric Mean 6 4 5 5
Median 4 2 5 4
Total Number of
Samples Collected 23 24 24 1
Number of Samples
Exceeding State Limit 0 1 2 3
Exceedance Rate (%) 0 4 8 4

The median concentration at KWQ-UP was 10 MPN/100 nmhilai to the median
of 4 MPN/100 mL at CWQ-UP. The geometric means wereaike and statistical testing
revealed no significant (= 0.05) differences between the concentrations obedat/these
two locations (p = 0.2740). While these levels were genylar, the slight differences
noted, particularly the maximum observed concentratimhexceedance rate, did reveal
some variation from the control. This was likely aguct of not only bacteria introduction
via the DIS, but also due a bulkhead located approximatelyZ5rit) upslope of the system.
This structure limited upstream groundwater flow to the ditainished inland dispersion of
stormwater during infiltration events, and thus may hadecded stagnant conditions and
decreased dilution, leading to some amount of increaseérizasurvival.

As previously mentioned, enterococci concentrationsrgbdeat KWQ-MID were

the highest, with a median of 76 MPN/100 mL and geometeimof 62 MPN/100 mL.
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These were much higher than the levels observed &w@-MID (median = 2 MPN/100
mL, geometric mean = 4 MPN/100 mL). Statistical analgsinfirmed that this large
difference was significant (= 0.05, p < 0.0001). However, high levels at this locatiere
expected due close proximity to the system, thus the atélr stormwater had presumably
experienced the least amount of treatment once a thels. While the bacteria levels at
this location were comparatively high, the majoritysamples (62%) were still below the
state maximum level for Tier | beaches. Overalls¢heesults were not of concern thus far;
however, monitoring should continue to ensure thataweld do not become problematic
and spread to the other well locations.

Sharply contrasting the KWQ-MID results, the concatidns were much lower at
KWQ-VEG, the last point of groundwater monitoring. lotfahe median at KWQ-VEG
was just 6 MPN/100 mL, compared to 76 MPN/100 mL at KWQ-MIhe geometric
means also showed the same trend and the large diffarecmecentrations was
significantly different ( = 0.05, p < 0.0001). These results meant that the togmwater
concentrations, which were partially transferred togifseindwater, as evidenced by high
concentrations at KWT-MID, were effectively mitigatédough use of the DIS. Most
importantly, the levels observed at KWQ-VEG were ritecgnt than those observed at
CWQ-VEG ( =0.05, p =0.5943), as the medians and geometric mean$ aitestwere
between 4 MPN/100 mL and 7 MPN/100 mL.

These last two results indicated two important aspectigtdbe DIS: 1) bacteria

reduction processes were present between KWQ-MID and KAEQ as the enterococci
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concentrations were significantly reduced between thesdocations and 2) the enterococci
concentrations at Site K’s vegetation line were nteddht than those at the control’s
vegetation line. This last point was the most impdrgaoundwater quality finding at Site K,
as data from KWQ-VEG were especially considered impottacause this was the last point
of groundwater monitoring prior to it flowing underneath tbereational beach area and
eventually into the ocean. Therefore, if the fendicator bacteria concentrations at this
location were near or below the state maximum fordwgontact, then it could be
reasonably assumed that the groundwater, once dischargedh the ocean floor, would be
safe for human contact.

These results and analyses have shown that stormin@tethe Site K watershed
often contained high levels of fecal indicator bactearal that these concentrations mostly
exceeded the state allowable maximum for human coatdcer | beaches. The
implications of this finding were that, other watershalisg the coast could be discharging
potentially hazardous levels of fecal bacteria intoabean, where swimmers often
congregate. Such problems have been identified via BeRWQ’s monitoring, as
previously discussed. However, implementation of BMBsh as the DIS, could alleviate
these potential risks, as was seen via the groundwatetamogiat Site K.

While the exact bacteria removal processes could niolelpéified due to the scope
and nature of this study, previous research suggested ¢hzdgture and permanent removal
of bacteria within a natural dune system consisted dfipfelprocesses, including chemical

interactions, sorption, straining, hydraulic capture, predatompetition for limited
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nutrients, and natural die-off (Anderson et al., 2005a@0bglu and Haridas, 1984;
Desmarais et al., 2002; Hartz et al., 2008; Ginn et al., 2G0&2rdnce and Hendry, 1996;
Mitchell, 1968; Wait and Sobsey, 2001; Torkzaban et al., 2008; WW&®&2; Weiss et al
1995).

Firstly, the vast amount of groundwater beneath the dikedg played a role in
diluting the stormwater and thus reducing the bacteriassdretions. However, the physical
movement of bacteria through the sand would have alsd &xtretain bacteria via sorption,
straining, and hydraulic capture (Abu-Ashour and Abu-Zreig, 200Egemglu and
Haridas, 1984; Ginn et al., 2002; Huysman and Verstraete, 1988ehee and Hendry,
1996; Torkzaban et al., 2008; Weber, 1972; Weiss €1395).

Hydraulic capture of bacteria, as described by Torkzabalh @008), may have
played a large role in retention. While this mechamsay have retained bacteria
throughout the soil, it probably would not have permdgertmoved bacteria alone.
However, flow within the unsaturated zone between thenbbas and water table may have
allowed hydraulically disconnected regions to exist, trappageria in the remaining water
still adhered to sand grains above the groundwater. &fies,infiltration had ceased,
bacteria trapped in the unsaturated zone may have bé&hddil by desiccation or other
natural processes, discussed later.

Other physical removal processes, such as sorptiomistyaand chemisorptions,
likely also removed bacteria from the stormwater @poioglu and Haridas, 1984; Ginn et

al., 2002; Lawrence and Hendry, 1996; Weber, 1972). The cospilexatrix of the dunes,
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in addition to small amounts of clay within them, wohéve allowed for the adsorption of
bacteria, filtration, straining, and potentially eveeichsorptions, as described previously.
Further, the long flowpaths and retention times, preWwodiscussed, between infiltration
and discharge into the ocean would have allowed manyebdar these processes to retain
bacteria. In addition to the removal of fecal baatéom infiltrating stormwater, the long
flowpaths and times would have also allowed for diertgtChanisms to further reduce
bacteria concentrations. Such mechanisms may have idgwedation, competition for
limited nutrients, toxicity, and other natural processéischell, 1968).

Complementing the groundwater bacteria monitoring, resdm two sand
samplings showed a large amount of variability in emi®coi concentrations between the
sampling events and locations. The first samplingh@énsummer of 2009, yielded
concentrations of 0.5 MPN/20 g sand for each sampleeaKSind the control, except for
the deep sample collected from 15 m (50 ft) downslopeeoDis (Table 3-20). The
concentration of this sample was only 5 MPN/20 g sananp$ag in the summer of 2010
showed much higher concentrations (Table 3-21). In faetptean concentration at Site K
increased from 1.7 MPN/20 g sand (2009) to 1,226 MPN/10 g sand (2010jne&neat the
control increased from 0.5 MPN/20 g sand to 84 MPN/20 g s&hdre were no apparent
causes for the large increases; however, the meated &as heavily influenced by one
exceptionally high concentration (4,830 MPN/20 g sand). rnExé highest concentration

was observed at the control (145 MPN/20 g sand).
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Table 3-20. Dune sand mean enterococci concentrations fromlsagmp September 2009.
Samples were collected from the middle dune area adtine vegetation line. Sample
depths were: Shallow = 0.6 m below dune surface and Depprexamately 2 - 3 m below
dune surface.

Overall Middle Dunes Vegetation Line
MPN/20 g sand M Shallow | Deep | Shallow| Deep
ean
Sample | Sample| Sample | Sample
Site K 1.7 0.5 0.5 0.5 52
Control 0.5 0.5 0.5 0.5 0.5

Table 3-21. Dune sand mean enterococci concentrations fromlsamp August 2010.
Samples were collected from the middle dune area adtine vegetation line. Sample
depths were: Shallow = 0.6 m below dune surface and Depprexamately 2 - 3 m below
dune surface.

overall Middle Dunes Vegetation Line
MPN/20 g sand M Shallow | Deep | Shallow| Deep
ean
Sample | Sample| Sample | Sample
Site K 1226 40 4839 22 1
Control 84 128 2 145 62

While the 2009 results did not yield any interesting treres 2010 data did reveal
some differences between the sites, and samplingdasaind depths. Interestingly, except
for the one exceptionally high sample concentratio®3@ MPN/20 g sand), the levels at
Site K were much lower than those at the contidiis suggested that permanent bacteria
removal processes may have been more active & Site® compared to the control, but that

some accumulation did occur at Site K.
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Nutrient Monitoring

Stormwater nutrient levels at Site K (Table 3-22) werermeined to be within
typical ranges found in other urban watersheds aloa@Nt&. coast (Hunt et al., 2006;
Lenhart, 2008; McNett et al., 2010). This was expectedeas thas no agricultural land use
within the Site K watershed. No relationships betweesdldata and climate, hydrologic, or
hydraulic factors were observed, though TKN levels gdiyetacreased during the study

(Fig. 3-37), while TP levels increased (Fig. 3-38). sNNHand NQ-N did not appear to have

any associated trends (Appendix E-5, Figs. E-8 - E-10).

Table 3-22. Site K stormwater nutrient monitoring summary. Da&ée combined from

two monitored drop inlets.

Concentration

(mg/L) TKN | NH4N | NOs-N TP
Maximum 1.64 0.11 0.34 0.55
Mean 0.34 0.03 0.08 0.20
Median 0.23 0.01 0.06 0.18
n 30 30 30 30
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Figure 3-37. Site K stormwater TKN monitoring results.
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Figure 3-38. Site K stormwater TP monitoring results.
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Groundwater nutrient concentrations at Site K (Table 323§ elevated compared
to the stormwater levels, but similar to those founthéngroundwater at the control (Table
3-24). These data also did not appear to have any strongationglwith hydrologic or

hydraulic factors (Appendix E-5, Figs. E-11 - E-14).

Table 3-23. Site K groundwater nutrient monitoring summary. Daggaencombined from
wells in two separate transects.

Con(ffg/t[";‘“on TKN | NH&N | NOgN | TP
Maximum | 2.35 | 0413 | 11.74] 2.05
Mean 0.86 | 005 | 1.02 | 039
Median | 076 | 004 | 027 | 025
n 26 26 26 26

Table 3-24. Control site groundwater nutrient monitoring summary.

Con(ffg/t[";‘“on TKN | NH&N | NOgN | TP
Maximum | 2.83 | 017 | 281 | 042
Mean 078 | 003 | 082 | 018
Median | 059 | 002 | 062 | 0417
n 30 30 30 30

Groundwater at both Site K and the control had relatikaggis TKN and NG@-N
levels; however, the highest concentrations atkStecurred at the beginning of the study,
thus may have been a result of contamination duringimsgtillation. Overall, such results

suggested that sources upslope of the sites were contgilmittingen to the groundwater, as
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the concentrations at Site K were similar to theti@dpand concentrations at both sites were
higher than in the stormwater. Additionally, TP Isweere also high in the groundwater at
Site K. One other potential source of these nutrienista K was the disturbance of a
hardpan, located approximately 3+ m (10 ft) below the dunasirivhen the upslope
monitoring wells were installed. During the jetting of¢@evells, the water and soil were
noted to be brown to black in color, and thus potentialiyaioed high levels of carbon and
nutrients.

Overall, nutrients in the stormwater did not appeaxist @t concerning levels,
though the groundwater concentrations at Site K and thieatevere somewhat elevated.
This suggested that either some accumulation was oagrrithat other sources were
contributing nutrients to the groundwater. However aVerall groundwater concentrations
during the study period were not at concerning levels, thoughanogi should continue to

ensure that these do not become problematic.
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SHORT-TERM STUDY CONCLUSIONS

Short-Term Study Summary

During one year of operation, the Site K DIS diverted 24,nt (748,456 ff) of
measured flow into the sand dunes, while only 5,280185,756 ff) bypassed the system,
for an overall capture rating of 80%. The actual volume® higher than what was
measured because a third storm pipe and diversion were ndbradrdue to site
constraints. The flows from this pipe and diversiomen&ely lower than what was
measured at K-South, based on hydrologic analyses ofdtexsheds. The mean measured
DIS inflow volume was 403 (14,247 ff) (median = 258 m(9,103 ff)) and the maximum
was 1,734 (61,244 ff).

This excellent capture rating was much higher than typatengs found with
traditional BMPs (Bass and Evans, 2000; Hunt et al., 2006; Leahadtiunt, 2008; Li et al.,
2009). Additionally, this large amount of stormwater captuas achieved even with high
rainfall intensities and peak stormwater flowratesfabt, 32 of 40 monitored storm events
had rainfall intensities above the design storm of 12.7hm(0.5 in/hr). The mean event
rainfall depth was 24 mm (0.95 in) and the mean intensity3®@asm/hr (1.18 in/hr). This
resulted in a mean event peak stormwater flowrate ofr@#4(8.60 f/s) from the two
monitored inlets. Both the mean intensity and peak fleewngere higher than the DIS’s
design criteria. However, even with such intensentsyeéhe DIS managed to capture all of

the stormwater flow during events with intensities <218m/hr (0.52 in/hr). Furthermore,
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the system captured a total of 76% of the stormwater dioring events with greater
intensities.

Further examination of the flow data revealed that DfSw was not limited by
infiltration during events similar to the system’s desidn fact, infiltration did not limit
inflow until the peak stormwater flowrate from K-Southd K-North reached 0.14%ms
(5.18 ft'/s), well above the estimated infiltration capacitY@nt/s (3.3 ft/s)), based on
flow from the two monitored inlets. This meant tha thistribution pipes were restricting
DIS inflow and resulting in overflow, as designed. Tdwdst peak flowrate resulting in
overflow was 0.061 s (2.15 ft/s), while the highest rate that did not result in toar
was 0.054 riis (1.90 fé/s). This was similar to the combined estimated capatitye K-
South and K-North distribution pipes (0.08/s(2.1 ff/s)).

The diversion of stormwater into the dunes resultaéérnporary water table mounds
of the groundwater beneath the DIS. Furthermoredindt appear that these short-term
impacts resulted in any major overall changes in dune logirowith respect to mean water
table elevations, standard deviations, and average absdtaterties from the control, at
four monitoring locations. The mean water table elewat through one year of monitoring,
were slightly higher in the wells nearest the SitBII& (0.72 m (2.36 ft)), as compared to the
mean elevation observed midway through the control d{né8 m (2.23 ft)). The small
differences noted were likely due stormwater infiltrateffects and possibly to a bulkhead
located just 8 m (25 ft) upslope of the system. This balétheould have acted to diminish

inland dispersion of the water table mounds. Thesd diffarences were not at concerning
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levels; though monitoring should continue to ensure that tiydrology near the DIS does
not significantly change.

The duration of the short-term impacts during and aftétration events lasted from
a few hours to approximately one week, depending on thastz&equency of events and
tidal influences. Additionally, it was discovered thag water table did surpass the invert
elevation of the chambers during some large events, tiatal of 33 hours during the one
year study. The maximum water table level was juh t (0.5 ft) below the top of the
chambers. While no damage to the system was notedydbarstudy, such impacts could
potentially destabilize the chambers and/or dunes. Therdtdure monitoring should be
conducted to determine if water table impacts on the syssult in damage. Additionally,
the unsaturated zone between the chambers and watewgabtbought to contribute to
treatment of the stormwater, thus extended period$gfrawater table could decrease
treatment potential.

Water quality monitoring showed that the stormwatenodtentained high levels of
enterococci. The median concentration was 1,540 MPN/10@na the maximum was
24,196 MPN/100 mL. The state maximum for Tier | recreatibeaches was 104 MPN/100
mL and 94% of the stormwater samples exceeded this |@antrasting the stormwater
enterococci levels, the groundwater median conceoiratas only 16 MPN/100 mL at Site
K, with an overall exceedance rating of 16%. These wiendar to what was found at the

control site (median of 4 MPN/100 mL and exceedancegatid%). However, statistical
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analyses of the groundwater data revealed that the mivatiens at Site K (152 MPN/100
mL) was significantly higher (= 0.05) than at the control (19 MPN/100 mL).

Examination of the groundwater bacteria results froomezell location showed that
the concentrations between KWQ-MID and CWQ-MID wsignificantly different (p <
0.0001). However, the enterococci levels between KWQ-UWRCAIQ-UP and between
KWQ-VEG and CWQ-VEG were not significantly different£@.2740 and p = 0.5943,
respectively). Furthermore, the concentrations betwW&¥@-MID and KWQ-VEG were
also significantly different (p < 0.0001). These resulitlicated that, while the infiltration of
stormwater led to high groundwater concentrations neabt8, the concentrations were
significantly reduced within 15 m (50 ft) downslope of thstegn. In addition, these results
also meant that concentrations were reduced to levelsdyl found in the groundwater,
which were safe for human contact, based on the isiaxenum of 104 MPN/100 mL.

Complementing the groundwater sampling, sand samplescotizeted to determine
if bacteria were residing at high levels within the @lsand. The first sampling event, during
the summer of 2009, yielded low concentrations throughaothit Bite K (mean of 1.7
MPN/20 g sand) and the control (mean of 0.5 MPN/20 g sandyvetkr, sampling during
the summer of 2010 showed several high concentrationfct, a sample collected at
approximately the same elevation as the chambers, sintl ju (3 ft) downslope from the
system, had a concentration of 4,839 MPN/20 g sand. Thetbthe sample concentrations
from Site K were < 40 MPN/20 g sand (mean of 1,226 MPN/20 g sdntbrestingly, these

three sample concentrations were lower than theesarations observed at the control site
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(mean of 84 MPN/20 g sand, maximum of 145 MPN/20 g sand). Téssks highlighted
the large variability of bacteria concentrations thraughhe dunes, that high bacteria
concentrations could occur in the sand even without thefus®IS, and also that some
bacteria accumulation had occurred in the sand ne&itdd system.

Finally, nutrient monitoring of the stormwater at Stshowed normal levels of
TKN, NH4-N, NOs-N, and TP, as compared to other coastal watershed in No@ever, the
groundwater at both Site K and the control had elevateceotrations of TKN and NSN.
TP levels were also elevated in the groundwater atkSitEhese results suggested that the
diversion of stormwater should have had little effetigroundwater concentrations. Since
elevated concentrations were also noted at the dpowinah did not receive diverted
stormwater, it was apparent that upstream sources watebeiting nutrients to the
groundwater. Overall, the current nutrient levels weredetermined to be problematic;
however, future monitoring should strive to ensure thatetvels do not increase.

In conclusion, the Site K DIS performed well, captui®@§6 of the measured
stormwater flow, and reducing enterococci concentratiotesvels below the state maximum
and to concentrations already found in the groundwatethéfanore, diversion of

stormwater into the dunes did not appear to have any mapaicts on dune hydrology.

Future Research and Recommendations

Research monitoring of the Site K DIS highlighted sdwéeaign recommendations

for future systems. Firstly, proper hydrologic analydat@ contributing watersheds are
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vital to system performance and safety. Underestigdionvs from the watershed could
result in an undersized system that would not achievguadie treatment volumes and
potentially fail as an effective BMP. However, oath@ating flows, while better in terms of
capture efficiency, would lead to unnecessary costs andiapaets during construction.
Results from the study of the DIS at Site K indicatet the system was properly designed
and constructed, as the measured captured flows werarsimthe designed infiltration
capacity. This also indicated that the use of Daraytsagon and violation of the saturated
flow assumption did not result in an improperly-sized DFairther hydrologic analysis
suggestions are provided in Chapter 4.

In addition to hydrologic analyses, proper and numerousation or hydraulic
conductivity tests should be performed throughout the pesplogation of future DISs.
Variations in the infiltration capacity of the sandrsunding the DIS could potentially cause
the system to not function as designed. This may havetbeaase between the chamber
banks at Site K, as the water table mounded higher unédoank during large infiltration
events. In addition, chamber stage data within this bardaled that stormwater levels were
typically lower and decreased faster, as compared tothiee bank, which suggested that
infiltration was higher at this location. While thisusition was not problematic at Site K,
other potential cases with lower infiltration capasitt®uld result in the system failing to
achieve the needed performance.

Secondly, long-term operation of a DIS would at somatpoequire maintenance

operations to clear the distribution pipes and start bleasrof liter, debris, and sand build-
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up. While no maintenance was performed on Site K sydteig the study, a maintenance
inspection near the end of the period revealed sommeatdeposition within the
distribution pipes and a large amount of build-up withen 8®dimenTraps™ installed
beneath the start chambers. The small amount oheadin the distribution pipes was not
seen as problematic, but accumulation in the SedinagsTY will warrant attention in the
near future. In order to ensure proper system perfornsamterevent sand accumulation
throughout the system, future DISs should be inspected lannua

Maintenance of the system would require access terttue distribution system and
start chambers. The pipes and any bends should beadeammodate commonly
available pipe cleaning tools such as vacuuming and wategjetjuipment. Access to the
start chambers and sediment traps could be accompligh@8 cm (10 in) diameter risers
that extend from the top of the start chambers to @bl dune surface. The riser and
sediment trap should be vertically aligned for edsecoess. Additionally, the distance from
the chambers to vehicle accesses should also be causidsrthe cleaning equipment would
likely have a limited effective range. For example, 8ite K DIS was perpendicularly
located approximately 11 m (35 ft) from a parking lot, thua@um truck could be placed
in this area and extend its hoses to the chambers.

In addition to these design recommendations, furthearel of several topics could
also improve the design and efficiency of future DIBsmarily, future monitoring of the
DIS should include stormwater and groundwater quality and dutmelbgy. Typical

BMPs, which have been in use for multiple decadesstdrendergoing monitoring and
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research to better predict their performance, underst@mdoperation, and to determine
better design and construction methods. Thereforéincaa use of the DIS would warrant
the need for further evaluation. Of particular neebistinued monitoring of groundwater
quality, with respect to fecal indicator bacteria, mutts, and possibly other contaminants
typically found in stormwater. Since the diversiorstfrmwater into the dunes has the
potential to impact local groundwater, it is vital that ang all impacts be identified, as they
may affect local drinking water supplies, wildlife, vedieta, and the health of ocean
swimmers and organisms. In addition to water quality tooing, effects on dune hydrology
should also be further examined, especially at any futisarbplementations, as site-
specific characteristics may result in variatiomsfrthe results found during the previous
DIS studies.

Research into the fate and transport of bacterianvithtural marine environments
has exposed several capture mechanisms and permanent rprogesakes, but it appears
that much more research is needed before these pesaesn be truly understood. Should
these processes be further explained, the treatmehiamems of the DIS could potentially
be identified and designed for, and the removal ratesl gmssibly be predicted. Secondly,
continued research into bacteria export from watersiseds, as by Hathaway et al. (2010)
and Hathaway and Hunt (2011), would aid designers in detiagrtine class and/or type of

BMP needed to address stormwater concerns with refgpésgtal bacteria.
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CHAPTER 4
DUNE INFILTRATION SYSTEM DESIGN RECOMMENDATIONS AND TOOLS

INTRODUCTION

The promising results discussed in Chapters 2 and 3 provideditience needed to
recommend further use of the Dune Infiltration SystediS$), though future monitoring is
suggested. A major objective of these studies was to geslekign tools and guidelines for
future systems. The basic design and constructiorbé®as relatively simple, though
future implementations and studies will help hone theseegses, allow for routing of the
system, modeling the water table response, and potent@alglap computer-based design
models.

The three systems in Kure Beach were designed basedaiptail intensity and thus
a flowrate capacity. This design method was used foraensasons, to include: 1) limiting
inflow rates into the DISs, 2) limit the sizes oétsystems, and 3) by its nature, the DIS is a
flowrate-controlled device due to being based upon infiltratibhe current design method
of limiting the inflow rate was preferred in order to @vany potential problems with
directing high flowrates into the dunes. In additionditranal Best Management Practices
(BMPs) are often designed to store a first-flush volwineater, while the DISs were
designed based on a first-flush flowrate. This was dofienit the required size of the
systems, as a volume-based design could require exyréarge systems to achieve the

required storage volume. Future systems could be desigsed bn storm retention, though
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budget and site constraints would likely limit this meth®@lume-based systems could
potentially be used to treat runoff from small watershsdsh as roofs or parking lots.
Therefore, until further research and modeling are peddyithhe recommended DIS design
method is to use the watershed’s peak flowrate, anasil by the Rational Method and the

vertical infiltration capacity of the dunes, as estmadatia Darcy’s Law.

Comparison to Existing Best Management Practices

Research monitoring results revealed that the DISsymeed similar to, if not better
than existing BMPs. These systems reduced surface djsshiay 80% to 100% and
achieved bacteria concentration reductior®¥ % between the stormwater and groundwater
at the dune-beach interface. Several research pdjace shown that many traditional
BMPs obtain discharge reductions of 27% to 69% (Bass anasE2800; Hunt et al., 2006;
Lenhart and Hunt, 2008; Li et al., 2009) and bacteria con¢emtr@ductions ranging from
-45% (an increase in concentration) up to 98% (Hathaway, 2009).

In addition to performance, the BMP selection prochsesilsl include other
considerations as well, such as those outlined in Tdbfssand 1-4b in Chapter 1. Using

the same factors from these tables, the DIS hastibeving characteristics:

Flow Control: Possible Fecal Removal Ability: Hig
High Temperature Concern: Low Size of Drainage Area: Small-Med
Space Required: Low Construction Cost: Med
Maintenance Level: Med Safety Concerns: No

Community Acceptance: Med-High
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SITING AND DESIGN RECOMMENDATIONS

The DIS is currently in use at three locations in&kBeach, N.C. Future
implementations could also include other dunes, but patntither locations where the
soils are predominantly sandy, and where there iscsiiti separation of the water table and
dune surface. Potential future systems could be used tounedt from bridges, roofs,
parking lots, driveways, and roadways. Designers cktifigture systems should consider
several aspects of the DIS, such as maintenance aowasgenance operations, use of
multiple inputs to the DIS, diversion device type and ¢ffeand vertical separation of the

system and water table. The following sections highkgith of these considerations.

Vertical Separation of the System and Water Table

Adequate separation of the water table and chamberslisovéasure proper
hydraulic performance, treatment ability, and to preveniadge or destabilization of the DIS
or dunes. Future studies and modeling will help to pinpointadstto determine adequate
spacing, as it is dependent upon multiple factors, susfisdem size, storm event volume,
drainable porosity, local tidal influences, potentiallgetsite-specific characteristics, and
acceptable levels of risk. However, the study of theetbiSs in Kure Beach did provide
some estimation in regards to water table responseseatichVseparation. On average, the
DIS at Site L had a vertical separation of 2.0 m (§,65ite M had a separation of 2.6 m

(8.5 ft), and Site K had a separation of 1.5 m (5.0 ft).
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Water table monitoring data from each site was analyzeetermine the rise in the
water table, with respect to the pre-event water taleleation, per unit volume of DIS
inflow and the number of chambers in the system. dhesults yielded water table mound
heights ranging from 2.5 E-5 mirinflow/chamber (2.4 E-5 ft/ #chamber) to 1.9 E-3 m/n
inflow/chamber (1.7 E-4 ft/ #tchamber). The large variability in these data rethe
influences of site-specific soil conditions, evetween these three sites located along the
same stretch of beach and within a few hundred metersecanother. Antecedent moisture
conditions were not considered in this approach, whichldvalso contribute to the
variations noted.

In addition to these results, the water table data &ththree DISs were analyzed for
the length of time during which water table impacts orsgstems occurred. For the entire
length of the study periods, the DIS at Site L was newpacted, Site M was impacted for a
total of 40 minutes, and the DIS at Site K was impacte@3dhours. These small impact
durations were promising, but the magnitude of the impaets also important as the water
table at Site M only reached to 0.04 m (0.13 ft) above t&shnvert, while at Site K it
reached to 0.71 m (2.3 ft) above the invert, which was @iy m (0.5 ft) below the top of
the chambers. The large impact on the Site K DISamaserning as this could result in
damage or destabilization of the system or dunes. Alde water table reached the level
of the distribution pipes, hydraulic performance woulddmiced and if the pipe connections
were not properly sealed, sand could be washed into ttengy®sulting in increased sand

deposition with chambers and dune destabilization. In addifithe water table reached
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above the tops of the DISs, the systems and dunes aathldhd potentially compromised.
Therefore, future DISs should be placed so that wabde impacts on the chambers are
limited. Based on the monitoring results from Sitesnid M, it is recommended that future
systems be installed no less than 2.1 m (7 ft) aboven#iaen water table elevation for
hydrologic and soil characteristics similar to thos&ume Beach. Future studies and
analyses could provide means to estimate this separasised on site-specific conditions.
Vertical separation of the system and water table atgyy affect dune stability.
Therefore, future implementations should include annuakgsrand dune inspections to
ensure stability. Comparison of survey data from thg-keerm DIS study showed only
small changes in elevations, which could be attribtdethtural dune erosion and accretion.
Possible signs of instability may include sinkholes, depressand other drastically

different elevations between surveys.

Diversion Devices and Distribution Pipes

Several other recommendations for future DIS impleaténts include the use of
multiple distribution pipe inputs into the DIS, such a&Site K. This would allow multiple
stormwater beach outfalls to be diverted into onéesysand would disperse the water over a
larger area resulting in better hydraulic performandee diversion devices should also be
carefully considered. Use of large concrete vaultd) asd. and M may provide better
hydraulic performance and limit backwater conditions withie stormsewer system, but are

more difficult and expensive to install and can substint@ver the invert elevation of the

281



DIS. Use of modified drop inlets, as was done at Sjtpr&vides an easy and relatively
inexpensive way to divert stormwater, though these mayrsnfterms of increased
overflow and potential backwater conditions within shermwater system. Other diversion
devices could also be suitable, but any device should be desapasure proper DIS
inflows. Additionally, if diversion devices resulting amifice flow conditions are used, such
as at Site K, the associated head on the pipe anasactenflow should be considered
during the sizing of the DISs. If such conditions arecooisidered, then excessive flows
may be diverted into the chambers, which may lead to thstebility or decreased bacteria
treatment, as high velocities can prevent sorptiastesorb bacteria from soil particles (Abu-
Ashour and Abu-Zreig, 2005).

Diversions not designed for orifice flows should beatist so that the crest of the
weir is level with the top of the distribution pipeat the height of water in the storm pipe
during designed peak flow conditions. This will ensure tihatdesign event flow will be

diverted into the DIS and limit excessive head on the during higher flows.

System Maintenance

Lastly, the system should be designed with maintenaneend. Sediment and
debris build-up will occur in the distribution pipes, st@rambers (those with distribution
pipe inputs), and SedimenTraps™ (HydroLogic Solutions,dh@ccoquan, VA) or other
sump device. Therefore, typically available cleaning {®ulsh as water jets and vacuum

hoses should be able to access the entire distribupemptwork, start chambers, and
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sumps. Thus, the distribution pipe sizes should berdated not only with hydraulics in
mind, but also the size of the cleaning apparatus. Bendsmotibns in the distribution
pipes could also limit the range of these tools, thuesacto the pipes on either side of such
bends should be considered. Also, the distance bettweamambers and vehicle accesses,
such as a road or parking lot, should be consideredeasint) devices, such as vacuum
trucks, have a limited effective range due to hose lengtloasuction power. Access to the
start chambers and sumps should include ports on tha tbp chambers, such in the Kure
Beach DISs. The systems in Kure Beach each had c&aped (10 in) PVC pipes
connected to the top of the start chambers and extéondsbove the dune surface. The
accesses were centered over the sediment sumps.

Maintenance inspections should occur annually to determirenbent and rate of
build-up. These could include visual inspections, via seweess in the pipes and start
chambers. A manual visual inspection of the start chasrdzar also be performed, though
the entire chamber would likely not be visible. A surgéthe DIS and sump floors could
also be used to determine the height of sediment buildFbfs. would require a post-

construction survey prior to a storm event to deterntieeas-built floor elevations.
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HYDROLOGIC ANALYSIS

Hydrologic analyses are vital to proper DIS design and aparafAs observed at
Sites L and M (Chapter 2), the watersheds did not prodhecexpected rates and volumes of
runoff. This was likely due to overestimating the drainaiggas, amount of impervious area,
and Rational C values. Also, other factors withinwlagersheds, such as non-curb and gutter
streets, blockages in the stormsewers, and roof draiokating into pervious areas, may
have also acted to decrease the amount of stormwaitezrddito the diversion vaults and
chambers. This highlighted the need to perform detailedatisps and surveys of the
watersheds, as overestimated flows could lead to ovdrsygtems, thus unnecessary costs,
while underestimated flows could lead to system failuréeims of hydraulic, and
stormwater treatment performance.

The design of the DIS begins with assessing the wetdrsharacteristics, in regards
to impervious and pervious areas, contributing and non4batitrg impervious areas,
stormsewer inlet and outlet locations, Rational C vditerminations, and the hydraulic
conductivity of the dune sand. The contributing watershedld be divided into sub-
watersheds, based on pervious and impervious areas, as\Wedhl topography.

Impervious areas that drain directly to the DIS, saskhrough the stormsewer, should be
considered as separate sub-watersheds and analyzededgarat other areas. Pervious
surfaces, and impervious areas that drain to pervious ssirfzane be analyzed together as

sub-watershed units. Each sub-watershed should be edinditedually for its soil type,
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land use, and Rational C value. The stormsewer shtadda closely examined to
determine if it truly conveys runoff to the target diggfeapoint or to another location.
Finally, the dune sand should be analyzed to determinedtaudiic conductivity. Multiple
tests should be performed along the entire length giriiy@osed system’s location and at the
depth of installation to ensure proper design of the Olfe use of published infiltration
rates or hydraulic conductivities may provide helpfulreation tools, but the actual soils
often exhibit different properties than those given wgigéimeric soil maps or databases. For
example, the Natural Resources Conservation ServR€E® Soil Data Mart (NRCS, 2006)
provides a saturated hydraulic conductivity of 392 cm/hr (154)ifdhthe soils in Kure
Beach (Newhan Fine Sand), while the measured conductmgiess 329 cm/hr (130 cm/hr)
at Site L and 419 cm/hr (165 in/hr) at Site M (Bright, 2007).

Finally, the design event rainfall intensity should beedatned. The DISs studied in
Kure Beach were designed with an intensity of 12.7 m@arin/hr); however, local
precipitation patterns may influence future designs tbased upon other intensities.
Additionally, the design event also has implicationsgstem cost and size, as higher
intensities would require a larger system. Therefoudget and available land constraints
may also affect determination of the design stormcalor state regulations may also dictate

the design storm.
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HYDRAULIC DESIGN

Once the design storm has been determined, the npxhgtee DIS design process is
to determine the required size of the system, or numbehrashbers. The system should be
configured such that infiltration equals the design stopeak flowrate. First, the shape of
the system should be determined. This includes proposethiSlocations and number of
inputs per bank and number of chamber banks. The DISs inB@aeh each had a single
row of two banks of chambers, with Site K having barfks2oand 14 chambers, Site L with
banks of six, and banks of 11 at Site M. Additionalhg Site L and M systems only had one
distribution pipe input per bank, while the DIS at Sitbd€l two inputs per bank. Future
systems should consider the use of multiple inputs pu, las this may increase
performance by ensuring that the stormwater is dispersdadarger area. The distribution
pipes should be placed at the end of each bank, and anywihitsthe interior of the
banks should be evenly spaced from one another anddhe&the system.

Furthermore, the use of a single row of multiple bank®ven one continuous bank,
is recommended so that infiltrated stormwater is noteatnated in one area of the dunes.
Use of multiple rows, while possible, could place too mstonmwater and its associated
bacteria within a small area of the dunes, potentiaigling to decreased hydraulic and
treatment performance. However, future research st@utbnducted to investigate the

effects of multiple rows of chambers within a duneesys
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Lastly, the sizing process used for the DISs in Kure Beasentially compared the
Rational Method (Eg. 4-1) to Darcy’s Law (Eg. 4-2) to deire the number of chambers
needed so that the total infiltration rate of all thambers combined was equal to the peak
stormwater flowrate. Figures 4-1a (metric units) and 4tlB (units) provide graphical
means to determine the system size and Equation 4-3 proh@esanual calculation. If this
method is used for future designs, each sub-watershettidf®axamined separately to
determine which distribution pipe, and thus DIS inlet lmeatwill receive the sub-
watershed’s runoff. Once this routing is determinedfdhewing figures or equation can be
used to determine the number of chambers required, per salshed (or DIS input pipe).

This method assumed vertical infiltration only, uniform hydicaconductivity
through the soil profile, and did not consider tide or wiible response effects on the
infiltration gradient. Use of Darcy’s Law was choder its ease of calculation and to
provide conservative estimations. As discussed in Ctsaptand 3, designing the DISs via
Darcy’s Equation did violate the assumption of saturfieed conditions since the flow
regime between the chambers and water table was urisdtuidowever, results from the
three systems revealed that this violation was ndil@neatic as each system’s infiltration
ability was adequate. Further research, analyses, atélingy may provide more

appropriate and detailed design methods, which may leadr® efficient systems.
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Figure 4-1a. Graphical method for determining the number @ohers required in a DIS (metric units). BasedherRational
estimate of peak stormwater flow and Darcy’s edned the soils’ infiltration capacity, for a desigainfall intensity of 12.7 mm/hr.
Each sub-watershed area should be analyzed indiNydu
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Figure 4-1b. Graphical method for determining the number @ohbers required in a DIS (U.S. units), based orRéienal
estimate of peak stormwater flow and Darcy’s edned the soils’ infiltration capacity, for a desigainfall intensity of 0.5 in/hr.
Each sub-watershed area should be analyzed indiNydu
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Equation 4-1. Rational Method for determining peak flow rate.

8
where, @ = Rational method peak flowrate estimate, per sub-alater
(/s or ft'/s)
k = unit conversion (0.00278 for metric or 1.008 for U.S.)
C = sub-watershed Rational C value

[ = rainfall intensity (12.7 mm/hr or 0.5 in/hr)
Aw = sub-watershed area (ha or ac)

Equation 4-2. Darcy’s Law for vertical infiltration per DIS chdoar.

y 8

N
where, Q = infiltration rate, per chamber
(nf/s/chamber or Hs/chamber)
K =vertical hydraulic conductivity (cm/hr or in/hr)

I = hydraulic gradient (1 m/m or 1 ft/ft)
Ac = individual chamber area (3.3 or 35.7 ff for
StormChambers™)
u = unit conversion (360,000 for metric or 43,200 for U.S.)

Equation 4-3. DIS sizing calculation.

N
'y 8
where, n = number of chambers required, per sub-watershed
u = unit conversion (1,000 for metric or 43,560 for U.S.)
C = sub-watershed Rational C value

[ = rainfall intensity (12.7 mm/hr or 0.5 in/hr)
Aw = sub-watershed area (ha or ac)

K =dune sand vertical hydraulic conductivity (cm/hr dhiip
Ac = individual chamber area (3.3 or 35.7 ff for
StormChambers™)
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Lastly, the distribution pipe sizes must be determinBde diameters will depend on
the total peak flowrate in each pipe. First, the peak ffom each sub-watershed should be
determined. This can be performed using Figure 4-2a (metri¢ aniggure 4-2b (U.S.
units) for a design storm rainfall intensity of 12.7 mn{ in/hr). The Rational equation
(Eg. 4-1) could also be used for other intensities.

To determine the distribution pipe sizes, Manning’s equatiyra pipe flowing full,
can be compared to the watershed’s peak flowrate. éeptable pipe material is PVC;
however, pipes passing under roadways should be ductilpiper(DIP). Figures 4-3a
(metric units) and 4-3b (U.S. units) provide a simple netthadetermine the required pipe
diameter, based on pipe slopes from 0% to 5%, diameterslf5 cm (6 in) to 45 cm
(18 in) and for PVC pipe (Manning’s n value of 0.01). Manningisnfda (Eq. 4-4) is also
provided for designs with other slopes, diameters, ormpgierials (Manning’s n values).

The minimum recommended pipe size is 15 cm (6 in), thoughtemance access
and equipment may require a larger diameter. The lapgessize that StormChambers™
can physically accommodate is 76 cm (30 in); however sdipe size would likely result in
excessive flows to the chambers and either reduce thelpipe or force the system to be
lower in elevation. Therefore, diameters of 15 crmj@o 35 cm (15 in) are recommended.
The slopes will be determined by the elevation of thetiegistormsewer, any drop in the
diversion device, and the target elevation of the chesndéthe diversion device will use
orifice flow to achieve the design inflow, then approgriatjuations should be used and the

inherent assumptions and implications considered.
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the Rational Method (metric units). Each sub-watetst®uld be analyzed separately.

292



i=0.5in/hr

Peak Flowrate (cfs)
w

2 a
? 0
29 =9
C/\-Q C C’QA
l n C;()z
0 = V T T T T
0 2 4 6 8 10

Drainage Area (ac)

Figure 4-2b. Graphical version of the peak stormwater flowrata asiction of drainage area for an intensity of 0.5 inding the
Rational Method (U.S. units). Each sub-watershed dhoeianalyzed separately.

293



0.5
n=0.01 (PVC Pipe)
0.4

0.3 g,

0.2 A

Peak Flowrate (n#/s)
&

0 &

4100
011 p =225

D:::lscm

0.0 1 T T T T
0.000 0.010 0.020 0.030 0.040 0.0p0

Pipe Slope (m/m)

Figure 4-3a. Graphical method for determining the required DIS distiolbupipe size (metric units) for PVC pipe
(Manning’s n = 0.01).
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Equation 4-4. DIS distribution pipe size calculation.

R

NO —Q
P
where, D = distribution pipe diameter (cm or in)
u = unit conversion (317.5 for metric or 38.1 for U.S.)

n = Manning’s n value (PVC = 0.01)

Q: = Rational method peak flowrate estimaté/énor ft'/s)

k = Manning’s unit conversion (1 for metric or 1.49 foSU).
S  =distribution pipe slope (m/m or ft/ft)

Lastly, the capacity of the distribution pipe showdcbhmpared to the infiltration
capacity to ensure proper design. However, if site tiondiwere to limit the size or slope
of the distribution pipe, the capacity would be reducecetovipthat of infiltration. In such
cases, the system should be relocated or redesigneli¢vethe necessary performance. If
neither option is feasible, then the design stormaraipacity of the entire system should
be adjusted to reflect the inflow capabilities of thérdiation pipe, unless an overdesigned
(oversized) system is acceptable. However, this woaldl te unnecessary material and
construction costs, as well as dune impacts during ingballat

The above information provides a quick and easy method ignde®I1S. However,
several assumptions were inherent in these calcog&tiich may affect the size and cost of
future systems. Continued research and analyses may pfontlitr design information,
including modeling and routing of the system. In turn, tloesdd lead to more detailed

design methods and efficient DISs, in terms of sysigmand cost.
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WATER QUALITY |IMPLICATIONS

The design of the DIS, as well as watershed and dumaatbastics, affect the
bacteria treatment performance of the system. Wnfattly, results from these studies
yielded only weakly correlated trends between bacteparéxr treatment and hydrologic,
hydraulic, or other pertinent factors. Future reseancthe export of pollutants from
watersheds and on the fate and transport of pollutatiiswiatural sands could help
estimate DIS performance and thus dictate system design.

However, even though concrete water quality implicatiere not attainable,
several basic concepts could potentially ensure properr@ased DIS treatment
performance, with respect to fecal bacteria. Most mgmbly, the vertical separation of the
chambers and water table provides an unsaturated zonikeéhatbntributes significantly to
bacteria retention and certainly to hydraulic performandeerefore, a larger separation
could yield better bacteria removal, via filtration aadption in the unsaturated zone.
Furthermore, this separation will increase the hydrauadient for infiltration, resulting in
better hydraulic performance and thus higher treatmduatnes.

Similar results could possibly be obtained by spreadingttirenwater over a larger
area, thus meaning multiple distribution pipe inputs angdosystems. In addition, any
measures taken to increase the capture rating would préeedischarge of untreated water
onto the beach or into the ocean. Secondly, incde@stidence time, or lengthened flow

paths, could also potentially increase treatment due aiegrehances for filtration and/or
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die-off. This variable could be adjusted by placing th8 firther from the ocean; however,
this is likely limited by site-specific constraints, buas dune width, bulkheads, and
structures behind the dunes. The potentially most efeestilution is pollution source
control. Such controls could limit sediment, litteacteria, and other pollutant loading to the
DIS and dunes. These could come in the form of nontataldMPs, such as pet waste
removal regulations, regular street cleanings, trash purisic education, and non-
domesticated animal food source controls. Such measanebemecessary, in addition to a
DIS or other BMP, in some watersheds that producereeisehigh fecal bacteria

concentrations.
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SYSTEM CONSTRUCTION

Construction of the DIS is a straightforward prodésdé can be performed in a matter
of days, as long as proper design and planning were alsoteaecThe following sections
provide an overview of DIS construction and are not meabétcomplete construction
guides. Such information will be provided in future publicagiand/or technical reports.

Firstly, construction phasing and operations should bduwtied to minimize impacts
to the dunes and recreational beach. Existing ingresegaads points should be utilized
when possible. If such accesses are not availakele,niwly established points should be
placed to limit dune and beach impacts. Ecologicabfacsuch as turtle nesting season, and
the off-season for tourism should also be consideradgiaonstruction scheduling to avoid
conflicts and interruptions.

Secondly, as observed at Site M, the need for propetr@tion and surveying
during installation were highlighted, as stormwater floanitoring revealed that the
distribution pipe was limiting inflow into the chamberEhis resulted in more overflow than
what the actual hydrology of the site would have dictafiduls was due to the distribution
pipe’s constructed slope of 0.04%, which conveyed approxim@i@8/mi/s (0.90 ft/s)
under open channel flow conditions. This was much less the designed inflow rate of

0.079 ni/s (2.8 /s), which would have required a slope of 0.4%.
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Construction of a DIS first begins with the insaithn of the diversion device
(Fig. 4-4). This could include modification of aristing drop inlet or the placing of a

concrete vault within the dunes.

Figure 4-4. Installation of the diversion vault at Site L. eliversion vault included
stormwater pipe input, distribution and overflovp@ioutlets, and a weir (Fig. 4-5).

The diversion device will include a weir to dividws into the DIS and allow flows
above the system’s capacity to safely bypass awhdige through the existing stormwater
beach outfall (Fig. 4-5). The distribution pipé®sald be connected to the diversion device
on the upstream side of the weir, and be consuluaftenaterial capable of handling any
surface loading. Ductile iron pipe (DIP) is recoemded for pipes underneath roads and

parking lots, while PVC sewer pipe is sufficiendemeath the dunes.
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Figure 4-5. Interior view of the Site M diversion vault. Nothe weir (middle), DIS
distribution pipe (left) and overflow pipe (top).

Surveying equipment should be used to confirm pipgations and slopes along their
entire length, in addition to all other elevatiorRBipe joints should also be properly sealed to
prevent leakage and intrusion. The distributigrepishould be installed to near the system
location, but not to it in order to allow for exedion of the trench and installation of the
chambers (Fig. 4-6). The final connection betwienpipes and chambers can be made

once the chambers are in place.
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Figure 4-6. Installation of DIS distribution pipes. Note tbristing stormwater beach
outfall, used as an overflow for the DIS (bottoghtj, ductile iron pipe used underneath the
roadway (middle right), and the PVC pipes used umeth the dunes (left).

Next, using an excavator, a trench should be dtigegproposed location of the
chambers (Fig. 4-7). The trench should be locasefdr away from the ocean as possible in
order to provide the longest flow paths and thasnstvater residence times within the dunes.
However, the distance from structures, such as b@néd roads, should also be considered
as the system may result in temporarily high wtdble elevations. The systems in Kure
Beach were located approximately 15 m (50 ft) ftbeynearest roadway and 20 m (65 ft)
from the nearest buildings. Structures withindib@es, such as beach accesses, should also
be identified and considered during constructi@nping as these may necessitate moving

the system or digging by hand (Fig. 4-8).
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Figure 4-7. Excavation of the trench where the DIS will be kech

Figure 4-8. Installation of the distribution pipe underneathoardwalk and DIS overflow
pipe (stormwater beach outfall). This portionlod trench for the distribution pipes was dug
by hand to prevent damage to these existing stegtu
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The depth of the trench should extend to the pregdsor elevation of the gravel
layer that will be placed underneath the chambé&irse width should be approximately 3 m
(10 ft) to accommodate the chambers and gravetdaye the sides of the system.
Additionally, the trench should extend approximat2im (5 ft) beyond the ends of the
proposed system to also allow for chamber and ¢Haeement. Once trench excavation
has begun, the installation of the DIS equipmentfolow, by approximately two chamber
lengths behind (5 m (16 ft)), as the remaindehefttench is excavated.

Sediment sumps, such as SedimenTraps™ used inutleeB€ach DISs, should be
installed underneath the chambers where distribygipes enter the system (Fig. 4-9). The

top of the sumps should be flush with the top efghavel layer.

Figure 4-9. Installation of the sediment sump, geotextilaitalgravel layers, nylon mesh,
and chambers.
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Next, a geotextile fabric should be placed on eitherddiee trench, along its length.
The bottom of the fabric should extend onto the flddhe trench, but not fully under the
gravel layer. A 0.15 m (0.5 ft) to 0.3 m (1 ft) thick gralasler should then be installed to
raise the floor of the trench to the designed DISrinetevation. The width should be at
least 2.1 m (7 ft) to provide a stable base for the ckasnOnce the gravel layer has been
established, a heavy nylon mesh should be placed on top gfatel, but not directly above
the sediment sumps. This mesh will prevent debris ngraito the gravel and gravel loss
during maintenance. The chambers can then be pladeg ofthe nylon mesh, laid end-to-
end, and connected by screws.

A 0.6 m (2 ft) wide by 0.3 m (1 ft) deep gravel layer shoulgleeed alongside of
the chambers then the fabric should be wrapped aroumptatrel and chambers (Fig. 4-10).
Once the chamber installation is complete, the fioations of the distribution pipes should
be installed and connected to the DIS (Fig. 4-11). The cbioneébetween the chambers and

pipes should be well sealed to prevent sand migratiorthet system.
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Figure 4-10. Wrapping of geotextile fabric around the side Isyef gravel and chambers to
prevent sand migration into the system.

Figure 4-11. Connection of the distribution pipes and chambers
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Lastly, excavated sand from the trench should &egul on top of the chambers and
the dune surface smoothed (Fig. 4-12). Duringgtlesving season following construction,
native dune plants should be planted at a highityetasensure quick re-vegetation (Figs. 4-
13 and 4-14). This will provide dune stability acmmmunity acceptance. The use of
fertilizers should be limited, though may be neaeg$or plant growth. Following system
construction, the dunes, chambers, and diversigice® should be monitored during and/or
after several large or intense storm events torer@wper operation and to identify any

potential problems or construction errors.

Figure 4-12. Placing excavated sand on top of the chambersraadtking of the dune
surface.
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Figure 4-13. Dune vegetation planting during the growing sedstiowing system
construction.

Figure 4-14. Dune vegetation approximately one year afterargpig.
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CHAPTER 5

KURE BEACH DUNE INFILTRATION SYSTEM STUDIES CONCLUS IONS

Three Dune Infiltration Systems in Kure Beach, N.@ravmonitored for a total of
six years through three separate studies. Each sysiemmuanitored for flow volumes,
stormwater and groundwater enterococci concentratimsdune hydrology, among other
secondary items. The studies provided positive eviden@dfainued use, monitoring, and
future implementations. Additionally, several potentiesign and future topics of research

were also discovered.

SYSTEM DESIGN

The DISs were installed to capture and infiltrate steaiter runoff into the natural
sand dunes and lessen the amount of untreated dischangb@btach. Further, the
infiltration of runoff would allow for filtration angbermanent removal of bacteria from
incoming flow via several natural processes. The foligwatatements summarize the design

of each system.

1. The DISs were designed to capture stormwater runafi &d.2.7 mm/hr (0.5
in/hr) event and discharge more intense storms througéxibeng stormwater
beach outfalls.

2. Each system contained two independent banks of sub-swffi@ambers to where

stormwater was directed then infiltrated. The system® constructed with 12
chambers at Site L, 22 chambers at Site M, and 26 cham@b8ite K.
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Hydraulic Performance

Each DIS captured large proportions of stormwater futtafs reducing the amount
of untreated discharge onto the beach. Further, no owenfhs observed at the Site L
system during its five years of operation. The follayatatements summarize the hydraulic
performance of each system during the three year stitéyg (Sand M) and during the one

year study (Site K).

1. The watershed associated with Site L produced 3,75832,654 ff) of
stormwater, all of which was captured by the DIS (100%uraptting). At Site
M, 11,266 mi (397,849 fi) of stormwater was produced, of which 10,828 m
(382,392 ff) was captured (96% capture rating).

2. These capture ratings were nearly identical to thasedfaluring the initial one
year study by Bright (2007), suggesting that over theiryfears of operation,
neither DIS suffered substantial decreases in hydraufiorpgance.

3. Two of three sub-watersheds associated with Site K pezt6,454 (934,212

ft%) of stormwater, of which 21,194%748,456 ft) was captured (80% capture
rating). The third sub-watershed was not monitored du¢g@snstraints.

Dune Hydrology

The diversion of stormwater into the dunes did not apfzehave any sizeable
impacts on dune hydrology at any site. The only impaxtisdwere short-lived water table
mounds beneath the DISs during and shortly after irtfdinaevents. The following
statements summarize the dune hydrology monitoring refsultke three year study (Sites L

and M) and during the one year study (Site K).
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1. The overall mean water table elevation 1 m (3 ft) dslege of the Site L DIS

was within 0.01 m (0.03 ft) of the mean elevation midwagugh the control
dunes. The means at Sites M and K were within 0.23 m (f).a6d 0.04 m
(0.14 ft), respectively, when compared to the control

. The water table at Site L never reached the elevafittme chambers, while it

reached to 0.04 m (0.13 ft) above the invert at Site M fotal of 40 minutes
during the entire study period. The water table at Sited€¢hed to a maximum
of 0.71 m (2.34 ft) above the invert of the system. k&l timpact duration was
33 hours during the one year study.

Water Quality

Monitoring of stormwater at each site revealed coasibt high enterococci

concentrations, while groundwater levels were mostly niaier. Additionally, bacteria

reduction trends, from just downslope of the systemsetaltime-beach interface, were

observed at each study site. The following statensntsnarize the dune hydrology

monitoring results for the three year study (Sitesd. leli and during the one year study

(Site K).

1.

2.

The median stormwater enterococci concentrati@itatL was 185 MPN/100
mL and 71% of samples exceeded the state maximum le¥84a¥IPN/100 mL.
The median at Site M was 435 MPN/100 mL and 79% of sampéesded the
state maximum. At Site K the median was 977 MPN/100 nal %480 of
samples exceeded the state maximum.

The median groundwater enterococci concentrationt@tLSvas 4 MPN/100 mL
and 4% of samples exceeded the state maximum level of PO¢II0 mL. A
median of 5 MPN/100 mL was observed at Site M with 11%aofdes
exceeding the state limit. The median at Site K W&MPN/100 mL and 16% of
samples exceeded the state maximum.
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3. Significant enterococci reductions, from adjacent eéodhambers to further
downslope, were observed at each site.

4. The concentrations observed at the vegetation linaaif site were not
significantly different than the concentrations a$ #ame location within the
control site.

System Design Implications and Recommendations
The above results emphasized several design implisaéind recommendations.
The following statements summarize these findings tfwerhydraulic and dune hydrology

monitoring results.

1. The Site L and M DISs were overdesigned due to loweréRpacted runoff
volumes and rates, thus errors were likely made durmgpytrologic analyses of
the watersheds. Future designers should strive to gmsaper hydrologic
analyses, as outlined in Chapter 4.

2. The Site M DIS distribution pipe was installed at adowlope than designed,
limiting inflow to the chambers, and at least partiaiysing some overflow.
Future implementations should include adequate surveying tcegmsyper
construction and operation.

3. Use of multiple inputs should be considered to ensureased utilization of the
chambers and dispersion of stormwater over a larger ar

4. The diversion device should be especially consideredeasfuarge vaults will
substantially lower system elevation, while modificatof existing drop inlets
may result in more overflow and backwater conditioitiiw the stormsewer.

5. Due to the large magnitude of water table impacts on teeKIIS, it was
apparent that the system was installed near the safemam distance from the
water table. Such impacts may cause damage or desttibiti of the dunes or
system. Future sites should be analyzed for depth to¢he water table and the
vertical separation of the system and groundwater shagulthsed on the
separation at Sites L and M, for similar hydrologic aad conditions.
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Water Quality Implications
While the observed enterococci data could not be exatgubto other sites or
specific design methods, several potential bacterament implications were noted, as

described below.

1. The DIS is capable of mitigating high stormwater feateria levels via
filtration through natural sand dunes. However, the mari treatment ability of
the system and dunes is not known, thus future implen@msaghould be
monitored. If stormwater bacteria levels were t@keeptionally high, non-
structural BMPs may be additionally required.

2. The dunes in Kure Beach were able to reduce bacteriargoaiiens in the
stormwater to those found in a nearby control arees, iths hopeful that other
sites could also achieve such results.

3. Other possible stormwater pollutants could lead to groursvwantamination,
thus future implementations may need to consider monitéwmnguch pollutants.
Nutrient monitoring at the three DIS study sites did eeeal any concerning
concentrations, though monitoring should continue to erthat these levels do
not become problematic.

4. Groundwater concentration spikes may occur, thus sysibeinstate agency
recreational water quality monitoring should continuertsuee the safety of
ocean swimmers.

5. In order to potentially increase bacteria treatmenitiré DISs should be installed
as far away from the ocean, and as high above tha watr table, as possible.
However, consideration of local structures, dune stgpédnd system cover
should be included when siting a DIS. Increasing thesardies would
effectively increase the flowpaths and thus reteniioes. Estimated mean
residence times within the study sites ranged from 86 4y3@8 hr. These were
conservatively estimated, thus representing the possiblenom retention times.
Future analyses should strive to improve these estsméenore appropriate
equations.
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Additional Future Research
In addition to several topics noted above, futureareseis necessary to fully
understand the operation of the DIS, bacteria treatraedtto develop more precise design

tools. These areas of additional research are suiraddrelow.

1. Bacteria fate and transport in natural, marine soiksxplain and possibly predict
the treatment capabilities of the DIS.

2. Bacteria export from watersheds to develop treatmeeddasS design methods.

3. Dune sand sampling to determine magnitude of bacteria sotpt&oil particles
and accumulation within the dunes.

4. Storm event based stormwater and groundwater samplingherfanalyze the
DIS’s treatment performance via paired data.

5. Groundwater sampling for other bacteria, pathogens, ancesirtsinclude
predator organisms, to improve treatment mechanism idextkiin and
prediction.

6. Ocean water sampling to determine true water quality aapdins for
recreational beaches.

7. Water table responses to infiltration events to develedigiion models.

8. DIS performance at other locations with varying hydrallasteria, and soil
characteristics to ensure proper system performannétrodhat no adverse
impacts are caused by the DIS, and to aid in developingrde®thods.

9. Estimation of groundwater velocities and residencedivi@ more appropriate
models with all applicable variables considered. Suciabi@s include
stormwater infiltration, incoming groundwater flow, sudaecharge, tides,
unsaturated and saturated flow, three-dimensional flod/pyasteady-state
conditions.
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In conclusion, the Dune Infiltration Systems appeardakteffective and efficient
stormwater BMPs, and are worthy of continued use, impksaien, and monitoring.
Additionally, the DIS presents a financially feasibfgtion to traditional BMPs, and can be
placed in locations where other systems may not beswigdld. Furthermore, these systems
can be implemented quickly to treat existing stormwdisrharge and potentially safeguard
the public from hazardous fecal bacteria. In turn, thidccpossibly lessen the number of
swimming advisories issued for concentration exceedancesrieational waters and

therefore reduce any potential losses in tourism.
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APPENDIX A: N.C.RWQ SWIMMING ADVISORY

N.C. RWQ Swimming Advisory (Courtesy of N.C. RWQ):

Article Name: Water Quality Swimming Alert Issued feitg type] in [county]
Article Author: [author’s name]

Article Active [active date]

Article Data: Release: Immediate Contact: [RWQ aoint

Date: [posting date] Phone: [RWQ phone number]
Water Quality Swimming Alert Issued for [site type][aounty]

MOREHEAD CITY — State environmental health officials tpdae notifying the public that
[sampling type] in [county] showed levels of bacteria exiieg the state and Environmental
Protection Agency'’s recreational water quality swimmirsgndards.

State officials will test the site again today, &amel result of the sampling will dictate further
action. If the new sample also shows elevated badmuiats, state officials will post a sign and
issue a swimming advisory.

The alert affects waters at the [sampling site]attation/city]. Samples collected [day of week]
show test results that exceeded the state and federal sargfde standard of [maximum
enterococci concentration for beach tier]. Swimmingsuae classified based on recreational
use and are referred to as tiers.

The N.C. Division of Environmental Health tests waterliggiat ocean and sound beaches in
accordance with federal and state laws.

Enterococci, the bacteria group used for testing, are fouthe intestines of warm-blooded
animals. While enterococci does not cause illness,isaéntific studies indicate that its
presence is closely correlated to the presence of ditegise-causing organisms. People
swimming or playing in waters with bacteria levels highantthe standards have an increased
risk of developing gastrointestinal iliness or skifeations.

Environmental health officials sample 240 sites throughout thstalregion, most of them on a
weekly basis from April to October. Testing continuesaageduced schedule during the rest of
the year, when the waters are colder.

To find out more about North Carolina’s beach water gualisit the N.C. Recreational Water
Quality Program website at:
http://www.deh.enr.state.nc.us/shellfish/Water_MonitoRWQweb/index.htm

or on Twitter.com: @ncrecprgm.
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APPENDIX B: SAMPLE TESTING METHODS

Appendix B-1: Enterolert Testing Method

The Enterolert method was based on the presenceencabesf fluorescence in 97
individual wells. Each well contained a 1:10 dilution (90 nilsterile buffer plus 10 mL of
sample) of the test sample that was prepared in iegtetystyrene vessel. Sand samples
were serially diluted with the sterile buffer solutimn10®, 10% and 10 in the same type of
bottle. Next, powdered Enterolert reagent was addectteetbsel then the solution was then
mixed and poured into a Quanti-Tray, a sterile plasspaBable panel with 97 wells. The
tray was then mechanically sealed and incubated for @& lad 41.0 + 0.5° C. After
incubation, the trays were placed in a dark environmeititinndd2 cm (5 in) of a 365 nm
wavelength UV light from a 6 W bulb (Spectroline Model EBO; Spectronics Corporation,
Westbury, N.Y.). Any fluorescence was considered aipesisult, thus indicating the
presence of enterococci. Wells with no fluorescenae wet counted, as this result meant
no enterococci were present. Using the number ofip@sésults, a most probable number
(MPN) table and dilution factor were used to determineetiierococcal density, per 100 mL

of sample.
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Appendix B-2: Nutrient Testing Methods

Table B-1. NCSU-BAE EAL nutrient testing methods.

(Total Kjeldahl Nitrogen)

ammonia salicylate method
for automated analysis

_ . . Method
Nutrient Analysis Method Description Reference
TKN Persulfate digestion and EPA Method

351.2 (1979)

NH2-N (Ammonium)

Ammonium-salicylate
method for automated
analysis. Emerald green
color formed by reaction of
ammonia, sodium salicylate
sodium nitroprusside, and
sodium hypochlorite in a
buffered alkaline medium.

EPA Method
,351.2 (1979)

NOs-N
(Nitrate Nitrogen)

Cadmium reduction method
for automated analysis

EPA Method
353.2 (1979)

TP
(Total Phosphorus)

Persulfate digestion and
ascorbic acid method for
automated analysis

EPA Method
365.4 (1979)
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APPENDIX C: HYDRAULIC PERFORMANCE

Appendix C-1. Storm Event Summaries

Table C-1. Site L storm event summaries. For events with4 mm (0.25 in) of rainfall.

. Maximum Peak tormwater DIS DIS

Storm T(_)tal Ralnf_all Raainfgll Storn?\?vater Stormwater Sc?verfk?w Capture | Capture
Rainfall | Duration . Volume

Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate

(mm/hr) (m°/s) (m®) (m?) (%)
11/15/07) 7.4 3.0 3.6 0.003 11.0 0.0 11.0 100
11/26/07| 13.7 8.0 6.1 0.013 23.9 0.0 23.9 100
12/15/07) 28.4 11.0 7.4 0.010 44.2 0.0 44.2 10(
12/21/07| 20.3 11.0 4.1 0.002 30.7 0.0 30.7 10(
12/26/07| 11.2 7.0 6.6 0.003 15.1 0.0 15.1 100
01/16/08| 40.1 17.0 11.2 0.004 50.4 0.0 50.4 10(
01/19/08, 15.7 13.0 2.8 0.003 28.6 0.0 28.6 10(
02/01/08| 12.2 2.0 10.7 0.010 15.1 0.0 15.1 10(
02/12/08| 22.9 9.0 14.7 0.008 39.9 0.0 39.9 10(
02/18/08| 35.7 8.2 44.7 0.016 47.3 0.0 47.3 10(
02/21/08| 29.7 13.0 4.3 0.005 48.4 0.0 48.4 10(
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Table C-1 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (md) Volu3me Volusme Rate
(mm/hr) (m°/s) (m?) (m®) (%)

03/04/08, 13.2 1.2 27.9 0.010 17.9 0.0 17.9 10(
03/15/08| 36.3 3.4 99.1 0.044 51.1 0.0 51.1 10(
03/19/08, 13.2 5.0 8.9 0.007 19.7 0.0 19.7 100
03/29/08, 6.4 4.0 2.8 0.002 10.2 0.0 10.2 100
04/03/08, 13.7 6.0 7.9 0.006 25.1 0.0 25.1 100
04/05/08| 15.6 10.2 21.3 0.009 25.9 0.0 25.9 100
04/20/08, 10.4 2.1 20.8 0.006 14.3 0.0 14.3 10(
04/21/08, 11.9 2.8 27.9 0.006 14.7 0.0 14.7 10(
05/11/08| 16.8 3.6 13.2 0.006 274 0.0 27.4 10(
05/31/08| 8.3 0.3 29.0 0.017 12.4 0.0 12.4 100
06/15/08, 14.0 3.0 11.9 0.007 21.8 0.0 21.8 10(
06/17/08, 7.4 4.0 4.1 0.012 18.8 0.0 18.8 100
06/21/08| 30.5 4.0 17.3 0.011 30.1 0.0 30.1 10(
07/09/08| 7.1 3.0 3.8 0.002 7.9 0.0 7.9 100
07/11/08, 20.1 5.0 10.2 0.006 31.3 0.0 31.3 10(
07/19/08| 44.2 16.0 24.4 0.013 57.0 0.0 57.C 100
07/31/08, 10.4 3.0 9.9 0.014 13.5 0.0 13.5 100
08/13/08| 46.0 15.0 9.4 0.008 76.3 0.0 76.3 10(
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Table C-1 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
08/17/08| 6.9 1.4 16.3 0.005 12.3 0.0 12.3 100
08/25/08| 20.6 3.5 66.0 0.020 21.1 0.0 21.1 10(
08/28/08| 13.2 1.2 50.8 0.023 14.8 0.0 14.8 10(
09/05/08| 23.6 17.6 28.4 0.011 36.8 0.0 36.§ 10(¢
10/11/08| 50.5 20.0 12.2 0.013 75.5 0.0 75.5 10(
10/18/08| 7.4 6.0 2.0 0.002 14.2 0.0 14.2 100
10/24/08| 32.0 7.0 15.0 0.006 36.2 0.0 36.2 10(
11/03/08| 39.4 12.0 9.4 0.005 60.8 0.0 60.8 10(
11/13/08| 56.1 8.0 29.5 0.014 66.4 0.0 66.4 10(
11/14/08| 8.3 2.1 12.7 0.007 12.0 0.0 12.0 100
11/29/08| 38.4 28.0 6.6 0.005 57.0 0.0 57.0 10(
12/10/08| 10.7 3.9 22.4 0.006 15.4 0.0 15.4 10(
12/11/08| 28.7 7.0 11.4 0.006 31.4 0.0 31.4 10(
01/29/09| 9.7 6.0 2.3 0.002 22.1 0.0 22.1 100
02/18/09| 8.8 5.0 4.6 0.002 15.0 0.0 15.0 100
02/19/09| 17.3 5.2 20.3 0.010 29.9 0.0 29.9 10(
02/28/09| 17.7 14.2 6.6 0.004 34.1 0.0 34.1 10(
03/01/09| 19.8 11.0 5.8 0.003 30.8 0.0 30.8 10(
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Table C-1 Continued.

. Maximum Peak tormwater Dl Dl
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
03/16/09| 16.5 16.0 3.8 0.002 26.6 0.0 26.6 10(
03/26/09| 10.2 6.7 15.2 0.004 15.0 0.0 15.G 10(
03/28/09| 17.4 8.1 25.4 0.009 27.0 0.0 27.0 10(
04/02/09| 23.4 15.0 4.3 0.002 43.6 0.0 43.6 10(
05/05/09, 23.1 5.3 18.3 0.006 32.8 0.0 32.8 10(
05/07/09| 17.5 2.0 17.3 0.015 25.4 0.0 25.4 10(
05/11/09| 13.8 2.5 40.1 0.023 18.3 0.0 18.3 10(
05/14/09| 44.5 7.0 15.0 0.022 48.7 0.0 48.7 10(
05/17/09| 24.5 16.8 23.4 0.006 36.5 0.0 36.5 10(¢
05/25/09, 30.1 16.1 31.0 0.011 40.8 0.0 40.§ 10(
07/06/09, 10.2 2.8 16.8 0.006 24.6 0.0 24.6 10(
07/13/09| 13.2 4.0 6.1 0.012 23.4 0.0 23.4 100
07/14/09| 9.1 1.2 27.9 0.010 10.5 0.0 10.5 100
08/02/09| 7.9 3.0 4.3 0.005 9.0 0.0 9.0 100
08/03/09| 21.8 0.6 62.0 0.023 24.9 0.0 24.9 10(
08/04/09| 19.4 1.3 48.8 0.017 21.9 0.0 21.9 10(
08/14/09| 12.8 1.3 45.2 0.016 14.9 0.0 14.9 10(
08/23/09, 13.1 0.6 44.2 0.011 12.1 0.0 12.1 10(
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Table C-1 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
09/21/09| 23.4 6.0 10.2 0.013 30.5 0.0 30.5 10(
09/22/09| 18.4 3.3 24.9 0.007 21.0 0.0 21.0 10(
09/25/09| 19.4 4.8 29.0 0.006 19.3 0.0 19.3 10(
09/26/09| 19.6 7.8 16.3 0.006 28.2 0.0 28.2 10(
10/05/09] 9.3 13.8 4.1 0.002 17.3 0.0 17.3 100
10/14/09| 8.9 9.9 4.1 0.002 15.8 0.0 15.8 100
10/28/09] 9.4 0.7 27.4 0.010 11.2 0.0 11.2 100
11/11/09| 97.8 18.2 63.0 0.018 115.6 0.0 1156 10
12/02/09| 47.8 4.8 75.2 0.026 49.1 0.0 49.1 10(
12/03/09| 16.8 5.6 38.6 0.018 26.5 0.0 26.5 10(
12/04/09| 22.6 14.5 8.1 0.002 40.1 0.0 40.1 10(
12/08/09| 7.6 6.0 4.1 0.004 8.5 0.0 8.5 100
12/13/09| 8.9 13.0 4.1 0.002 15.8 0.0 15.8 100
12/18/09| 44.5 7.8 20.3 0.006 54.0 0.0 54.( 10(
12/25/09| 11.9 4.4 12.2 0.005 19.1 0.0 19.1 10(
12/30/09| 23.6 7.5 14.2 0.004 30.5 0.0 30.5 10(
01/16/10; 50.0 8.6 47.8 0.018 55.7 0.0 55.7 10(
01/24/10, 21.1 8.0 6.6 0.008 32.6 0.0 32.6 100
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Table C-1 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
01/30/10, 8.1 10.1 4.1 0.002 11.8 0.0 11.8 100
02/02/10| 19.6 7.9 9.1 0.002 30.9 0.0 30.9 100
02/05/10| 46.7 6.4 72.1 0.021 58.2 0.0 58.2 10(
02/09/10 7.1 2.0 13.2 0.004 9.8 0.0 9.8 100
02/22/10| 13.7 3.9 14.2 0.005 19.1 0.0 19.1 10(
03/02/10, 21.3 9.6 30.5 0.007 24.5 0.0 24.5 10(
03/11/10, 36.3 9.9 24.4 0.006 48.4 0.0 48.4 10(
03/29/10, 51.6 7.0 30.5 0.009 53.7 0.0 53.7 10(
04/09/10, 9.4 3.0 6.9 0.014 13.4 0.0 13.4 100
04/21/10f 9.7 5.3 10.2 0.003 11.0 0.0 11.0 100
04/25/10, 19.8 3.6 49.8 0.019 23.6 0.0 23.6 10(
05/04/10| 8.6 7.0 4.1 0.003 10.1 0.0 10.1 100
05/24/10 9.7 4.4 7.1 0.003 13.8 0.0 13.8 100
06/01/10f 51.3 2.6 72.1 0.022 50.1 0.0 50.1 10(
06/03/10, 16.3 3.5 40.6 0.016 17.8 0.0 17.8 10(
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Table C-2. Site M storm event summaries. For events with4 mm (0.25 in) of rainfall.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)

11/15/07) 7.4 3.0 3.6 0.005 14.3 0.0 14.3 100
11/26/07| 13.7 8.0 6.1 0.023 39.7 0.0 39.7 100
12/15/07| 28.4 11.0 7.4 0.021 81.6 0.0 81.6 10(
12/21/07) 20.3 11.0 4.1 0.002 41.1 0.0 41.1 10(
12/26/07| 11.2 7.0 6.6 0.004 17.9 0.0 17.9 100
01/16/08| 40.1 17.0 11.2 0.008 61.8 0.0 61.8 100
01/19/08| 15.7 13.0 2.8 0.002 29.6 0.0 29.6 10(
02/01/08| 12.2 2.0 10.7 0.020 25.2 0.0 25.2 10(
02/12/08| 22.9 9.0 14.7 0.016 71.2 0.0 71.2 10(
02/18/08| 35.7 8.2 44.7 0.029 111.3 0.0 1113 100
02/21/08| 29.7 13.0 4.3 0.011 80.2 0.0 80.2 10(
03/04/08| 13.2 1.2 27.9 0.021 39.2 0.0 39.2 10(
03/15/08| 36.3 3.4 99.1 0.115 113.9 56.3 57.6 51
03/19/08, 13.2 5.0 8.9 0.013 34.7 0.0 34.7 100
03/29/08, 6.4 4.0 2.8 0.003 17.4 0.0 17.4 100
04/03/08| 13.7 6.0 7.9 0.011 37.9 0.0 37.9 100
04/05/08| 15.6 10.2 21.3 0.017 57.4 0.0 57.4 100
04/20/08| 10.4 2.1 20.8 0.015 27.5 0.0 27.5 10(
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Table C-2 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)

04/21/08| 11.9 2.8 27.9 0.014 28.2 0.0 28.2 10(
05/11/08| 16.8 3.6 13.2 0.011 42.7 0.0 42.1 10(
05/31/08| 8.3 0.3 29.0 0.019 17.7 0.0 17.7 100
06/15/08, 14.0 3.0 11.9 0.014 31.8 0.0 31.8 10(
06/17/08| 7.4 4.0 4.1 0.019 23.9 0.0 23.9 100
06/21/08| 30.5 4.0 17.3 0.020 48.6 0.0 48.6 10(
07/09/08| 7.1 3.0 3.8 0.002 6.1 0.0 6.1 100
07/11/08| 20.1 5.0 10.2 0.013 44.3 0.0 44.3 10(
07/19/08| 44.2 16.0 24.4 0.021 79.9 0.0 79.9 100
07/31/08, 10.4 3.0 9.9 0.022 24.2 0.0 24.2 100
08/13/08| 46.0 15.0 9.4 0.019 118.3 0.0 1183 100
08/17/08| 6.9 1.4 16.3 0.009 15.5 0.0 15.5 100
08/25/08| 20.6 3.5 66.0 0.038 41.5 21.0 20.5 49
08/28/08| 13.2 1.2 50.8 0.035 28.8 3.3 25.5 88
09/05/08| 23.6 17.6 28.4 0.026 71.0 5.4 65.6 92
10/11/08| 41.1 21.6 29.5 0.026 148.0 4.0 1440 97
10/18/08| 7.4 6.0 2.0 0.003 18.1 0.0 18.1 100
10/24/08| 32.0 7.0 15.0 0.015 72.6 0.0 72.6 10(

330



Table C-2 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
11/03/08| 39.4 12.0 9.4 0.011 100.9 0.0 100.9 10(
11/13/08| 49.1 8.0 33.5 0.026 141.3 2.2 139.1 98
11/14/08| 8.3 2.1 12.7 0.010 23.7 0.0 23.7 100
11/29/08| 38.4 28.0 6.6 0.008 96.4 0.0 96.4 10(
12/10/08| 10.7 3.9 22.4 0.012 23.4 0.0 23.4 10(
12/11/08| 28.7 7.0 11.4 0.011 56.0 0.0 56.( 10(
01/29/09| 9.7 6.0 2.3 0.003 27.5 0.0 27.5 100
02/18/09| 8.8 5.0 4.6 0.002 16.8 0.0 16.8 100
02/19/09| 17.3 5.2 20.3 0.017 53.6 0.0 53.6 10(
02/28/09| 17.7 14.2 6.6 0.008 55.3 0.0 55.3 10(
03/01/09| 19.8 11.0 5.8 0.005 45.9 0.0 45.9 10(
03/16/09| 16.5 16.0 3.8 0.003 29.0 0.0 29.( 10(
03/26/09) 10.2 6.7 15.2 0.007 23.4 0.0 23.4 10(
03/28/09| 17.4 8.1 25.4 0.016 48.9 0.0 48.9 10(
04/02/09| 23.4 15.0 4.3 0.005 80.1 0.0 80.1 10(
05/05/09, 23.1 5.3 18.3 0.017 69.8 0.0 69.8 10(
05/07/09| 17.5 2.0 17.3 0.027 50.4 0.0 50.4 10(
05/11/09| 20.3 3.0 13.0 0.028 33.7 0.0 33.7 10(
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Table C-2 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)

05/14/09, 32.1 6.8 43.2 0.029 73.3 12.7 60.5 83
05/17/09| 24.5 16.8 23.4 0.011 44.4 0.0 44.4 100
05/25/09, 30.1 16.1 31.0 0.022 74.8 0.0 74.8 100
07/06/09) 10.2 2.8 16.8 0.009 14.7 0.0 14.7 10(
07/13/09| 13.2 4.0 6.1 0.023 34.0 0.0 34.0 100
07/14/09| 9.1 1.2 27.9 0.015 16.3 0.0 16.3 100
08/02/09| 7.9 3.0 4.3 0.006 10.2 0.0 10.2 100
08/03/09| 21.8 0.6 62.0 0.041 51.5 7.5 44.( 85
08/04/09| 19.4 1.3 48.8 0.028 39.9 15.0 24.8 62
08/14/09| 12.8 1.3 45.2 0.027 27.5 8.7 18.9 68
08/23/09, 13.1 0.6 44.2 0.025 28.7 2.9 25.9 90
09/21/09| 23.4 6.0 10.2 0.025 60.3 0.0 60.3 10(
09/22/09| 18.4 3.3 24.9 0.019 48.9 0.0 48.9 10(
09/25/09| 19.4 4.8 29.0 0.013 36.0 0.0 36.0 10(
09/26/09| 19.6 7.8 16.3 0.013 52.3 0.0 52.3 10(
10/05/09] 9.3 13.8 4.1 0.002 26.3 0.0 26.3 100
10/14/09] 8.9 9.9 4.1 0.002 20.2 0.0 20.2 100
10/28/09] 9.4 0.7 27.4 0.019 21.9 6.9 15.0 69
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Table C-2 Continued.

. Maximum Peak tormwater | DI DI
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate
(mm/hr) (m°/s) (m?) (m®) (%)
11/11/09| 97.8 18.2 63.0 0.034 243.7 173.2 70.5 29
12/02/09| 47.8 4.8 75.2 0.043 100.3 37.6 62.7 63
12/03/09| 16.8 5.6 38.6 0.025 48.5 2.3 46.1 95
12/04/09| 22.6 14.5 8.1 0.003 54.4 0.0 54.4 10(
12/08/09| 7.6 6.0 4.1 0.005 12.0 0.0 12.0 100
12/13/09| 8.9 13.0 4.1 0.001 16.3 0.0 16.3 100
12/18/09| 44.5 7.8 20.3 0.014 103.1 9.4 93.7 91
12/25/09| 11.9 4.4 12.2 0.008 26.1 0.0 26.1 10(
12/30/09| 23.6 7.5 14.2 0.008 42.7 0.0 42.1 10(
01/16/10| 54.6 9.0 19.3 0.024 97.0 0.0 97.0 10(
01/24/10f 21.1 8.0 6.6 0.016 60.4 0.0 60.4 100
01/30/10, 8.1 10.1 4.1 0.001 14.0 0.0 14.0 100
02/02/10| 19.6 7.9 9.1 0.004 40.6 0.0 40.6 100
02/05/10, 57.2 8.0 25.9 0.034 107.8 0.0 107.8 10(
02/09/10 7.1 2.0 13.2 0.006 17.5 0.0 17.5 100
02/22/10| 13.7 3.9 14.2 0.007 26.5 0.0 26.5 10(
03/02/10, 21.3 9.6 30.5 0.015 39.7 0.0 39.7 10(
03/11/10, 36.3 9.9 24.4 0.013 85.9 0.0 85.9 10(
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Table C-2 Continued.

. Maximum Peak tormwater Dl Dl
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater SCg)verflglwe Captire Captire
Rainfall | Duration . Volume

Date (mm) (hn) Intensity Flgw (m?) Vqu3me Vqu3me Rate

(mm/hr) (m°/s) (m?) (m®) (%)
03/29/10, 51.6 7.0 30.5 0.017 105.9 0.0 105.9 10(
04/09/10, 9.4 3.0 6.9 0.016 21.5 0.0 21.5 100
04/21/10 9.7 5.3 10.2 0.004 14.7 0.0 14.7 100
04/25/10, 19.8 3.6 49.8 0.024 40.5 25.9 14.5 36
05/04/10| 8.6 7.0 4.1 0.004 13.6 0.0 13.6 100
05/24/10 9.7 4.4 7.1 0.006 16.4 0.0 16.4 100
06/01/10, 51.3 2.6 72.1 0.039 92.5 26.5 66.( 71
06/03/10, 16.3 3.5 40.6 0.021 30.4 16.8 13.6 45
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Table C-3. Site K storm event summaries. For events with4 mm (0.25 in) of rainfall. Data from K-South and K-Nwoirtlets.

. Maximum Peak tormwater | Peak DIS DIS DIS
Storm T(_)tal Ralnf_all Raainfgll Storrﬁ\?vater Stormwater Sc?verflc?we Inflow Capture | Capture
Rainfall | Duration . Volume

Date (mm) (hn) Intensity Flgw (md) Volu3me Reslte Volu3me Rate

(mm/hr) (m?/s) (m®) (m?/s) (m®) (%)

05/25/09, 30.1 16.1 31.0 0.343 644.6 134.7 0.160 509.9 79
07/06/09, 10.2 2.8 16.8 0.174 180.2 18.8 0.135 161.5 90
07/13/09, 16.9 2.7 39.1 0.334 372.3 117.6 0.161 254.7 68
07/14/09) 9.1 1.2 27.9 0.177 136.8 18.5 0.137 118.3 86
08/02/09| 7.9 3.0 13.5 0.078 79.7 2.1 0.073 77.6 97
08/03/09| 21.8 0.6 62.0 0.644 556.3 295.5 0.193 260.8 47
08/04/09| 19.4 1.3 48.8 0.360 417.0 129.8 0.167 287.1 69
08/14/09| 13.0 1.8 45.2 0.574 338.6 162.2 0.188 176.3 52
08/23/09| 9.7 1.0 35.6 0.300 250.6 72.2 0.158 178.4 71
09/21/09| 27.6 5.3 34.0 0.442 513.2 147.3 0.176 365.9 71
09/22/09| 18.4 3.3 24.9 0.180 281.0 14.2 0.139 266.8 95
09/25/09| 19.4 4.8 29.0 0.131 216.1 4.0 0.121 212.1 98
09/26/09| 19.6 7.8 16.3 0.131 304.6 4.7 0.122 299.9 98
10/05/09| 11.2 17.8 4.1 0.008 55.7 0.0 0.008 55.7 100
10/28/09| 9.7 1.0 27.4 0.182 155.4 21.4 0.138 133.9 86
11/11/09| 97.8 18.2 63.0 0.638 2335.0 753.6 0.192 1581.4 68
12/02/09| 47.8 4.8 75.2 0.690 1423.1 652.6 0.194 770.4 54
12/03/09| 16.8 5.6 38.6 0.564 406.9 140.7 0.186 266.3 65
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Table C-3 Continued.

Total Rainfall Max_imum Peak Stormwater Stormwater | Peak DIS DIS DIS
Storm Rainfall | Duration Ralnfa_lll Stormwater Volume Overflow Inflow Capture | Capture
Date (mm) (hn) Intensity Flgw (md) Volu3me Reslte Volu3me Rate
(mm/hr) (m?/s) (m®) (m?/s) (m®) (%)

12/04/09| 22.4 11.0 8.1 0.035 328.6 0.0 0.035 328.6 100
12/13/09| 8.9 13.0 4.1 0.014 93.4 0.0 0.014 93.4 100
12/18/09| 45.5 8.6 20.3 0.147 1632.0 27.0 0.130 1605.0 98
12/25/09| 11.9 4.4 12.2 0.054 161.4 0.0 0.054 161.4 100
12/30/09| 23.6 7.5 14.2 0.066 301.0 1.8 0.064 299.2 99
01/16/10f 50.0 8.6 47.8 0.563 1286.0 300.5 0.185 985.5 77
01/24/10, 24.9 115 18.3 0.261 535.6 63.6 0.137 472.1 88
01/30/10, 7.4 7.1 4.1 0.011 535 0.0 0.011 535 100
02/02/10f 19.6 7.9 9.1 0.036 214.7 0.0 0.036 214.7 100
02/05/10f 46.7 6.4 72.1 0.682 1486.0 533.8 0.194 952.2 64
02/09/10f 7.1 2.0 13.2 0.061 78.8 0.2 0.061 78.7 100
02/22/10, 14.0 4.0 14.2 0.082 197.8 4.9 0.074 193.0 98
03/02/10f 18.5 4.3 30.5 0.184 321.2 20.0 0.139 301.2 94
03/11/10; 53.1 17.3 36.6 0.318 1344.0 146.2 0.161 1197.8 89
03/29/10f 71.4 23.3 34.5 0.232 2059.8 325.5 0.146 1734.2 84
04/09/10; 11.9 3.5 325 0.177 192.9 56.6 0.123 136.3 71
04/21/10f 9.7 5.3 10.2 0.027 112.5 0.0 0.027 112.5 100
04/25/10, 20.1 4.4 49.8 0.248 437.7 149.3 0.135 288.3 66
05/04/10; 10.2 11.5 13.2 0.032 84.0 0.0 0.032 84.0 100

336




Table C-3 Continued.

Maximum

Total Rainfall Peak Stormwater Stormwater | Peak DIS DIS DIS
Storm . . Rainfall | Stormwater Overflow Inflow Capture | Capture
Rainfall | Duration . Volume
Date (mm) (hn) Intensity Flow (md) Volume Rate Volume Rate
(mm/hr) (m°/s) (m°) (m°/s) (m°) (%)
05/24/10 9.7 4.4 7.1 0.019 91.3 0.0 0.019 91.3 100
06/01/10| 51.3 2.6 72.1 0.321 982.1 394.2 0.144 587.9 60
06/03/10| 16.3 3.5 40.6 0.217 253.8 63.9 0.130 189.9 75

337




Appendix C-2: Estimated Capacity of the Site L Dune Infiration System.
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Figure C-1. Estimated capacity of the Site L DIS based upon obsengedmum vault stages and peak stormwater flowrates.
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Appendix C-3: Investigation into the Constructed Capacityof the Site M Dune
Infiltration System Distribution Pipe

Examination of the Site M flow data revealed that e@er occurred during events
with peak flowrates lower than the system’s design agpé079 ni/hr (2.8 f€/s)). This
suggested that the either the infiltration capacity dribigion pipe capacity was not able to
convey the designed flowrate. In order to determine wiveeh limiting, flow and DIS start
chamber stage data were more closely examined.

This investigation began with observing the water stagadd the start chambers
during each event when overflow occurred. Stages weasured in the chambers where
distribution pipes entered the system. If infiltratiwere the limiting factor, then the
chambers would have filled with stormwater, creating batdm@nditions in the
distribution pipe, and thus overflow at the vault. Heer, this examination showed that the
chambers never filled during any event as the maximum chastdggr during any event with
overflow was just 52% of the total available stage (T&M#. Figure C-2 shows the stages
during the event with the highest overall chamber utibra

Since the chambers never filled, it was concluded thdiratfon was not limiting
inflow, meaning flow through the distribution pipe was @¢agishe observed overflows.
Therefore, the stormwater flow data were examined tierane the actual capacity of the
distribution pipe. Bright (2007) estimated the capacitlyed®.05 rifs (1.8 ff/s), still less
than its designed capacity; however, results fromldimg-term study suggested the capacity

was even lower.
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Table C-4. Site M start chamber stages and utilization duringra¢esents with overflow
and 6.4 mm (0.25 in) of rainfall. Six events with overflove anot shown due to chamber
stage recording errors. There were two start chamiberse with a distribution pipe input,
on the Site M DIS. Refer to Figure 2-4 for their looa. The maximum available stage
was 0.85 m (2.8 ft).

Peak Start Chamber A Start Chamber B
Storm | Stormwater Maximum ChSE:;ngbeer Maximum ChSE:;ngbeer
Date Flowrate N Stage Y
(m¥s) Stage (m) | Utilization (m) Utilization
(%) (%)
09/05/08 0.026 0.36 42 0.39 45
11/13/08 0.026 0.35 41 0.43 50
05/14/09 0.029 0.25 30 0.32 37
08/03/09 0.041 0.18 21 0.41 48
08/04/09 0.028 0.17 20 0.41 48
08/14/09 0.027 0.17 20 0.36 42
08/23/09 0.025 0.17 20 0.27 32
10/28/09 0.019 0.20 24 0.42 49
12/02/09 0.043 0.24 28 0.35 41
12/03/09 0.025 0.20 23 0.33 38
04/25/10 0.024 0.25 29 0.44 52
06/01/10 0.039 0.22 26 0.44 52
06/03/10 0.021 0.18 21 0.29 34
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In addition to the suspected low pipe capacity, a maames inspection of the DISs
during the summer of 2010 revealed a partial blockage in shebdiion pipe at Site M. The
blockage, a piece of lumber stuck at a bend in the disiilb pipe, was believed to occur in
the fall of 2009, when overflow was observed during everitsrelatively low stormwater
flowrates (Fig. C-3). Most notably, overflow occurred dgrevents with peak flowrates of
just 0.014 n¥s (0.49 f/s) on 12/18/09 and 0.019%= (0.68 f/s) on 10/28/09. Figure C-3
shows the measured peak stormwater flowrates and overfilmmes, by year (2008 -
2010). The flowrates were very similar in each ydayugh the overflow volumes increased.
The largest increases were observed to occur in late 2a8@eviously discussed.

Since a limited amount of data were available from 2018¢losions gathered from
this data were made cautiously; however, this evidencethanfact that overflow occurred
during events with fairly low stormwater flowrates, dithgest that the partially clogged
pipe was resulting in a lower pipe capacity. Howevexas clear that the associated
increases in overflow did not significantly decreasedberall capture rating of 96%.

Thus, in order to estimate the capacity of the digtiom pipe, data prior to 10/28/09
were examined. The capacity was estimated by observindn\stuomwater peak flowrates
resulted in overflow and which did not. Since stornewfibwrates not resulting in overflow
would have been completely captured by the DIS, the capzditg distribution would have

been similar to the maximum stormwater flowrate esuiting in overflow
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Figure C-3. Site M peak stormwater flowrates and overflonuwoés by year.
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The lowest peak stormwater flowrate resulting in degrfwas found to be 0.025
m*/s (0.90 ff/s). Meanwhile, four events with no overflow had ftaves higher than this,
ranging from 0.027 fifs (0.96 ff/s) to 0.034 riis (1.21 ff/s). Additionally, several events
with no overflow had peak stormwater flowrates simita.025 ns (0.90 ff/s). Therefore,
the actual capacity of the distribution pipe was lik&iyilar to these values, but
conservatively estimated to be 0.028910.90 f/s. However, this capacity was half of what
Bright (2007) estimated, as previously mentioned. Closam@ation of the two data sets
revealed that Bright (2007) used a much higher slope (3. #)dstormwater pipe entering
the vault, which led to higher estimated peak stormwaterfites. The slope of the
stormwater pipe used for this longer-term study, as datethia several surveys, was just
0.6%, resulting in lower estimated flows. However, gsialof Bright’s (2007) stormwater
flow data with a slope of 0.6% resulted in very simvalues to those estimated during this
long-term study.

Therefore, with similar stormwater peak flowrateg, éistimated actual capacity of
the distribution pipe was believed to be 0.02%n(0.90 /s). This capacity was lower than
the design capacity (0.07%# (2.8 ft/s)) because the distribution pipe was installed at a

slope of just 0.04% and not 0.4% as called for in the desig
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Appendix C-4: Site K Storm Events Resulting in Fillingof the Dune Infiltration System Chambers.

Table C-5. Storm events which resulted in the filling of the $it®IS chambers. For events with6.4 mm (0.25 in) of rainfall.
Overflow occurred during each event when the chamhégd.fiData from K-South and K-North inlets. The desigpacities for the
distribution pipes and chambers, based only on K-SouttKaNorth, were 0.06 ffs (2.1 ft/s) and 0.09 fifs (3.3 ff/s), respectively.

Maximum | Total Peak Total Total Total Total

Total . DIS DIS
Storm Rainfall Ralnfa_lll Stormwater | Stormwater | Overflow Capture | Capture

Date Intensity Flow Volume Volume )
(mm) (mm/hn) (m¥s) (m?) (md) Volu 3rne Rating
(m°) (%)

12/18/09| 45.5 20.3 0.15 1632 27 1605 98
03/02/10] 18.5 30.5 0.18 321 20 301 94
03/29/10| 71.4 34.5 0.23 2060 326 1734 84
03/11/10] 53.1 36.6 0.32 1344 146 1198 89
06/01/10] 51.3 72.1 0.32 982 394 588 60
08/04/09| 19.4 48.8 0.36 417 130 287 69
11/11/09] 97.8 63.0 0.64 2335 754 1581 68
02/05/10| 46.7 72.1 0.68 1486 534 952 64
12/02/09| 47.8 75.2 0.69 1423 653 770 54

345




800
| |
700 -
,I
600 - For Events When ,r”
Chambers Were Filled: .-~
e | y =1107.3x- 107.87 .*~ "
£ 500 R2=0.7769 -
m 4
g 400
S
2
g 300 A . .
()
>
O 200 - For Events When
Qhambers Were Not Filled:
¢ y=455095x-41.317
100 - R2 =0.833
0 '—“" T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0B
Peak Stormwater Flowrate (n¥/s)
+ Events when chambers were not filled = Events when chambers were filled
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Appendix C-5: Site K Example Storm Events

Figure C-5. Site K DIS hydrograph for K-South and K-Northpdained, during the storm event (10/05/09) with ldwest event
maximum rainfall intensity (4.1 mm/hr (0.16 in/hr))
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Figure C-6. Site K DIS hydrograph for K-South and K-Northymoined, during the storm event (08/02/09) with ifiguartile event
maximum rainfall intensity (13.5 mm/hr (0.53 in)).
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Figure C-7. Site K DIS chamber stages during a storm event on 08/0&ibSthe ' quartile event maximum rainfall intensity (13.5
mm/hr (0.53 in)). Stages were recorded within each endldrawith a distribution pipe input (refer to Fig. 3-19 focdtions). The
interior height of the chambers was 0.86 m (2.84 ft).
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Figure C-8. Site K DIS chamber stages during a storm event on 07/Mi®the median event maximum rainfall intensity @7.
mm/hr (1.10 in)). Stages were recorded within each endlzdrawith a distribution pipe input (refer to Fig. 3-19 focdtions). The
interior height of the chambers was 0.86 m (2.84 ft).
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Figure C-9. Site K DIS chamber stages during a storm event on 07/28#0&the 3" quartile event maximum rainfall intensity (39.1

mm/hr (1.54 in)). Stages were recorded within each endlzdrawith a distribution pipe input (refer to Fig. 3-19 focdtions). The
interior height of the chambers was 0.86 m (2.84 ft).
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Figure C-10. Site K DIS chamber stages during a storm event on 12/0&2itbthe highest event maximum rainfall intensity (75.2
mm/hr (2.96 in)). Stages were recorded within each endlzdrawith a distribution pipe input (refer to Fig. 3-19 focdtions). The
interior height of the chambers was 0.86 m (2.84 ft). Sthges in this figure exceeded this height due to travelingeumaonitoring

wells which were exposed above the dune surface (wellsw2.13 m (7 ft) in height).
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APPENDIX D: DUNE HYDROLOGY

Appendix D-1: Examination of Abnormally High Water Table Elevations Site L

Analysis of the Site L water table data lead to tisealrery of several abnormally
high water table elevations at the 23 m (75 ft) downstopeitoring well (LWT-VEG).
These abnormally high elevations all occurred during desingltration event (09/25/08),
when the highest of all the recorded elevations atlSaccurred (3.29 m (10.80 ft)). The
three most likely causes were: 1) the mound created bywtder infiltration 2) increases in
the water table elevations due to surface infiltratioth tdes, and 3) equipment malfunction.
Since the elevations were extreme compared to thefrdst data, equipment malfunction
was believed to be the source. However, the issueulgsnivestigated using the Site L
water table data and tidal information.

Firstly, the event was not included in the hydraulic penoice analyses due to
equipment malfunctions. However, data that was availshowed that 44 mm (1.75 in) of
rainfall produced 72 frof DIS inflow, which would have been the"¥28 highest inflow
total at Site L, for events with 6.4 mm (0.25 in) of rainfall.

Secondly, the water table responses observed in thevaglisiwere limited and
much lower in magnitude than at LWT-VEG. The maximuevations in these wells
remained within -0.05 m (-0.17 ft) to 0.13 m (0.43 ft) of the adistmaximum, while the
maximum at LWT-VEG was 1.33 m (4.36 ft) higher (Table D-Thus, it was highly

unlikely that stormwater infiltration caused the high aténs at the vegetation line well.
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Table D-1. Site L and control water table monitoring summaryafoinfiltration event on
09/25/08. The DIS invert elevation was 2.85 m (9.35 ft). Th& AAs the error between
CWT and LWT-CHAM. Elevations were based on mean sed (#SL) and referenced to
NGVD88.

Water

Table CWT LWT-UP LWT-CHAM LWT-MID LWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope)| (6 m Downslope)| (23 m Downslope)

(m)

Maximum 1.96 1.90 2.05 2.09 3.29
Mean 1.80 1.79 1.93 1.95 2.29

Minimum 1.64 1.63 1.63 1.65 1.74
AAD 0.12 1.79 0.09 0.10 0.40
AAE - - 0.14 - -

In order to determine if the tides played a role ingH@gh elevations, tidal data were
gathered from the National Oceanic and Atmospheric Aditnation’s (NOAA)
Wrightsville Beach, N.C. ocean tide monitoring staiiStation ID: 8658163). This
monitoring station was located approximately 26 km (16 miheast of the study site, at
the end of the Johnny Mercers Fishing Pier. The dataeshdvat tidal elevations increased
by approximately 0.30 m (1.00 ft) during the 09/25/08 event, as cothfzatbe previous
five days (Fig. D-1). Therefore, tidal influences alarere also highly unlikely to have
caused these erroneous water table elevations.

The combination of stormwater infiltration and tideeets was then considered.
However, the potential increases due to stormwaterratfdin and 0.14 m (0.46 ft) due to a

high tide still did not correspond with the huge incraasgevations at LWT-VEG.
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Therefore, because these two factors could not explaimgheslevations, equipment
error was believed to be the cause. The water lewsloss (pressure transducers) were
susceptible to temporary malfunctions and the sensor a-\/BG did not record two
consecutive data points (40 minute data gap) just prior tangglge abnormally high
elevations. Such gaps in the data were normal and digdecessarily indicate malfunctions
of the level sensors; however, the timing of this d@aand the lack of the hydrologic

factors explaining the high elevations certainly suggest@icthe sensor had malfunctioned.
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Figure D-1. Water table response at Site L during an infilmatevent on 09/25/08. Note the unusually highatiens at the 23 m
downslope well location and large difference fraaspgonses at the other well locations. This wag hikety due to instrument error.
Tidal data from NOAA's Wrightsville Beach, N.C. @dnonitoring station (Station ID: 8658163) locatedthe end of the Johnny

Mercers Fishing Pier, approximately 26 km (16 naijtheast of Site L.
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Appendix D-2: Water Table Responses to Infiltration Eventat Site K

An infiltration event on 01/30/10 produced just 7.4 mm (0.29 imqiofall that led to
53.5 it (1,888 ff) of DIS inflow from the K-South and K-North inlet&€xamination of the
water table response for the event showed only a,sshalit-term increase in elevations
(Fig. D-2). The water table mound was highest underndaam@er Bank A, while some
mounding was observed near Chamber Bank B, upslope of tieensymd 15 m (50 ft)
downslope. The water table remained elevated for apprcedyrit hours and tidal
influences remained prominent throughout the responsedpeQaantitative analyses of this
event showed that the water table reached a maximumtielewf 1.13 m (3.70 ft), which
was 1.10 m (3.61 ft) below the chamber’s invert and only 0.32 Inftjlhigher than the
control at that same time (Table D-2). The mean mtatde elevations at the DIS were

slightly higher than the control, though similar to mai variation between the two sites.

Table D-2. Site K water table response results for an infibragvent on 01/30/10.

Water
Table CWT KWT-UP KWT-MID-A KWT-MID-B KWT-VEG
Elevation | (Control) | (6 m upslope) | (1 m Downslope) | (1 m Downslope)| (15 m Downslope)

(m)

Maximum 0.88 1.10 1.13 0.95 0.97
Mean 0.81 1.03 1.01 0.90 0.91

Minimum 0.73 0.83 0.85 0.78 0.65
SD 0.04 0.07 0.07 0.04 0.08
AAD - - 0.20 0.09 -
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Standard deviations were all relatively low@.08 m (0.26 ft)) and within 0.04 m
(0.14 ft) of the SD at the control. These resultscaigd that the effects of stormwater
infiltration were only slightly larger than those cadsy natural influences. The AADs
were 0.20 m (0.66 ft), indicating that during the event, theewtble 1 m (3 ft) downslope
of the Site K DIS was slightly elevated compared tocitnatrol.

The mean groundwater velocity during the event was 6.7 ¢@iin/hr) with a
maximum of 16.4 cm/hr (6.5 in/hr). These were similah®02/02/10 event velocities and
lower than those calculated for the 01/24/10 and 03/29/10 evé&his was due to the small
magnitude of the event and thus water table response and indaieedable gradients. The
mean residence time based on the mean velocity was 2ib3dper than the two largest

analyzed events, as expected. Implications of thesétsere discussed in Chapter 3.

358



---1 m Downslope (Transect A)
- - -15 m Downslope (Transect A)

4.0 e Approximate . 0o
Dune Surface =3
-5 E
3.5 1 -
IS
- 10 €
_. 301 &
£ - 15
c Chamber
S 25 L
fg N
Q
w 2.0
Q
QO
€ 15 Start of End of
o Response Respons
(U - -
= 101 :
05 177\ Lo
0.0 . .
01/29/10 01/30/10 01/31/10 02/01/10
—~Control e 6 m Upslope (Transect A)

---1 m Downslope (Transect B)

| Rainfall

Figure D-2. Site K water table response to an infiltration even0d430/10.
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The event representing th& quartile of DIS inflow, with 136 (4,812 ff),
occurred on 04/09/10. The water table response showed a Q148x1t) high water table
mound underneath the chambers that dissipated in approlidéteours (Fig. D-3).
Increased elevations were noted in all four study séésywvith the largest increases
occurring at KWT-MID-A and KWT-UP (Table D-3). Quantitat analyses showed that the
water table reached a maximum elevation of 0.79 m (2.59 tite upslope well and 0.78 m
(2.57 ft) in KWT-MID-A (Table 3-14). The mean water tablevations during the impact
period were elevated by up to 0.29 m (0.93 ft) compared to titeoto The standard
deviations at Site K were all0.11 m (0.35 ft) while the SD at the control was 0.03 m (0.09
ft), indicating some increased water table activity dutiegevent. AAD analyses showed
that the water table 1 m (3 ft) downslope of the systas slightly elevated (0.16 m (0.53
ft)) compared to the water table at the control. Télecities were similar to the 01/30/10
event, with a mean of 6.4 cm/hr (2.5 in/hr) and maximéid6a8 cm/hr (6.6 in/hr). The

estimated mean residence time was 225 hr.

Table D-3. Site K water table response results for an infibragvent on 04/09/10.

Water

Table CWT KWT-UP KWT-MID-A KWT-MID-B KWT-VEG
Elevation | (Control) | (6 m upslope)| (1 m Downslope) | (1 m Downslope)| (15 m Downslope)

(m)

Maximum 0.42 0.79 0.78 0.66 0.59
Mean 0.36 0.65 0.52 0.47 0.42

Minimum 0.31 0.50 0.35 0.34 0.31
SD 0.03 0.08 0.11 0.08 0.07
AAD - - 0.16 0.11 -
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Figure D-3. Site K water table response to an infiltration even044©9/10.
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Appendix D-3: Estimated Groundwater Velocities and Resience Times

Table D-4. Estimated groundwater velocities during several infiltraBoents at Sites L and
M. Calculations were based on water table elevatita atzlected from 1 m (3 ft) and 23 m

(75 ft) downslope of the DISs.

Velocity (cm/hr) Overall 12/08/09 | 03/02/10 11/11/09
Maximum 42 4 10 41
Site L Mean 3 1 0.5 7
Median 3 1 1 6
Maximum 155 33 39 129
Site M Mean 17 25 16 15
Median 12 24 14 10

Table D-5. Estimated groundwater residence times between the tahtermonitoring
wells located 1 m (3 ft) and 23 m (75 ft) downslope of tibe Sand M DISs.

Residence Time (hr)| Overall | 12/08/09] 03/02/1011/11/09
Minimum 55 515 224 53
Site L Mean 837 1767 4308 318
Median 758 2281 2175 373
Minimum 15 67 57 17
Site M Mean 137 88 140 142
Median 193 90 157 218
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Table D-6. Estimated groundwater velocities during several infiiraevents at Site K.
Calculations were based on water table elevationatdiected from 1 m (3 ft) and 15 m (50

ft) downslope of the DISs.

Velocity (cm/hr) | 01/30/10| 04/09/10| 02/02/10| 01/24/10| 03/29/10
Minimum 16.4 16.8 23.4 32.5 43.7
Mean 6.7 6.4 6.7 16.6 10.5
Median 7.0 5.9 5.4 15.3 8.9

Table D-7. Estimated groundwater residence times between the tahtermonitoring
wells located 1 m (3 ft) and 15 m (50 ft) downslope of tibe 5 DIS.

Residence Time (hr) | 01/30/1004/09/10| 02/02/10| 01/24/10| 03/29/10
Minimum 87.3 85.2 61.2 44.1 32.8
Mean 213.4 224.5 212.7 86.2 135.4
Median 205.6 242.1 266.9 93.7 161.7

363



APPENDIX E: STORMWATER AND GROUNDWATER QUALITY

Appendix E-1: Enterococci Monitoring Results

Table E-1. Site L, M, K-South, and K-North stormwater enterogauonitoring results.

Site K monitoring did not officially begin until 05/2009; sples at K-North prior to this date
were manually grabbed from the storm pipe. Multiplecemrations for one date were from
multiple samples (not composited into one sample).

Date EnterococciConcentration (MPN/100 mL)
Site L Site M K-South | K-North

12/06/07| (no data) 782 (no data) | (no data)
01/18/08 885 222 (no data) | (no data)
08/08/08 41 73 (no data) | (no data)
08/13/08 5 5 (no data) | (no data)
08/25/08 187 860 (no data) | (no data)
08/28/08 537 504 (no data) | (no data)
11/13/08 30 84 (no data) | (no data)
01/29/09 60 50 (no data) 1540
02/18/09 218 197 (no data) 332
05/05/09 99 866 (no data) 30
05/18/09 551 690 (no data) 135
07/07/09 176 (no data) | 24196 7701
08/13/09) 5493 (no data)| 17329 1464
11/11/09 1314 1123 10462 17329
11/11/09| 2613 3076 8164 12033
02/02/10 163 121 3654 977
03/11/10| 2407 922 1961 3466
03/11/10 245 1454 1454 551
03/11/10 182 420 922 403
03/12/10 76 449 582 344
03/12/10 22 62 523 323
03/12/10 121 224 2 311
03/12/10| (no data) 210 293 161
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Table E-1 Continued.

Date

EnterococciConcentration (MPN/100 mL)

Site L Site M K-South | K-North
03/12/10| (no data) | (no data) (no data) 345
03/12/10| (no data) | (no data) (no data) 429
05/04/10 160 177 3260 523
07/01/10] 89680 502 (no data)| 9680
07/14/10 700 2490 3330 19900
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Table E-2. Site L groundwater enterococunbnitoring results.

EnterococciConcentration (MPN/100 mL)

Date

LWQ-UP | LWQ-CHAM-A |LWQ-CHAM-B | LWQ-MID-A |LWQ-MID-B [WQ-VEG-A | LWQ-VEG-B
07/26/07] 75 20 20 20 5 20 31
08/16/07| 222 137 111 164 64 254 271
10/11/07] 885 5 164 5 5 5 5
12/10/07| 945 5 164 5 5 5 5
01/08/08 5 10 5 5 5 10 5
02/13/08 5 5 10 5 5 5 5
03/10/08 5 5 5 5 5 5 5
04/17/08 5 5 5 5 5 5 5
05/13/08 5 5 5 5 5 5 5
06/11/08 5 5 5 10 5 5 5
07/24/08] 28 2 1 4 1 1 1
08/13/08 1 1 1 1 1 1 2
09/17/08 1 1 6 2 1 1 8
10/08/08 1 6 4 1 1 4 24
11/21/08 4 2 1 1 1 1 2
12/17/08 5 20 5 5 10 5 5
01/22/09 1 1 1 12 1 1 15
02/17/09] 05 4 2 6 0.5 0.5 6
03/19/09] 0.5 8 1 0.5 2 1 0.5
04/27/09] 24 14 1 1 2 1 4
05/27/09 1 12 17 1 4 10 2
06/17/09 4 1 2 1 1 1 2
07/07/09 4 1 2 2 1 1 1
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Table E-2 Continued.

Date EnterococciConcentration (MPN/100 mL)
LWQ-UP | LWQ-CHAM-A |LWQ-CHAM-B LWQ-MID-A |[LWQ-MID-B LLWQ-VEG-A LWQ-VEG-B

07/15/09 8 15 6 2 1 1 1
08/12/09 1 (no data) (no data) 6 1 1 1
08/13/09 4 15 4 1 2 1 1
09/10/09 2 2 1 1 4 1 2
09/24/09 4 1 1 1 20 8 8
10/29/09 99 1 63 1 1 40 1
11/12/09 4 29 49 1 8 2 34
12/03/09 143 29 17 15 4 142 15
01/21/10 10 1 13 4 6 4 1
01/22/10 2 1 4 4 32 13 2
02/11/10 10 1 1 19 1 4 27
03/11/10 24 4 6 10 4 10 13
03/12/10 43 99 26 12 29 28 75
03/26/10 8 17 59 2 2 2 6
04/23/10 1 1 2 6 2 1 1
05/27/10 1 2 8 2 15 1 1
06/15/10 1 2 1 2 2 1 1
07/15/10 0.5 50 21 0.5 1 0.5 2
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Table E-3. Site M groundwater enterocoauopnitoring results.

Date EnterococciConcentration (MPN/100 mL)
MWQ-CHAM-A | MWQ-CHAM-B [MWQ-MID-A MWQ-MID-B | MWQ-VEG-A | MWQ-VEG-B

07/26/07 75 (no data) 31 42 20 20
08/16/07 192 (no data) 178 (no data) 164 207
10/11/07 945 (no data) 5 5 (no data) (no data)
12/10/07 945 (no data) 10 5 42 20
01/08/08 (no data) (no data) (no data) 5 10 5
02/13/08 5 20 5 5 5 5
03/10/08 5 (no data) 5 5 5 5
04/17/08 5 10 5 5 5 5
05/13/08 5 10 5 42 5 10
06/11/08 (no data) (no data) 5 42 5 158
07/24/08 10 (no data) 2 4 19 8
08/13/08 2 2 1 1 1 1
09/17/08 1 2 1 1 1 2
10/08/08 1 (no data) 1 1 1 4
11/21/08 1 1 1 2 53 4
12/17/08 10 5 5 5 5 5
01/22/09 (no data) (no data) 1 (no data) 2 1
02/17/09 (no data) (no data) (no data) (no data) 3 2
03/19/09 2 (no data) 1 2 0.5 3
04/27/09 (no data) (no data) 4 (no data) 1 2
05/27/09 2 10 1 2 2 1
06/17/09 2 (no data) 1 2 4 1
07/07/09 66 145 2 6 1 1733
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Table E-3 Continued.

Date EnterococciConcentration (MPN/100 mL)
MWQ-CHAM-A | MWQ-CHAM-B [MWQ-MID-A MWQ-MID-B | MWQ-VEG-A | MWQ-VEG-B

07/15/09 10 (no data) 2 (no data) 1 2
08/12/09 (no data) (no data) (no data) (no data) 1 1
08/13/09 34 8 1 2 93 1
09/10/09 1 4 1 4 1 4
09/24/09 1 29 1 4 2 13
10/29/09 52 (no data) 128 2599 3063 227
11/12/09 8 582 6 171 198 4
12/03/09 22 181 2 255 10 2
01/21/10 2 65 1 10 1 1
01/22/10 15 13 1 8 2 12
02/11/10 10 6 1 6 4 1
03/11/10 30 27 6 2 10 90
03/12/10 21 33 21 19 31 12
03/26/10 6 (no data) 8 45 2 8
04/23/10 (no data) (no data) (no data) (no data) 1842 19
05/27/10 1 8 229 1 146 1
06/15/10 (no data) 580 1 6 17 1
07/15/10 3 3 0.5 0.5 16 1
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Table E-4. Site K groundwater enterococci monitoring results.

Date EnterococciConcentration (MPN/100 mL)

KWQ-UP-A | KWQ-UP-B | KWQ-MID-A KWQ-MID-B KWQ-VEG-A KWQ-VEG-B
02/17/09 15 28 6 73 8 (no data)
03/19/09 3 41 4 29 2 (no data)
04/27/09 19 4839 76 (no data) 13 (no data)
05/27/09 17 1 80 333 1 10
06/17/09 2 10 17 12 67 35
07/07/09 1454 24 2022 370 6 75
07/15/09 1 2 46 91 4 (no data)
08/12/09 1 (no data) 1 (no data) 4 (no data)
08/13/09 10 1 15 123 2 (no data)
09/10/09 10 1 34 85 2 1
09/24/09 31 49 65 78 1 1
10/29/09 90 1 3466 523 60 1
11/12/09 38 12 141 775 15 83
12/03/09 22 28 1298 597 24 26
01/21/10 6 6 52 20 2 13
01/22/10 84 23 293 109 24 40
02/11/10 2 4 41 6 1 10
03/11/10 4 1 13 321 78 6
03/12/10 37 135 205 240 177 35
03/26/10 6 43 17 17 2 31
04/23/10 1 (no data) 4 (no data) 2 (no data)
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Table E-5.

Control site groundwater enterococci monitoring results.

EnterococciConcentration (MPN/100 mL)

Date | CWQ-UP | CWQ-MID | CWQ-VEG | Date | CWQ-UP | CWQ-MID | CWQ-VEG
07/26/07| 137 31 99 04/27/09] 54 17 12
08/16/07| 429 192 254 05/27/094 1 6 1
10/11/07 5 10 42 06/17/09] 8 1 1
12/10/07| 10 10 31 07/07/09 24 4 2
01/08/08] 10 5 5 07/15/09 1 1 1
02/13/08 5 5 5 08/12/0d 1 1 1
03/10/08 5 5 5 08/13/09] 4 1 1
04/17/08 5 5 5 09/10/09] 4 1 1
05/13/08 5 5 5 11/12/04 4 2 12
06/11/08| 31 5 10 12/03/09 4 6 10
07/24/08 2 10 6 01/21/10 10 1 4
08/13/08] 12 1 1 01/22/1 75 2 6
09/17/08 6 1 4 02/11/1 2 24 1
10/08/08 1 1 1 03/11/10] 6 65 210
11/21/08 1 1 1 03/12/1d 4 15 19
12/17/08 5 5 5 03/26/1d 10 19 51
01/22/09 1 1 4 04/23/10] 10 2 6
02/17/09 2 1 0.5 05/27/10] 33 215 120
03/19/09 3 0.5 0.5 06/15/10| (no data) 1 22
09/24/09 6 24 2 07/15/10 1 0.5 6
10/29/09] 67 55 70
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Appendix E-2: Comparison of the Site L, M, and Control Goundwater Enterococci
Results Between the First Four and Last Thirty-One Montls of Monitoring

Examination of the Site L, M, and control groundwateniaing results indicated
that persistently high enterococci concentrationevpeesent during the initial four months
of monitoring, while results from the remaining 31 montiasrwt show the same trend.
High concentrations were observed during these 31 monthepbat the frequency and
consistently high levels noted during the initial parthef study.

To explore this finding, the data were examined separdtetyween two periods
(Table E-6). This exploration found that the mean cotmagons, at all but two well
locations, were much lower during the final 31 months ofhitering, as compared to the
initial four. These differences were most notabldatupslope wells, where the
concentrations decreased, from the first four montlisetdast 31 months, by nearly 42 times
at Site L and by 12 times at Site M and the controle fleans decreased by approximately
one to nine times in all of the other wells, except MM and MWQ-VEG. The lack of
sharp decreases at these locations was due to a fesamygite concentrations later in the
study period.

These findings suggested that another source of bacteyihawa been present
during the initial stages of monitoring, as the trendsmbseduring the first four months
were not observed later in the study period. The ocainttion was likely related to the
wells, as they may have been contaminated during tbestruction, storage, or installation.
The most likely source of bacteria was the water uséet the wells into the dunes. This

anomaly was not observed at Site K.
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Table E-6. Mean groundwater enterococci concentrations duringrtefdur and last
thirty-one months of monitoring at Sites L, M, and tloatrol.

First Four Months Last 31 Months
of Monitoring of Monitoring
Sj Well (07/07 - 12/07) (01/08 - 07/10)
ite .
Location Mean Mean
Concentration | n | Concentration | n
(MPN/100 mL) (MPN/100 mL)
6m 532 4 13 37
Upslope
lm 78 4 10 36
L Downslope
6m 34 4 5 37
Downslope
23 m 75 4 8 37
Downslope
1m 539 4 46 30
Downslope
M 8m 57 4 55 34
Downslope
23 m 79 3 107 37
Downslope
Upper 145 4 12 36
Dunes
Control | _Mid 61 4 14 37
Dunes
Vegetation 107 4 17 37
Line

Appendix E-3: Groundwater Enterococci Statistical Testing
The groundwater enterococci results were analyzed waman, geometric mean,
arithmetic mean, and median concentrations, in aaditi formal statistical testing.

Statistical testing involved sorting the data by samplirig,dsason (winter-spring or
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summer-fall), system (K, L, or M), well name, relatiocations of the wells (upslope, next
to chambers, middle dune area, or vegetation line), anauthéer of days elapsed since the
previous storm event with 6.4 mm (0.25 in) of rainfall. The bacteria concentragiwere
natural logged transformed prior to statistical testing.

The model was then used to compute contrasts, which cechpatimated least
squares means. The data were compared between siesemevell locations, and to the
control data. The statements were written suchthigatontrol data were subtracted from the
study site data and such that data from wells further slowa were subtracted from those
further upslope. Therefore, negative contrast estiniatiisated that either: the study site
mean was lower than the control mean or the meamaidl further upslope was lower than
the mean at a well further downslope. These analyse®lpd contrast estimates
(differences of the estimated least square meansyiasthrerrors, and p-values. The
significance level used for each analysis was0.05. The results from the Site L, M, and
control analyses are provided in Tables E-7 - E-11. KSisults are provided in Tables E-
12 - E-14. The overall mean enterococci at Site amdless of well location, was

significantly higher ( = 0.05) than the overall mean at the control (p < 0.0001).
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Table E-7. Site L, M, and control p-values for inter-site comgams of the groundwater
enterococcconcentrations. Values in bold font were significadifferent at the = 0.05

level. Starred (*) values indicate p-values assocwmidtnegative estimates (study site
concentration lower than control concentration).

SiteL | Site M
Site L - -
Site M | < 0.0001 -

Control | 0.4914 *| 0.0015

Table E-8. Site L, M, and control p-values for inter-site comgams of the groundwater
enterococcconcentrations between individual wells. No data welleated from the
upslope well at Site M. Values in bold font were siguaifitly different at the = 0.05 level.
Starred (*) values indicate p-values associated with negastimates (study site
concentration lower than control concentration).

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Middle Dunes) | (Vegetation Line)

0.8427 * - -

LWQ-UP
(6 m Upslope)
LWQ-CHAM
(1 m Downslope)
LWQ-VEG
(23 m Downslope)
MWQ-UP
(1 m Upslope)
MWQ-CHAM
(1 m Downslope)
MWQ-VEG
(23 m gownslope) i 0.4419

- 0.5048 -

- - 0.087 *

(no data)

- 0.0003 -
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Table E-9. Site L p-values for intra-site comparisons of theugdwater enterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred

(*) values indicate p-values associated with negatitienates (upslope concentration lower
than downslope concentration).

LWQ-UP LWQ-CHAM LWQ-MID LWQ-VEG
(6 m Upslope) | (1 m Downslope)| (6 m Downslope) | (23 m Downslope)
LWQ-UP . 0.4980 0.0063 0.0441
(6 m Upslope)
LWQ-CHAM 0.4980 . 0.0124 0.1047
(1 m Downslope)
LWQ-MID 0.0063 0.0124 i 0.3828 *
(6 m Downslope)
LWQ-VEG 0.0441 0.1047 0.3828 * :
(23 m Downslope)

Table E-10. Site M p-values for intra-site comparisons of the gdwater enterococci
concentrations. No samples were collected from thippgsvell. Values in bold font were
significantly different at the = 0.05 level. Starred (*) values indicate p-values @ated
with negative estimates (upslope concentration lower doavnslope concentration).

MWQ-UP | MWQ-CHAM MWQ-MID MWQ-VEG
(6 m Upslope) | (1 m Downslope) | (8 m Downslope) | (23 m Downslope)
MWQ-UP )
(6 m Upslope) (no data) (no data) (no data)
oy | (no data) - < 0.0001 0.0216
(1 m Downslope)
MWQ-MID ]
(8 m Downslope) (no data) <0.0001 0.0482
MWQ-VEG ]
(23 m Downslope) (no data) 0.0216 0.0482
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Table E-11. Control Site p-values for intra-site comparisonshefgroundwater enterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred

(*) values indicate p-values associated with negatitienates (upslope concentration lower
than downslope concentration).

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Middle Dunes) | (Vegetation Line)
(U%‘é‘é%fnzs) . 0.1738 0.6271
(ﬁ.%fiéﬁ 'n[gs) 0.1738 . 0.3705 *
(V%;’ggt'i;’nﬁe) 0.6271 0.3705 * ;

Table E-12. Site K and Control Site p-values for inter-site cangons of the groundwater
enterococcconcentrations between individual wells. Values irdldoht were significantly
different at the = 0.05 level. Starred (*) values indicate p-values@ased with negative
estimates (Site K concentration lower than cortosicentration).

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Middle Dunes) | (Vegetation Line)
KWQ-UP ) ]

(6 m Upslope) 0.2740

KWQ-MID i ]
(1 m Downslope) <0.0001

KWQ-VEG i )
(15 m Downslope) 0.5943
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Table E-13. Site K p-values for intra-site comparisons of theugdwater enterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred

(*) values indicate p-values associated with negatitienates (upslope concentration lower
than downslope concentration).

KWQ-UP KWQ-MID KWQ-VEG
(6 m Upslope) | (1 m Downslope)| (15 m Downslope)
(mgﬁslfoze) i < 0.0001 0.2502
KWQ-MID 1 - g01 * - <0.0001 *
(2 m Downslope) ) )
KWQ-VEG 0.2502 <0.0001 .

(15 m Downslope)

Table E-14. Control Site p-values for intra-site comparisonshefgroundwater enterococci
concentrations. Values in bold font were significadifferent at the = 0.05 level. Starred

(*) values indicate p-values associated with negatitienates (upslope concentration lower
than downslope concentration).

CWQ-UP CWQ-MID CWQ-VEG
(Upper Dunes) | (Middle Dunes) (Vegetation Line)

CWQ-UP - < 0.0001 0.2502
(Upper Dunes) : .
CWQ-MID * ) .
(Middle Dunes) | < 0-0001 < 0.0001
CWQ-VEG ]

(Vegetation Line) 0.2502 < 0.0001
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Appendix E-4: Further Examination of the Site L and M Dune Sand Sampling Results
Results from three sand samplings at Sites L and Mhandontrol showed that
overall mean concentrations at the study sites we&verlthan what was found at the control
(Table E-15). These results suggested that bacteridfdigag have been higher at the study

sites. This was plausible as the input of stormwatdrbacteria may have resulted in

increased predation within the dunes at the study sites.

Table E-15. Site L, M, and control mean dune sand enterococci chrat®ns.

Mean Concentration Mid Dunes Vegetation Line
Overall | Shallow | Deep | Shallow | Deep
(MPN/20 g Sand)
Samples| Samples| Samples| Samples

Site L 10 11 3 5 19
Control Site 28 43 1 49 21
Site M 21 34 39 15 5

Bacteria treatment effects were not conclusive @srtean concentrations slightly
increased between the middle dune and vegetation line esuadpbite L but decreased at
Site M. Samples from the same locations at therabsite also showed an increase.
Opposing trends were also noted between the shallow esspd the deep samples at Sites
L and M. Concentrations decreased between the shatidvdeep samples at the control.
Due to these opposing trends, no apparent conclusions iregpodential bacteria treatment
effects were available. Future sampling should be peeldimorder to determine any

trends present within the dune sand.
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Appendix E-5: Stormwater and Groundwater Nutrient Analysis Results

m Sjte L * Site M

5008 1
=z

0.06 -

L 2R 2 *
0.04 - n
[ | [ ] [ |
0.02 -
*
0.00 = . —n = , .
06/21/08 11/08/08 03/28/09 08/15/09 01/02/10 05/22

Figure E-1. Site L and M stormwater N&N results.
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Figure E-2. Site L and M stormwater NEN results.
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Figure E-3. Site L and M stormwater TP results.
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Figure E-5. Site L, M, and control groundwater MM results.
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Figure E-8. Site K stormwater TKN results.
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Figure E-10. Site K stormwater N@N results.
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Figure E-11. Site K groundwater TKN results.
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Figure E-12. Site K groundwater NHN results.
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Figure E-14. Site K groundwater TP results.
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