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Executive Summary

Malibu has been struggling with wastewater management for over 30 years. Philip
Williams and Associates (PW A) and Peter Warshall and Associates (PEWARA) were
contracted by the City of Malibu (COM) to research and write a plan for the city's three
aspects of wastewater management: existing on-site wastewater systems, package plants,
and nonpoint sources of potential pollution. The plan includes policy and administrative
recommendations. In addition, PEWARA was asked to resolve certain disputed issues
relating to an asserted critical need for an areawide sewer system. These assertions
primarily concerned a health hazard risk from septic tank effluent along the coastline, an
increase in instability of various hillslopes from the discharge of septic tank effluent, and
an abnormally high percentage of "functional failures” as determined by the Los Angeles
County Department of Health (DOH). The final wastewater plan adopted by the COM
will be formulated following hearings based on this report. Some of the hearing's findings
must be accepted by various state agencies (e.g., Coastal Commission) for the city to
implement the adopted plan.

The Inventory of Previous Studies

In order to write wastewater guidelines, the previous investigations of watersheds,
climate, geology (as it relates to on-site sewage systems), groundwater, soils, coastline,
population, parcel sizes, on-site wastewater systems, and water usage have been
inventoried. There are about 4,200 use and part-time use parcels with on-site wastewater
systems in Malibu and probably about 4,000 on-site systems. Approximately 960 homes
are connected to local package plants. There are 3,800 single family residences, 1,018
multiplexes (including apartments and condominiums), and 140 commercial and
institutional parcels that have on-site systems (Chapter IT). Malibu does not have an easily
defined generation of wastewater because of the wide variety of uses (weekend, year-
round, seasonal) and household sizes, peak flows from summer visitors and "party
homes," and wide variations in effluent strength among commercial on-site systems.

The elongated shape of the COM impacts the costs of trucking pumped septage,
the cost and design of conveyance lines, and the time necessary to repair power outages
and water or sewer line breaks. There are over 60 watersheds within the city's boundaries,
22 of which extend inland of the city's north boundary and will require joint-powers
agreements with upstream residents and agencies in order to control nonpoint water
quality reaching the coast. Zuma Creek and Malibu Creek floodplains and wetlands have
been designated for possible restoration and integration into constructed wetland
treatment systems.

The climate of Malibu has an important impact on on-site wastewater
management. The maritime climate allows for year-round evapotranspiration (ET) --
ranging from 2 to 7 inches per month. Consecutive years of above normal rainfall have
been the major events associated with landslides. Various storms increase the frequency
of power outages and line breakages as well as damage to coastline on-site systems.
Various gaps in climatic information are discussed and recommendations for further
studies indicated (Chapter II).

The geology and groundwater hydrology of Malibu is complex. This
complexity prevents broad generalizations regarding the fate of effluent following
disposal and requires individual parcel site evaluation (and more costly fieldwork) to
ensure proper treatment, reuse and disposal. From the literature, DOH files, and field
reviews, particular concerns with deep seepage pits on inland sites became apparent. In



transmissive bedrock, seepage pit sizing for disposal has not been based on verifiable
techniques. Some additional treatment occurs within the fractured and/or transmissive
bedrock because some geological formations "de-lithify" or slake (i.e., return to a soil-
like condition with the application of effluent). In some areas, the inland use of deep
seepage pits has increased the potential for effluent discharge to shear zones of slide
masses. A review of the data on "piping" and "daylighting” of treated effluent revealed no
areawide problem. One or two unverified local problems need re-testing and can be
mitigated with proper on-site design.

The soils of the city are equally complex. The scale of existing soil maps does not
allow their use for drainfield design (Chapter II). A review of DOH files revealed that
site evaluation for on-site systems had not provided written descriptions of porosity and
soil structure of the "soil" layers that sit on top of bedrock. Percolation tests have been
performed but in a manner unique to Los Angeles County and not verified for their
accuracy. The "shallow trench pump in" test required for larger flows is unknown in
Malibu. The long-term acceptance rate test for transmissive or fractured bedrock is not
acceptable by contemporary standards (Chapter XI).

The incorporation of soils into wastewater reuse has only been described for spray
irrigation and even this description was based on modelling, not long-term fieldwork. The
use of soils for near surface subirrigation requires site-by-site evaluation due to the lack
of previous studies. There are no design standards for the placement of drainfields in
artificial soils or engineered fill. There are locations exhibiting soil creep, settling and
mass movement. These soil deformations can shear or bend long conveyance lines and
need careful consideration in design and repair costs of subarea sewage systems.

In summary, the data on perched water tables, impermeable soils, thin soils,
piping, floodplain hydrology and "interaction failures" (the asserted impact of combined
effluents from many on-site systems saturating a soil and daylighting) have not been
mapped, collated, or summarized by DOH or any other agency. At best, the information
is anecdotal. No areawide mapping of any of these constraints or specified localities with
documented evidence could be found in previous investigations.

Plants are important to Malibu on-site wastewater management. They turn
"wastewater" into a resource for plant growth and save on irrigation water and costs.
There are no studies on the choice of the best plants for wastewater reuse (i.e., efficiency
of ET for various species, relative water use for shrubs/trees/grasses/native species,
evergreen vs. deciduous, root depth, wetland species). The reuse of wastewater could
save 60% of outdoor usage (indoor flow reductions savings are additive). On landslide
masses, this savings prevents deep percolation into the slide mass and is more cost-
effective than off-site sewering.

Non-human animal species are a wastewater concern in Malibu Lagoon. In
addition to health standards, the water quality standards set for the lower creek and
lagoon depend on the species of biological interest (e.g., steelhead or jacknife clam).
Previous investigations on nutrients and salinity have not designated what species and
habitats should set the monthly receiving water standard (Chapter VIII).

The Malibu Coastline
The Malibu coastline is approximately 25 miles long with a variety of beach types
ranging from cliffs to cobbles to sand to landslide debris. The Malibu coastline is

important to wastewater management because of (1) the asserted health risk associated
with beachfront on-site systems; (2) the asserted health risk associated with storm
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damage; and (3) the combined influences of watershed development, coastal armoring by
sea walls and bulkheads, coastal drift, and on-shore/off-shore sand movement on beach
profiles. It has been asserted that sand starved beaches may contribute to a greater health
risk than sand rich beaches because of a potential shorter detention time of treated
effluent within the sand (Chapter IV). In addition, it has been asserted that the frequency
of higher sea levels harms the treatment (decay rate) of potential pathogens.

Chapter IV reviews DOH material and existing literature on beachfront systems
on both coasts. DOH assertions about a health hazard and critical need for off-site
sewers are not supported by the evidence. A risk analysis of potential health hazards by
degree of treatment, exposure, and contagion showed that water quality in the surfzone
met recreational standards and that the most reliable studies to determine health risks had
not been performed. Only the weakest studies had been performed, and the data for those
studies had neither been reliably collected nor appropriately analyzed. An oversimplified
model by DOH of the relation of tidal surges to treatment by dilution, dispersion,
pathogen die-off rates, and exposure possibilities is replaced in this report by a more
complete understanding of what occurs to the concentrations of potential pathogens
between the drainfield and possible emergence in the surf zone.

The impacts of storm damage on health are not documented. There are no
reliable water quality data and no epidemiological data to document an increased health
risk. The life span of drainfields damaged by storms is about 18 years, just two years less
than the federal standard used by DOH. No drainfields with recently constructed
bulkheads have been damaged. Interviewed homeowners vociferously challenged the
asserted claim of damage to some on-site systems and claimed that DOH confused
damage to protective barriers with damage to the septic tank system. DOH is in partial
agreement with home-owner claims. There were no records kept of the extent of damage.
An emergency preparedness program is proposed for heavy storm situations.

Effluent and Landslides

Approximately 250 landslides have been mapped in the COM. The 15 largest
landslides contain 350 homes, although not all of these homes can be considered
endangered by earth movement. There are about 285 homes adjacent to these slide areas
that could possibly become endangered by movement of the slide mass.

Chapters III and IX review the importance of septic tank effluent to various
landslide masses. The Los Angeles County Department of Public Works (DPW) and
others have asserted that effluent significantly raises the water level and submerses the
shear zone(s) of slide masses, decreasing their stability. Earlier statements had been based
on a gross oversimplification of the causes of landslides with little understanding of the
ambiguous nature of the safety factor and the limitations of fieldwork and testing
methods. These chapters attempt to compare effluent recharge with irrigation recharge,
natural groundwater inputs, surface runoff infiltration, and other sources of groundwater
in order to determine the relative importance of effluent. Besides groundwater levels, 15
other factors contributing to landslide movement are "red flagged." On particular slides,
addressing concerns other than groundwater may be of primary importance (e.g., Rambla
Pacifico). In almost every instance, above normal rainfall and infiltration to the slide
mass occurred over consecutive years before the initiation of landslide movement.

In conclusion, alternatives to off-site sewers are presented. These include
neighborhood wastewater flow reductions by indoor water conservation (a 10 to 40%
decrease in wastewater), a re-design of on-site systems to dispose of effluent by ET (not
deep percolation) with an additional 60% reduction of effluent and irrigation recharge,

iii



and a surface runoff management program. These less costly technical interventions
remove the necessity for off-site sewers. Dewatering as a method to intercept all forms of
recharge (rain, runoff, leaks, irrigation, and effluent) is preferred because of the non-
uniform flow of subsurface water and the inability to determine precisely the
contributions from artificial recharge. An analysis of the major slides shows that off-site
sewering would have minimal to no impact on the safety factor. (The Big Rock report by
Bing Yen was not available at the time of this report's publication.) Chapters IX and XI
discuss the hazards of long conveyance lines in areas of earth movement.

The On-Site Survey

Chapter VI describes the on-site survey conducted by PEWARA of 203 addresses
and 242 systems (about 5 to 6% of Malibu's systems). The survey was city-wide,
consisting of a sample from (1) volunteers selected to represent a variety of
environmental situations, commercials, multiplexes, and single family residences, and (2)
a sample of homes visited as part of the DOH 1988 study and found by DOH to be
"functional failures". Volunteers with problem systems were chosen over volunteers with
working systems. These two samples of predominantly problem volunteers and DOH
functional failures biased the results toward a "worst case" situation.

PEWARA found 11% of the on-site systems sampled to be marginal or to have
problems requiring immediate attention. This is typical for older communities with
systems of varying ages, built under varying codes, by various contractors, and with
various amounts of use or abuse. Other similar communities have a 15 to 20% annual
repair rate

DOH claims regarding the rate of "functional failures"” over the last 20 years could
not be verified. Only 22% of the homes re-visited fit the DOH definition of functional
failure without dispute. 37% did not meet DOH's own criteria, apparently because the
collators of the information misunderstood the criteria of the project director. 13% were
disputed by home-owners. 29% had insufficient information in DOH files or from
homeowners to confirm surfacing effluent or chronic system back-up into the home. The
1988 DOH study cannot be used to judge the comparative success or failure of on-site
systems in Malibu.

The PEWARA survey revealed the following:

All systems: The average septic tank was 1,000 gallons -- an adequate size for most
single family residences. Occasional older homes had 750 gallon tanks which should be
upgraded in remodeling or replacement. Maintenance did not include pumping the second
chamber of the septic tank. This practice may have led to increased pumping rates of the
first chamber, movement of suspended solids and increased biological oxygen demand
(BOD) into the drainfield, and shorter drainfield life spans. The average drainfield size
was adequate for single family residences (SFRs) but strong standard deviations in
drainfield size indicated that some had inadequate infiltrative surface. Drainfield age was
above the federal norm of 20 years. Depending on location, drainfield age varied from 23
to 25 years before replacement, with large standard deviations. The technology to reduce
odors and nuisance flies, although employed in other areas for over 20 years was
unknown in Malibu.

Beachfront homes: Drainfields were not uniformly in sand. Some were in engineered fill
and others in slide debris. The septic tank and drainfield had diverse locations with some
on the street side of homes, some on the ocean side on the drainfield and a few within the
footprint of the home. "Sand creep" irto the drainfield gravel was a common problem,
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reducing the effectiveness of treatment. 77% of the homes surveyed already had
bulkheads and 12% had "inland" systems. In other words, 89% of the on-site systems
were protected from most major storms. 8% of the homes had greywater systems. Some
of the older drainfields and septic tanks were undersized and needed upgrading. Newer
systems met reasonable engineering standards. Many parcels had not used their "reserve
area.” A reserve area is unnecessary along the coast as repairs and replacements of
drainfields removed the whole drainfield and replaced it with engineered fill. Equipment
paths were a problem in some areas (e.g., Malibu Colony). In these areas, on-site systems
should be designed for the longest possible life span.

Inland: 90% of the systems were seepage pits from 10 to 60 feet deep. The design was
somewhat dangerous and technically unsound with a hollow vs. gravel-filled excavation.
The seepage pits were not designed with a knowledge of uniform flow technology nor
with adequate site evaluation. About 30% of the homes had greywater systems, primarily
for supplemental irrigation during the drought.

Multiplex systems: A small number of multiplex systems were surveyed. The age of the
drainfields decreased as the number of units increased (e.g., apartment drainfields had
half the life span of duplexes). In cases of marginal systems, poor design appeared to be
common.

Commercial on-site systems: There were more marginal and problem systems here than
in any other group. These systems suffered most from poor design, poor site evaluation,
lack of consideration of effluent strength and loading rates, peak flows, non-uniform flow
distribution, soil aeration, surface runoff and groundwater movement. Some
condominiums and other commercial clusters used cartage of effluent to survive. Typical
of other communities, restaurants had the shortest-lived drainfields. Many drainfields
were under pavement and many had odors with no mitigating design features. Poor
maintenance schedules were common. Of all the situations encountered, the commercial
systems on smaller parcels and the poorly designed condominiums were in greatest need
of improved design, installation and maintenance.

The most important report recommendation is the improvement of on-site
design, installation, maintenance, and site evaluation. Malibu has been living with
design regulations that are technically indefensible and work contrary to long-term
functioning of on-site systems (Chapter V). Poor design is the major cause of shortened
on-site system life spans. In some cases, design features were 20 to 30 years out-of-date.
Chapter XI provides custom-design strategies for (1) landslides areas, (2) new and
remodelled single family residences on the beach and inland, (3) commercial on-site
systems, and (4) multiplexes. These include three levels of wastewater loading rate
reduction (indoor flow reduction, greywater reuse, and combined wastewater reuse),
reduction of effluent strength by intermittent sand filters, increased soil aeration and
uniform flow distribution by dosing and, if necessary, groundwater diversion by
interceptor or curtain drains. Various kinds of custom-designed drainfields are
recommended for the multitude of environmental situations encountered in Malibu.

Subarea Results of Survey

Malibu is in a state of transition. It is writing new zoning laws, absorbing the
results of many studies, and determining a future based on areawide vs. subarea vs. on-
site sewering. PEWARA found no beach or inland sites that required off-site sewering.
But, in some cases, future housing and "vertical" development might stress existing
drainfield capacities. PEWARA was asked to look only at existing conditions.



Chapter IX reviews subareas where homeowners have expressed an interest in off-
site sewers or where we felt it was reasonable to consider such an option. The two most
difficult situations encountered were condominiums that have ruined their disposal areas
with no other land for new disposal areas (the Point Dume Highlands), and commercial
establishments on small parcels which may require replacement of the existing drainfield
with imported bed material (the northside of Pacific Coast Highway). The subareas
analyzed with various options presented include: the Civic Center, Paradise Cove, the
Point Dume Highlands, the major landslide areas with significant housing, the east end of
Pacific Coast Highway (PCH), Malibu Road and Malibu Colony, and the northside
commercials along PCH.

Four options for the Civic Center area are presented. Three employ constructed
wetlands as part of the treatment and multiple use design (e.g., restoration of steelhead
runs, linear parks, wetland restoration). Special strategies for landslide areas include
shallow drainfields, reuse of effluent and greywater for subirrigation, surface runoff
management, dewatering of all sources of groundwater, and indoor water conservation.
Decentralized alternatives for specific subareas include neighborhood systems,
acquisition of neighborhood reserve areas for future drainfields, a small volume treatment
facility such as a recirculating gravel filter, connection to existing package plants, and
integrated actions by neighborhoods such as water conservation to lower groundwater
levels within a slide mass.

Package Plants

There are five package plants in Malibu. Trancas, Latigo Bay Shores, and Maison
de Ville dispose of treated effluent by subsurface disposal. Malibu Mesa and Point Dume
use spray irrigation. Although there have been no serious water quality violations and the
plants appear to be well run, some of the plant’s parts show corrosion and are near the
end of their service life. In most cases, the property on which the wastewater treatment
plant is located is more valuable than the plant itself. In addition, the value of the site is
most important as an accepted location for a treatment facility. The COM needs to better
understand ownerships and leased lands as well as jurisdictional authority over the
package plants. Most of the package plants appear to have additional capacity but the
state of the subsurface drainfields must be evaluated before any additional expansion is
contemplated.

Nonpoint Sources

Malibu has 62 watersheds, 22 of which extend beyond the city limits. The
nonpoint concerns are the sand budget for Malibu beaches; first flush pollution that
carries surface runoff to creeks; and the nutrients, potential pathogens and salinity of
lower Malibu Creek and Lagoon. Chapter VIII provides a model for increased nonpoint
changes in water quality for in-city areas of Malibu. It also describes the nutrient budget
of Malibu Creek, showing that Tapia is the major source of nutrient. Malibu Colony
generates negligible nitrogen contributions to the Lagoon. A study of algal blooms,
lagoon circulation patterns and nutrients is needed. The greatest need, however, is to
determine seasonal water quality standards for the receiving waters for Malibu Creek and
Lagoon.

The potential health risk in Malibu Lagoon has not been documented. Future
studies should concentrate on tracing the sources of potential bacterial or viral pathogens
and not general water sampling which will always contain high background levels of
indicator organisms from birds, fish, and mammals. Water quality studies should focus on
the breaching of the sand bar and stormdrains. Given hydraulic characteristics of the
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Lagoon and the soil textures of Malibu Colony, adjacent to the Lagoon, these on-site
systems do not appear to be a source of potential pathogens.

Future work on "pocket wetlands" for surface runoff treatment, the formation of
watershed groups and joint-powers agreements to manage both in-city and extra-limital
sources of nonpoint pollution, and an ordinance and educational pamphlets for storm
water runoff control are necessary.

Future Administration and Policy Decisions for Wastewater Management

The COM has extensive powers under municipal law to regulate on-site, nonpoint,
and centralized wastewater treatment. Chapter X recommends a new department of
Environmental Management and Consumer Protection to integrate the various aspects of
permit procedures and transform wastewater management from the previous "punitive-
authoritative" style to a more "consultative-democratic" approach. The consultative-
democratic approach will emphasize departmental extension service capacities with
instructional pamphlets and manuals, an easy licensing program for simple greywater
systems, coordination with neighborhood (watershed) groups, custom-designing for long-
term and sustainable systems, and preventative conflict resolution vs. post-crisis lawsuits.

There are two phases of development of policy and administrative
organization for the new city: the start-up phase (about two years) and the long-term
management phase. The COM start-up requires: writing regulatory ordinances for water
conservation, greywater use, and on-site wastewater management. These ordinances
include a manual for site evaluation, geotechnical coordination with landslide concerns,
design regulations, permits, licenses for simple greywater systems, and procedural
guidelines. In addition, a computerized data base and a code of ethics for pumping are
recommended. Access to the second chamber of septic tanks by the installation of risers is
the most immediate city-wide technological intervention required.

In order to improve accountability in design and to educate the new staff of the
COM, a two-year peer review process is recommended. The peer review will cross-
check plans, soil evaluations, and installation; ensure that the designers understand and
custom-design for the "red flags" (environmental constraints), as well as supply explicit
justification for their design. It is recommended that the designers (civil engineers, soil
engineers, sanitarians, et al) be certified for practice within the COM. There appear to
be no designers with experience in intermittent sand filters in southern California. Other
long-term concerns such as the licensing for daily cartage of effluent and unresolved
questions such as the relation of the new COM to state agencies are discussed.

Many residences with marginal or problem on-site systems and many commercial
enterprises wanting to upgrade, renovate or build are waiting for a clear direction on
sewage management. They do not want to have to pay twice: for an upgrade on their on-
site system and then again for a collector sewer. The future of the Malibu Sewer
Assessment District and its finances are in crucial need of definition in 1992 so that the
COM may implement its on-site wastewater management. Chapter X1 gives costs for on-
site systems. The COM can levy fees, charge for licenses, increase taxes by a very small
amount, or form special assessment districts. The major question of revenues for the on-
site section of the new department remains unresolved.

Chapter XII summarizes demonstration projects and further studies as well as
findings of the report.
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Performance of a Constructed Wetlands
in Treating Urban Stormwater Runoff

James N. Carleton, Thomas J. Grizzard, Adil N. Godrej, Harold E Paost, Les Lampe, Pamela P. Kenel
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Introduction

Natural wetlands are transitional ecosystems that exist at the
interface between aquatic and terrestrial systems. Because of their
position in the landscape, they are frequently the default recipients
of stormwater rupoff, including that which drains agricultural
lands and urban developrments Numerous investigations in differ-
ent regions of the country (Strecker et al., 1992) have demon-
strated that various wetland types can act as sinks or transformers
of nutrients and other constituents of stormwater runoff (Mitsch et
al., 1989). However, wetlands can also be degraded by nonpoint
source pollution Construction of wetlands designed specifically as
best management practices (BMPs) for treatment of stormwater
runoff is attractive in part because natural wetlands need not be
affected. Previous authors, after reviewing the literature, have
concluded that constructed wetlands typically performed slightly
better and with less variability than natural wetlands at removing
various constituents (Strecker et al, 1992). However, although
constructed wetlands have become established methods of second-
ary wastewater treatment, their applicability for treatment of
stormwater runoff has been less extensively studied (Kadlec and
Knight, 1996).

In a companion study to this one, a constructed urban marsh,
referred to herein as “Franklin Farms,” was established in a former
dry detention basin receiving drainage from a 16.1 ha subdivision
in Chantilly, Virginia (OWML, 1990). Pond area at full pool was
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0.13 ha or 0.8% of the total drainage area. Although total constit-
uent load removals for the entire set of 23 storms were disappoint-
ing (—8.2 to 15% for nutrients), performance (>>59% for nutrients)
was found to be substantially better for a subset of storms with
volumes less than the capacity of the marsh. The authors con-
cluded that the facility was undersized with respect to its drainage
area

The site in the present study, referred to herein as the “Crest-
wood” wetlands, drained a townhome complex near Route 234 in
Manassas, Virginia, approximately 50 km (30 mile) from Wash-
ington, D C Before modification, the facility was a dry detention
basin containing numerous wetland plants growing in the wet zone
along a well-defined flow channel. The basin was equipped with a
single stormsewer inlet, which transported runoff from an esti-
mated 13 ha diainage area within the townhouse complex An
additional 1 6 ha of wooded and grassy land is immediately upland
of the pond on one side (Figure 1) and serves to separate the
complex from a working stone quarry nearby At full pool, the area
of the pond is approximately 0 07 ha or 2% of the total drainage
arca Although details of the initial construction of the detention
pond were not available, the facility is thought to be underlain by
an impermeable clay or compressed earth layer The primary
purpose of the present study was to examine the pollutant removal
performance at the Crestwood wetlands using a mass balance
approach and investigate any seasonal trends in removal efficien-
cies. Based on its greater area relative to drainage area, it was
hypothesized that long-term removal efficiencies at Crestwood
would exceed those at Franklin Farms.

Methods and Materials

Crestwood Site Retrofit. Before its conversion to a wetlands,
the detention basin had been completely surveyed (Figure 2). In
December 1995, the detention basin was modified with the addi-
tion of a 0.46-m (1.5-ft) weir (referenced to the invert of the
original outlet structure) at the outlet. A 31 8-mm- (1.25-in.-) diam
orifice was installed in the weir to impound a pool of water at a
depth of 0.15 m (0.5 ft) at the riser, creating 8.58 m> (303 ft®) of
permanent storage below the orifice, with an additional 124.5 m®
(4397 £t3) of extended detention storage above, for a total of 10
mm (0.4 in.) of storage distributed over the gauged drainage area.
The orifice was sized to drain the pool from the top of the weir to
the orifice invert in 24 hours.

Station Equipment. Automatic flow gauging—sampling stations
were located at the inlet (WE20) and outlet (WE10) of the facility
inside fiberglass utility sheds. Inlet and outlet flow passed through
Palmer—Bowlus flumes (which had an outlet diameter of 381 mm)
to allow flow measurements. At each station, a submerged Keller-
PSI Model 200S (Hampton, Virginia) pressure transducer inside
the flume fed signals to a computer through a modem port. The
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Figure 1—Relative locations of wetland and drainage
area features.

computer converted the signal to a stage reading. then caleulated
the associated dischaige from the stage and aating curve stored in
memary An increase in stage of 0 006 m (0 02 fty o1 more during
a S-minvte inteival tiiggered a mode in which 200-ml. samples
were collected at set increments of cumulative flow Sampling
continued wntil the hydrogiaph declined either to zero flow
(WE20) or to base flow (WE10) Samples were automatically
combined, yielding flow-weighted composites from which event
mean concentrations (EMCs) for each storm weire estimated. Base
flow monitoring was performed by collecting grab samples from
the pool near the outlet on a weekly-to-biweekly basis.

Overland Runoff Grab Samples. Volume measurements of the
first several storm events during the study showed substantial
discrepancies between inlet and outlet flow volumes, with the
outlet volumes typically being somewhat higher. Tests were there-
fore conducted on two occasions (November 6, 1996, and March
28, 1997) to verify the accuracy of the flow readings. The proce-
dure involved opening a metered hydrant within the townhome
parking lot to deliver known volumes of water at known flow rates
to the basin for comparison with the flows and volumes estimated
by the equipment. These experiments confirmed that the observed
discrepancies were not the result of equipment malfunction, gross
miscalibration, or flume rating curve inaccuracies.

Periodically during and following rainfall events, a substantial
amount of water was observed to be flowing overland into the facility
from the grassy~wooded area adjacent to the pond. Calculations
suggested that this extra input might account for the greater flow
volumes appearing at the Facility outlet. A portion of this runoff
flowed through a 150-mm- (6-in.-) diam polyvinyl chloride (PVC)
drainage pipe located outside the perimeter fence of the site. The pipe
drained a small depression adjacent to a dirt access road, which was
located between the facility and the wooded area. On three occasions,
during runoff events, grab samples were collected directly from the
PVC drainage pipe (WE15) to characterize the chemical nature of the
overland input. For comparative purposes, an additional three samples
were also collected during runoff events in 1998.

206

Soil-Pore Water Monitoring, Three soil-water lysimeters were
installed at the facility to allow infiltrating and percolating pore
water to be sampled Lysimeters were constructed from 15-m
(5-f1) lengths of 64-mm- (2 5-in -) diam PVC pipe (OWML, 1990)
Lysimeter installation entailed excavating a 0.9-m (3-ft) hole in the
soil and inserting the lysimeter The hole was then backfilled and
tightly packed with soil to prevent downward leakage of surface
water Two lysimeters (WES0, WE60) were installed within the
area of the permanent pool near the outlet of the pond, at depths of
015 and 03 m (05 and 10 ft) below the bottom of the pool
(reference datum was 0 m above the original outlet invert), respec-
tively The thitd lysimeter (WE70) was installed above the per-
manent poo} level in one of the banks of the basin (1eference datum
was 0 76 m [2 5 ft] above the original outlet invert) to a depth of
046 m (15 f1) below the giound level Lysimeter samples were
collected concurrently with base flow samples, unless a storm was
in progress Approximately 24 hours before sample collection, the
lysimeters weie charged by placing a vacuum of approximately 18
mm Hg on them using a hand-held pump Samples were retrieved
by ejecting them under positive pressuic using a hand-held pump.

Precipitation Measurements. A tipping-bucket rain gauge
(Weather Measwe Corporation [Sacramento. California), Model
P501) was sitnated on top of the inlet instrwmentation shed at the
site At 25 mm (0 01 in ) inciements of rainfall, the bucket would
become full and tip. thereby uiggering a contact closure signal that
was relaved 1o a solid-state totalizing 1ainfall recorder mounted in
the equipment sheltet The recorder accumulated a count of the
bucket tips and recorded inciemental raintall as a function of time

A wet-dry piecipitation collector (Aerochem Metics [Bushnell,
Florida]l Model 301), located on-site within the perimeter fence and
15 m above the ground, was used to collect atmospheric deposition
samples The collector included separate vessels for wetfall (WE4Q)
and dryfall (WE30) samples. Wetfall samples were manually col-
lected following rainfall events, Dryfall vessels were collected after
approximately 2 weeks of exposure. Sample buckets were transported
to and from the field with the lids on and taped down.

In the laboratory, wetfall volumes in the bucket were measured
and recorded along with the pH of the sample. Samples were
mixed as needed before transfer to sample bottles for analysis.
Dryfall samples were prepared by the removal of gross contami-
nation such as bird droppings or leaves, before 200 mL of reagent
grade water was added to the bucket. After rubbing down the sides
of the bucket with a rubber-edged scraper, samples were trans-
ferred to 250-mL volumetric flasks and diluted to the mark with
Milli-Q (Millipore Corporation, Bedford, Massachusetts) water.

Sample Handling and Analysis. Between uses in the field,
sample bottles were cleaned with phosphorus-free detergent in hot
tap water, then a 15-minute soak in 50% hydrochloric acid, fol-
lowed by three rinses with tap water and two rinses with Milli-Q
(deionized) water. Samples were transported in iced coolers. On
receipt at the laboratory, each sample was given a unique identi-
fication number for unambiguous in-house identification.

Samples were analyzed for various forms of nitrogen and phos-
phorus, chemical oxygen demand (COD), total petrolenm hydro-
carbons (TPH), physical parameters including total suspended
solids (TSS), and five trace metals—aluminum (Al), chromium
(Cr), copper (Cu), lead (Pb), and zinc (Zn). Analyses included both
total (i.e., acid-extractable) and “soluble” (filtered through What-
man [Clifton, New Jersey] glass microfiber filters) forms of each
metal, which are referred to in this report with the prefixes “T” and
“S,” respectively (e.g., TCu and SCu refer to total and soluble
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Figure 2—Contour map of Crestwood Marsh BMP,

forms of the metal, respectively) Nutrient analyses were per-
formed with a Bran and Luebbe (Buffalo Grove, Illinois) TrAAcs
800 system, as described in Technicon Methods 780-86T through
787-86T (Bran and Luebbe, 1987) and modified by the Occoquan

May/June 2000

Watershed Monitoring Laboratory (Manassas, Virginia). Trace
metals were analyzed using a PerkinElmer (Norwalk, Connecticut)
Model 5100 atomic absorption spectrophotometer as described in
either U.S. Environmental Protection Agency (U.S. EPA) (US.
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EPA, 1979) or Standard Method 3111 (APHA et al., 1992) and
modified by the Occoquan Watershed Monitoring Laboratory
Metals, TSS, COD, turbidity (TURB), TPH, pH, and total hardness
were analyzed according to published American Public Health
Association (Washington, D C.) and U S EPA methods (APHA et
al,, 1992, and U S EPA, 1979).

Some constituents, notably TPH and both extractable and
soluble forms of Al, were left censored, that is, many measure-
ments were below the analytical detection limit (LOD) Mea-
surements below the LOD were substituted with one-half the
LOD When simultaneous measurements of related constituents
gave occasional incongruous results [e g, orthophosphate
(OP) > total phosphate (TP)], the greater value was substituted
tor the more inclusive parameter (e g, OP value substituted for
TP value)

Performance Calculations. To characterize the performance of
a BMP, the tiue interest is ultimately in its long-term effects on
total pollutant mass flux Such an approach iequites an accurate
accounting of all mass inputs and outputs, including base flow,
duiing a period of time sufficient to tepresent the range of weather
conditions expected Unfortunately, practical and financial consid-
erations seldom allow information to be obtained at this Jevel of
detail In the case of the Crestwood wetlands, the investigation was
limited to analysis of a disciete seties of runotf events, along with
limited information about base flow output and wngauged input,
during an approximately I-year period Because a complete long-
term mass accounting was not possible, system efficiency was
estimated using three different calculation methods, each of which
exanuned the available data fiom a different perspective These are
desciibed as follows

(1) The median EMC reduction (MED) is based on the median %
EMC reduction over all monitored storms The MED calcula-
tion illustrates changes in concentration taking place between
gauged inlet and outlet during typical runoff events.

. (EMCinlct - EMCOUKICI)
MED = | Median of X 100 (1)

EMCinlet

(2) The median load reduction (MOL.) is based on the median %
load reduction over monitored storms. The MOL calculation
reflects changes in constituent loads taking place between
gauged inlet and outlet during typical runoff events. Separate
MOL calculations were performed for the entire set of storms
and a subset of 22 storms that had gauged inflow volumes less
than the maximum pool volume of the wetlands.

It dine -1 dou &
MOL = [Median of (( O8Cinter — 103Cou ‘)) X100 (2
loadinlet

(3) The long-term efficiency (LLTE) is based on the difference
between the estimated total input (inlet + overland + wet-
fall + dryfall) and estimated total output (storms + base flow)
loads over all monitored storms. This calculation incorporates
mass fluxes over all known input and output pathways both
during and between runoff events and thus attempts to char-
acterize the total performance of the system.

_ (Evomle\EMCouﬁet) + VBFWAB ] X 100
(ZVineEMCiy)) + ViMCy + WF + DF

LTE==[1

3
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Where
Vg = total base flow volume,
FWA, = flow-weighted average base flow concentration,
V, = estimated tota] overland flow volume,
MCr = median overland grab sample concentration,

WF = direct wetfall loading to pool, and
DF = direct dryfall loading to pool

Statistical Analysis. Seasonal trends in load removal efficien-
cies, as measuted by paired inlet and outlet storm loads only
(overland loads not included), were examined using Statistical
Analysis System 6 02 (SAS, Cary, North Carolina) software Be-
cause analyses for metals were not performed for all storms, there
were insufficient data to examine seasonal trends in metal 1emov-
als (e g , only one event was analyzed for some seasons), therefore,
statistical analysis was petforined only for nuttients, COD, TSS,
and TURB Data weie analyzed using analysis of variance
(ANOVA) Because the ANOVA test is not designed to handle
data sets containing both positive and negative values, removal
percentages wese subject to an additive tianstormation (a large
positive number was added to each iemoval percentage) to convert
all values to positive For cach constituent, removals were then
grouped according to season (spring, summes, fall, winter, and
spring2) Constituents that met the required assumptions of not-
mality and homogeneity of variance (oxidized nitrogen [OX-NJ,
total nitrogen [TN}) were analyzed using ANOVA  Constituents
that did not meet thesc assumptions (OP, total soluble phosphorus
[ TSP}, ammonia [NH,], soluble and total Kjeldahi nitrogen [SKN
and TKN}, COD, TSS, and TURB) were subject to logarithmic
transformation and retested for normality and homogeneity. Con-
stituents that still failed the tests for homogeneity or normality (all
constituents) were then rank transformed and retested Rank-trans-
formed constituents that met the homogeneity and normality as-
sumptions (all except TSP) were then subjected to ANOVA.
Constituents for which the ANOVA test identified significant
seasonal differences were subject to pairwise f-tests with a Bon-
ferroni adjustment to conirol for the cumulative experimentwise
error rate (o = 0.05) to identify which seasons differed signifi-
cantly from one another. Because TSP data could not be normal-
ized, a separate analysis was performed using the nonparametric
Wilcoxon rank sum test, which does not require the data to be
normally distributed.

Resuits

Water Mass Balance. Linear regression analysis of outlet ver-
sus inlet volumes resulted in an 7 value of 0.94 and a slope of
1.39. To obtain a satisfactory flow balance, the rational method
was nsed with a runoff coefficient of 0.2 to estimate the overland
flow volume. Although this method improved (but was still weak
at) accounting for the volume discrepancies of individual storms
(Figure 3), it resulted in only 3% difference between estimated
long-term total inflow and outflow (Table 1).

Atmospheric Contributions. Calculated annual wetfall and
dryfall deposition rates are presented in Table 2 along with rates
from similar studies previously conducted in the greater Washing-
ton, D.C., area and the southeast. In general, atmospheric loadings
of nutrients and Zn at the Crestwood wetlands were comparable to
the earlier studies. However, loadings of Cu and Cd were 1 10 2
orders of magnitude lower. Wetfall loadings of Al seemed to be
approximately 1 order of magnitude greater than those at Franklin
Farms, whereas dryfall loadings were approximately 1 order of
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Figure 3—lInlet (including estimated overland) and outlet storm volumes for monitored storms.

magnitude lower However, the results for Al should be interpreted
cautiously because the data were highly censoied, that is, most of
the results were below the analytical detection limit Consistent
with the Franklin Faims study, wetfall nitiogen loadings were
substantially greater than dryfall loadings by approximately I
order of magnitude, whereas wetfall and diyfall phosphorus dep-
ositions were more similar. Wetfall and diyfall Zn loadings were
also similar For all other metals, observed wetfall loadings were
approximately 2 to 5 times greater than dryfall loadings.

Characterization of Runoff. Table 3 presents median inlet and
outlet (WE10, WE20) EMCs, wetfall sample (WE40), and un-
gauged area (WE15) grab sample concentrations of the various
constituents measured. Median urban runoff concentrations from
other studies in the Washington, D C, metropolitan area are pre-
sented as well, for comparative purposes The table shows that for
nutrients, TSS, COD, and all metals except Pb, the WE20 samples
at the Crestwood site were similar to utban runoff concentrations
measured in the other studies. For the forested runoff, results for
the 1998 samples were typically consistent with the study samples,
demonstrating that the composition of the overland drainage did
not change greatly over time (Table 4). During the study, field pH
in base flow samples ranged from 6.2 to 9 8.

Lysimeter Samples. Median values of all constituents for each

Table 1—Crestwood water mass balance for monitored
storms April 1996 through May 1997.

inputs, m® Outputs, m®

Gauged infet 3280 Gauged outlet, storms 4904
Estimated overfand 2520 Gauged outlet, baseflow 907
Direct precipitation 355 Evapotranspiration 164
Total 6163 5975

Difference, % -3

May/June 2000

of the three lysimeters are presented in Table 5 Concentrations of
OP and TP in each sample were similar, with both frequently
falling below detection limits. Ammonia and TKN concentrations
were typically greatest in the WESO samples, followed by WE60
and WE70, respectively In comparison with other nitrogen spe-
cies, oxidized nitrogen concentiations in the three lysimeters seem
to follow one another closely The Al, Cd, Cu, and Pb results were
mostly below detection limits By contrast, concentrations of Zn
were observed more often at detectable levels. During the study,
field pH in lysimeter samples ranged from 57 to 7 2

Outlet Base Flow Monitoring. Plots of base flow concentra-
tions as a function of the instantaneous outlet flow at sampling
time showed an inverse relationship between concentration and
flow rate for most constituents (e g, Figure 4 for TN) This
relationship between flow and concentration was accounted for in
the long-term mass removal calculations by calculating the flow-
weighted mean base flow concentration for each constituent along
with total base flow volume, thereby estimating total base flow
export.

Pollutant Removal Performance. For many constituents, the
estimated overland load was a significant fraction of the total input,
in some cases exceeding even the gauged inlet load For these
constituents (TSP, TP, SKN, TKN, TAl, SAl, TCu, SCu, SPb, and
SZn), inclusion of the overland input is sufficient to offset the
difference between apparent import and export For most constit-
uents, the LTE method therefore gave the best performance of the
three calculation methods used (Table 6).

Discussion

Compared to other studies of urban runoff in the Washington,
D C., metropolitan area, constituent concentrations in townhouse
drainage at the Crestwood site seem to be similar for some con-
stituents (NH, and oxidized nitrogen), slightly lower for others
(OP, TSP, TP, TKN, TN, TSS, COD, TCu, and TCd), and sub-
stantially lower for a few (TPb and TZn) (Table 3). Thus, in
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Table 2—Estimated annual atmospheric deposition rates: wetfall and dryfall.

Nutrients, kg/ha

Trace metals

Measurement

Location type OX-N  NH,-N  TKN ™ op Tsp TP TCu TPb TZn TCd TAl

SEUS (TN)? Total 755 252

Suburban D C® Total 638 120 82 144 030 057 024 049 151 010

Franklin Farms Waetfall 374 328 375 664 012 018 020 013 054 008 139
Drytall 102 058 217 346 008 010 038 082 169 024 793
Total 476 386 592 1010 020 026 058 09 223 031 81

Crestwood Wetfall 553 403 465 1029 010 015 002 002 07 001 1309
Dryfali 082 047 199 286 008 024 001 001 069 0002 569
Total 635 450 664 1315 018 038 003 003 137 0QO1 1878

2 Lindberg et al (1986)
® Maryland Depaitment of Environment (1987)

geneial, the Crestwouod drainage seems to be 1elatively “clean” for
wban 1unoff in the national capital area In part, this may reflect
variations among previously studied sites in terms of proximity to
local souices of atmospheric pollutants and differences in land
uses within the watersheds The substantially lower Pb concentra-
tions in urban 1anolf at Crestwood compared with eathier studies
probably 1eflects the reduction in leaded gasoline nsage that has
occuited since those studies were conducted This tiend is also

evident in the atmospheric data. which shows much lower aerial
deposition 1ates for Pb compared with earlies studies, as illustrated
in Table 2 Aesial loadings of Cu and Cd weie also lower at
Ciestwood (by 1 to 2 orders of magnitude). whereas loadings of
nutiients and Zn were comparable to tesults from earlier studies

Comparison between concentrations in 1ainfall (WE4(0) and
both townhome (WE20) and “forested” runoff (WE15) suggests
that both subwatersheds (towphomes and foiested area) are net

Table 3—Median concentrations at Crestwood and sites of other urban runoff studies.

Nutrients and physical parameters

NH,
OP, TSP, TP, -N,
mg/l mg/l. mg/l mg/L

OX
-N,
mg/l

SKN, TKN,
mg/L. mg/L

TN,
Site

TSS, TURB, COD,
mg/l. mg/l NTU mgl pol

Trace metals

TAl SAl,

po/l

TCd, SCd, TCu, SCu, TPb,
po/l po/l po/ll po/l pol

SPb, TZn, SZn,
noll po/ll po/l

Crestwood, 004 005 Q014 013 037 081 05 140 37
WE20

(intet

storms)

Crestwoad,
WE15
(overland
flow input)

Crestwood,
WE40
(wetfall)

Crestwood,
WE10

006 009 017 003 064 122 010 131 32

0005 0005 031 050 035 034 074

002 004 010 004 061 080 022 106 11
(outlet

storms)

Crestwood,
WE10
(outlet
baseflow)

Frankiin Farms,
UM40

001 003 008 002 069 094 009 106

017 0.16 035 1.44 122 266

NE Washington 0.06 037 011 224 046 43
DC, HLL30*

Townhouse/ 0.08 043 0.12
Garden
Apts, DC
area 208°

Townhouse/
Garden
Apts , DC
area NURP®

NURP urban

site overall®

208 051 267 1063

0.14 035 034 162 070 240 328

0.12 033 150 068 218¢ 100

18

80

16

13

455 <2000 <2000 12 <10 76 28 15 <30 61 33

471 <4200 <2000 <10 <t0 120 63 43 <30 39 24

<2000 <2000 <1.0 <20 <30 23

56.3 <2000 <2000 <10 <10 46 23 <30 <30 21 24

369 <2000 <2000 <10 <10 55 45 <30 <30 27 16

532 18.1 148 212

883 22 334 148

29 151 74

65 144 160

2 Rabanal and Gizzard (1995)

*Washington Metropolitan Area Urban Runoff Demonstration Project (NVPDC, 1983)

°Results of the NURP Volume I—Final Report (U.S EPA, 1983)
Sinferred value: sum of median TKN and median OX-N

100
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Table 4—Concentrations in overland runoff from forested-grassy area.

NH; ox

oP, TSP, TP, -N, SKN,TKN, -N, TN, TSS, TURB,COD, TAl, SAl, TCd, SCd, TCu, SCu, TPb, SPh, TZn, SZn,
Date mg/. mg/. mg/l. mg/l. mgh mg/l mg/k mg/l mg/l NTU pg/l po/l. po/l pgil pg/l po/l pg/t. pg/l po/l pg/l pgil
Dec 31(‘ 1996 005 005 011 002 033 087 01 09732 80 312
Mar 3, 1997 006 012 023 004 095 156 009 16570 120 471 2100* 1000 052 05 12 63 43 15* 39 24
Apr 28, 1997 008 015 023 003 13 152 002 15427 80 663
June 15, 1998 007 009 014 013 095 13 007 13725 55 408 2200* 2000* 05% 05* 89 37 15 15% 39 17
June 22, 1998 008 009 016 004 06 095 03 12524 45 374
June 28, 1998 010 012 018 004 127 165 008 17355 100 706
Median, 1996, 1997° 006 012 023 003 095 152 009 154320 80 471 2100 1000 05 05 12 63 43 15 39 24
Median, 1998 008 009 016 004 095 130 008 137248 55 408 2200 2200 05 05 89 37 15 15 39 17
Median, overall 0075 0105 017 004 095 141 0085 146295 800 440 2150 1600 05 05 105 50 29 15 390 205
Mean, overall 0073 0103 018 005 090 131 011 142387 800 489 2150 1600 05 05 105 50 29 15 390 205
Standard deviation, 0018 0034 0048 0040 038 033 0097 0281923 27751610 7071 8485000 Q00 219 184 198 000 000 495

overall

%CV 239 333 277 800 421 253 883 199 496 347 328 33 53000 00 210 368 683 00 (00 24

a Values below detection limit, reported as one-haif LOD
P Values used in performance calculations

sources for some constituents (OP, TP, TKN, TN, TCu, and TZn)
and net sinks for others (NH;) (Table 3). That the forested runoff
contained greater concentrations of TCu and TPb than the town-
house drainage is surpiising In 1998, forested runoff concentra-
tions of Cu wete similar to those in 1997, although Pb concentra-
tions had decreased to below the detection limit (3 pg/l.) The
source of metals in the forested runoff is unknown

The high TSS removal at the Crestwood wetlands is consistent
with the results of other researchers (Barten, 1987, and Wotzka
and Oberts, 1988) The percentage of TP as TSP was typically
greater in outlet (WEIQ) than in inlet (WE20) EMC samples,
reflecting a relatively greater loss of insoluble than soluble phos-
phorus during passage thiough the wetlands This is consistent
with sedimentation as a removal mechanism for particulate-asso-
ciated phosphorus The fact that removals for extractable (ie.,
total) forms of metals were slightly greater than for the soluble
forms suggests that retention of metals took place in the wetlands
also primarily via sedimentation of particulate-associated forms.
This is consistent with the results of previous researchers, who
have documented the buildup of metals within the sediments of
detention basins and wetlands (Baker and Yousef, 1995, Crites et

Table 5—Lysimeter median values.

Constituent WES0 WE60 WE70
OP, mg/L 0005 0005 001
TSP, mgit 001 0005 0015
TP, mg/L 8X0) 0 005 001
NHg-N, mg/L 010 004 0005
SKN, mg/L. 075 022 003
TKN, mg/L 061 03 002
OX-N, mg/L 012 01 0.085
TN, mg/L 073 043 o
SCd, pg/L <10 <10 <10
SCu, pg/l. <20 <20 <20
SPb, mgfL <30 <30 <30
SZn, uoiL 20 17 75
SAl, ng/l. <2000 <2000 <2000

May/Jdune 2000

al., 1997, Mesuere and Fish, 1989, Schiffer, 1989, and Wigington
et al., 1983)

_Ammonia removal was significantly better (@ = 005, Bonfer-
roni pairwise {-test) in spring 1996 than in both fall 1996 and
spring 1997 Orthophosphate removal was also better in spring
1996 than in spring 1997 Oxidized nitrogen 1emoval was signif-
icantly better in summer 1996 than in fall 1996. An interesting
trend was seen in the lysimeter data for spring 1997, when NH,
concentrations in WE50 incieased substantially, while those in
WE60 and WE70 did not (Figure 5) Beginning at approximately
the same time, the lysimeter OX-N data show a marked decrease
in concentration, which persisted through the end of the study
(Figure 6). Together, these data suggest that reducing conditions
likely developed in the shallow sediments during spring 1997 The
resulting decrease in nitrification and release of sediment-bound
OP to the water column would tend to decrease the removal of
NH; and OP at this time, which is consistent with the observed
seasonal differences in performance for these constituents.

Unlike most constituents, base flow concentrations of OX~-N
were consistently lower than storm (outlet) concentrations (Figure
7), suggesting that OX-N removal primarily occurred during the
quiescent periods between storms. In contrast, solids-associated
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%})3 ¥ & -]
g
E 24 A - o
Y Y
Ey 4 A 4 A
13 - a ; A
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A A A
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0 0000t 00002 00003 00004 0 0005
flow, m3/s

Figure 4—Base flow TN concentration versus flow rate.
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Table 6—Wetland removal efficiencies.

Crestwood Franklin Farms®
Constituent LTE MED MOL MOL® All storms Subset 1
oP 358 354 -119 110 -55 590
TSP 48 1 200 -119 —-104 -82 66 0
TP 459 333 -03 65 83 760
NH,-N 547 688 627 76 1 ~-34 680
SKN 198 -266 —64 4 -611 58 670
TKN 255 -31 500 —-23 1 150 810
OX-N 394 617 408 48 2 12 680
TN 217 219 —249 -29 -21 76 0
TSS 579 579 496 652 620 930
COD 219 -210 -653 —541 e —
TPH —-1101 00 -336 -225 —
TAl 68 4 00 -276 -81 —
SAl 455 00 -276 -8 1 —
TCd 308 500 415 04 4 — -
SCd 280 00 276 57 4 - —
TCu 655 00 10 14 0 - —
SCu 477 222 687 ~349 — —
TPb 747 00 106 639 — —
SPb 332 00 -266 -81 —
TZn 292 234 -178 10 3 —
SZn 355 111 14 3 225 — —

2 Estimated long-term total load removals

P Estimates for subset of storms with inflow volume < wetland capacity

constituents may be mostly removed by settling during storm
events. The inverse relationship observed between outlet flow rate
and base flow concentrations may reflect greater algal densities
occurring in the water column during quiescent conditions.

" In terms of long-term performance, the Crestwood wetlands was
typically within the range of percent removal estimates reported in
other urban stormwater wetland studies (Barten, 1987; City of
Baltimore, 1989; OWML, 1990; and Meiorin, 1989). As hypoth-
esized, long-term removals typically exceeded those observed at

the Franklin Farms wetlands, confirming the importance of ade-

uate sizing as a design feature. Similarly, median load removals
%mrmfeWI storms with ganged inflow vol-
umes less than the maximum pool volume of the wetlands (Table 6).
Results from the literature suggest performance would improve fur-
ther with the addition of a_detention pond or sediment forebay to
prefreat runoff before it enters the wetlands (Martin and Stoot, 1986,

and Wolzka and Oberts, 1988). Design guidance documents typically
recommend the inclusion of such a feature, which would extend the

-m— WE50 =>¢ WE60 —a— WE70 1 V-

0 -
02/05/96

05/15/96

08/23/96

Figure 5—Lysimeter NH,—N data, mg/L.
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Figure 6 —Lysimeter OX-N data, mg/L.

lifetime of the wetlands, allowing periodic cleanout of accumulated
sediments without disruption of the vegetation

Conclusions

In this study, with the simple addition of an outlet wen, a diy
detention pond was converted to a stormwater wetlands with a
diverse assemblage of volunteer plant species Overall, constituent
removals were comparable to what might be anticipated for a
similarly sized wet detention pond (U S EPA, 1983) These 1esuits
suggest that this approach may have promise for providing a
low-cost retrofit to improve water quality at older detention facil-
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itics where water quality improvement was not a primary design
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Ungauged ovetland flow from the wooded~grassy area consti-
tuted approximately 41% of the long-term total hydrologic input to
the wetlands, assuming that a runoff coetficient of 0 2 for this atea
esulied in a good match (~3% diffetence) between estimated
long-tetm total hydrologic inputs and outputs, although this
method was less effective at explaining the inlet-outlet flow
imbalances for individual storms

Aerial atmospheric pollutant loadings were comparable to re-
sults fiom other studies in the Washington, D C., area Resulis
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suggest that both the townhouse and forested subwatersheds are
net sinks for ammonia and net sources of organic nitrogen, phos-
phorus, and some metals.

Most constituent EMCs were lower in outlet than in inlet samples.
Estimated long-term efficiency for the facility, which included over-
land runoff contributions, was positive for most constituents Results
typically fell within the range of values reported in other runoff
wetland studies Long-term performance for nutrients was substan-
tially greater than that measured at the nearby Franklin Farms wet-
lands, consistent with Crestwood’s greater ratio of wetland surface
area to drainage area Similar to Franklin Farms, median load remov-
als for all constituents were greates for storms with runoff volumes
smaller than the capacity of the wetlands.

Ammonia removal was significantly better (a = 0 05) in spring
1996 than in both fall 1996 and spring 1997 Removal of OP was also
better in spring 1996 than in spring 1997 Oxidized nitrogen 1emoval
was significantly better in summer 1996 than in fall 1996 No signif-
icant seasonal differences wete observed for any other constituents
Lysimeter data suggest that the observed seasonal differences may
have beenelated to the eventual development of anaerobic conditions
in the shallow sediments of the wetlands Outlet base flon OX-N
concentrations were consistently lower than outlet storm concentia-
tions, suggesting that oxidized nittogen 1emoval occoned primanily
during quiescent penods between storms
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Performance of a Constructed Wetlands
in Treating Urban Stormwater Runoff

James N. Carleton, Thomas J. Grizzard, Adil N. Godrej, Harold E. Post, Les Lampe, Pamela P. Kenel

ABSTRACT: An _investigation was conducted on_the pollutant
rin_lg\jgl Eerfo mance of a cogs_t\rll‘g\ed wetlands trw stormwater,
runoff from a resndentlal townhome complex in_northern _Virginia,
e S T N I e

Constituent event mean condentrations for 33 rumoff cvents between
April 1996 and May 1997 were measured based on flow-weighted
composite samples collected at the facility’s inlet and outlet With the
results from a limited number of grab samples representing ungauged
overland drainage from an adjacent wooded area, gstimated removals
were Aggslgve for most constituents and _typically _ex jeedenose
obtained at aWcompamon wetland study._site, consistent with
N Ny

expectations based on tmratms%’r’ etland area to dramage area
Rt

at the twom Me alan"l?)aa Temovals of all constituents wete greater
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forﬂefiubset of 22 storms that had mﬂow volumes less than the
maxxmum volume of trc marsh Orthophosphdte phosphorus “and
AmMmOoniA removals were sngmﬁcamly better duiing spring of 1996 than
spring of 1997. Lysimeter data suggest a possible explanation for this,
which is development of anaerobic conditions in the shallow sediments
n 1997 Moncenlmu?ns‘of oxidized mnogen weie LOllSlSlellﬂ)’
lower in base flow than in storm sdmbles mgges[m
this consmuent occurre pnmarLY between, rather than durmg, storm
PR T T s i e s
&veits. Water Environ Res, 72, 295 (2000)
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Introduction

Natural wetlands are transitional ecosystems that exist at the
interface between aquatic and terrestrial systems. Because of their
position in the landscape, they are frequently the default recipients
of stormwater runoff, including that which drains agricultural
lands and urban developments Numerous investigations in differ-
ent regions of the country (Strecker et al., 1992) have demon-
strated that various wetland types can act as sinks or transformers
of nutrients and other constituents of stormwater runoff (Mitsch et
al., 1989). However, wetlands can also be degraded by nonpoint
source pollution. Construction of wetlands designed specifically as
best management practices (BMPs) for treatment of stormwater
runoff is attractive in part because natural wetlands need not be
affected. Previous authors, after reviewing the literature, have
concluded that constructed wetlands typically performed slightly
better and with less variability than natural wetlands at removing
various constituents (Strecker et al., 1992) However, although
constructed wetlands have become established methods of second-
ary wastewater treatment, their applicability for treatment of
stormwater runoff has been less extensively studied (Kadlec and
Knight, 1996).

In a companion study to this one, a constructed urban marsh,
referred to herein as “Franklin Farms,” was established in a former
dry detention basin receiving drainage from a 16.1 ha subdivision
in Chantilly, Virginia (OWML, 1990). Pond area at full pool was
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0.13 ha or 0.8% of the total drainage area. Although total constit-
uent load removals for the entire set of 23 storms were disappoint-
ing (—8.2 to 15% for nutrients), performance (>59% for nutrients)
was found to be substantially better for a subset of storms with
volumes less than the capacity of the marsh. The authors con-
cluded that the facility was undersized with respect to its drainage
area

The site in the present study, referred to herein as the “Crest-
wood” wetlands, drained a townhome complex near Route 234 in
Manassas, Virginia, approximately 50 km (30 mile) from Wash-
ington, D C Before modification, the facility was a dry detention
basin containing numerous wetland plants growing in the wet zone
along a well-defined flow channel The basin was equipped with a
single stormsewer inlet, which transported runoff from an esti-
mated 1 3 ha drainage area within the townhouse complex. An
additional 1 6 ha ot wooded and grassy land is immediately upland
of the pond on one side (Figure 1) and serves to separate the
complex from a working stone quarry nearby. At full pool, the area
of the pond is approximately 0 07 ha or 2% of the total drainage
area Although details of the initial construction of the detention
pond weie not available, the facility is thought to be underlain by
an impermeable clay or compressed earth layer. The primary
purpose of the present study was to examine the pollutant removal
performance at the Crestwood wetlands using a mass balance
approach and investigate any seasonal trends in removal efficien-
cies Based on its greater area relative to drainage area, it was
hypothesized that long-term removal efficiencies at Crestwood
would exceed those at Franklin Farms

Methods and Materials

Crestwood Site Retrofit. Before its conversion to a wetlands,
the detention basin had been completely surveyed (Figure 2). In
December 1995, the detention basin was modified with the addi-
tion of a 046-m (1.5-ft) weir (referenced to the invert of the
original outlet structure) at the outlet. A 31.8-mm- (1.25-in.-) diam
orifice was installed in the weir to impound a pool of water at a
depth of 0.15 m (0.5 ft) at the riser, creating 8.58 m® (303 ft°) of
permanent storage below the orifice, with an additional 124.5 m?
(4397 ft%) of extended detention storage above, for a total of 10
mm (0 4 in.) of storage distributed over the gauged drainage area.
The orifice was sized to drain the pool from the top of the weir to
the orifice invert in 24 hours.

Station Equipment. Automatic flow gauging-sampling stations
were located at the inlet (WE20) and outlet (WE10) of the facility
inside fiberglass utility sheds. Inlet and outlet flow passed through
Palmer-Bowlus flumes (which had an outlet diameter of 381 mm)
to allow flow measurements. At each station, a submerged Keller-
PSI Model 200S (Hampton, Virginia) pressure transducer inside
the flume fed signals to a computer through a modem port. The
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Figure 1—Relative locations of wetland and drainage
area features.

computer converted the signal to a stage seading, then calculated
the associsted discharge from the stage and asating cwve stored in
memory An increase in stage of 0 006 m (0 02 1ty o1 more during
a S-minute interval triggered a mode in winch 200-ml. samples
were collected at set inciements of cumulative flow  Sampling
continued until the hydrogiaph declined cither to zeio flow
(WE20) or to base flow (WE10) Samples weie automatically
combined, yielding flow-weighted composites from which event
mean concentrations (EMCs) tor each storm were estimated. Base
flow monitoring was performed by collecting grab samples from
the pool near the outlet on a weekly-to-biweekly basis

Overland Runoff Grab Samples. Volume measurements of the
first several storm events during the study showed substantial
discrepancies between inlet and outlet flow volumes, with the
outlet volumes typically being somewhat higher. Tests were there-
fore conducted on two occasions (November 6, 1996, and March
28, 1997) to verify the accuracy of the flow readings. The proce-
dure involved opening a metered hydrant within the townhome
parking lot to deliver known volumes of water at known flow rates
to the basin for comparison with the flows and volumes estimated
by the equipment. These experiments confirmed that the observed
discrepancies were not the result of equipment malfunction, gross
miscalibration, or flume rating curve inaccuracies.

Periodically during and following rainfall events, a substantial
amount of water was observed to be flowing overland into the facility
from the grassy-wooded area adjacent to the pond. Calculations
suggested that this extra input might account for the greater flow
volumes appearing at the Facility outlet. A portion of this runoff
flowed through a 150-mm- (6-in.-) diam polyvinyl chloride (PVC)
drainage pipe located outside the perimeter fence of the site. The pipe
drained a small depression adjacent to a dirt access road, which was
located between the facility and the wooded area. On three occasions,
during ranoff events, grab samples were collected directly from the
PVC drainage pipe (WE15) to characterize the chemical nature of the
overland input. For comparative purposes, an additional three samples
were also collected during runoff events in 1998.
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Soil-Pore Water Monitoring. Three soil-water lysimeters were
installed at the facility to allow infiltrating and percolating pore
water 10 be sampled Lysimeters were constructed from 1.5-m
(5-t) lengths of 64-mm- (2.5-in -) diam PVC pipe (OWML, 1990).
Lysimeter installation entailed excavating a 0 9-m (3-1t) hole in the
soil and inserting the lysimeter. The hole was then backfilled and
tightly packed with soil to prevent downward leakage of surface
water Two lysimeters (WES0, WE60) were installed within the
area of the permanent pool near the outlet of the pond, at depths of
015 and 03 m (05 and 1.0 ft) below the bottom of the pool
(reference datum was 0 m above the original outlet invert), respec-
tively The third lysimeter (WE70) was installed above the per-
manent pool level in one of the banks of the basin (1eference datum
was (0 76 m {2 5 ft] above the original outlet invert) to a depth of
046 m (15 ft) below the ground level Lysimeter samples were
collected concurrently with base flow samples, unless a storm was
in progress Approximately 24 hows before sample collection, the
lysimeters were charged by placing a vacuum of approximately 18
mm Hg on them using a hand-held puinp Samples were retrieved
by ejecting them under positive pressuie using a hand-held pump

Precipitation Measurements. A tipping-bucket rain gauge
(Weather Measure Cotporation [Sactamento. California], Model
P501) was sitnated on top of the inlet instumentation shed at the
site At 0 25 mm (0 01 in ) inciements of 1ainfall, the bucket would
become full and tip, thereby uiggering a contact closure signal that
was telaved to a solid-state totalizing rainfall recorder mounted in
the cquipment shelter The recorder accumulated a count of the
bucket tips and recorded incremental rainfall as a function of time

A wet-dry precipitation collector (Aerochem Meuics [Bushnell,
Floridal, Model 301), located on-site within the perimeter fence and
15 m above the giound, was used to collect atmospheric deposition
samples The collector included sepaiate vessels for wetfall (WEA40)
and dryfall (WE30) samples. Wetfall samples were manually col-
lected following rainfall events. Dryfall vessels were collected after
approximately 2 weeks of exposure. Sample buckets were transported
to and from the field with the lids on and taped down.

In the laboratory, wetfall volumes in the bucket were measured
and recorded along with the pH of the sample. Samples were
mixed as needed before transfer to sample bottles for analysis.
Dryfall samples were prepared by the removal of gross contami-
nation such as bird droppings or leaves, before 200 mL of reagent
grade water was added to the bucket. After rubbing down the sides
of the bucket with a rubber-edged scraper, samples were trans-
ferred to 250-mL volumetric flasks and diluted to the mark with
Milli-Q (Millipore Corporation, Bedford, Massachusetts) water.

Sample Handling and Analysis. Between uses in the field,
sample bottles were cleaned with phosphorus-free detergent in hot
tap water, then a 15-minute soak in 50% hydrochloric acid, fol-
lowed by three rinses with tap water and two rinses with Milli-Q
(deionized) water. Samples were transported in iced coolers. On
receipt at the laboratory, each sample was given a unique identi-
fication number for unambiguous in-house identification.

Samples were analyzed for various forms of nitrogen and phos-
phorus, chemical oxygen demand (COD), total petroleum hydro-
carbons (TPH), physical parameters including total suspended
solids (TSS), and five trace metals—aluminum (Al), chromium
{Cr), copper (Cu), lead (Pb), and zinc (Zn). Analyses included both
total (i.e., acid-extractable) and “soluble” (filtered through What-
man [Clifton, New Jersey] glass microfiber filters) forms of each
metal, which are referred to in this report with the prefixes “T” and
“S,” respectively (e.g., TCu and SCu refer to total and soluble
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Figure 2—Contour map of Crestwood Marsh BMP.

forms of the metal, respectively). Nutrient analyses were per-
formed with a Bran and Luebbe (Buffalo Grove, Illinois) TrAAcs
800 system, as described in Technicon Methods 780-86T through
787-86T (Bran and Luebbe, 1987) and modified by the Occoquan
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Watershed Monitoring Laboratory (Manassas, Virginia). Trace
metals were analyzed using a PerkinElmer (Norwalk, Connecticut)
Model 5100 atomic absorption spectrophotometer as described in
either U.S. Environmental Protection Agency (U.S. EPA) (U S.
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The Subsurface News:
Malibu Trivia, Part 1

The "Subsurface News" and an all-night local telephone were two ways that
that PEWARA tried to reduce doubts about the home-site survey and encourage
participants. Citizens groups voluntarily funded the "Subsurface News" which
included the above cartoon form a 1940s spetic tank educational pamphlet.

90



CHAPTER VI: THE ON-SITE SURVEY

VI.1 The On-Site Wastewater Survey

The most unique part of this study was an intensive survey in cooperation with
individual homeowners. The goals of this survey included: (1) resolving the disputed data
that have appeared in previous reports and letters; (2) replacing the myths about septic tank
system installation, design, treatment, disposal and reuse with a field-based understanding
of the actual problems; and (3) finding an administrative and technical approach for dealing
with the on-site problems observed and expressed by homeowners, pumpers, County
inspectors, geotechnical engineers, and contractors. The survey hoped to give PEWARA
and homeowners a better understanding of their on-site wastewater systems and ways to
improve septic tank system function. In this sense, the survey was an "extension" service
with a strong educational component.

V1.2 Methods

The survey definitons are outlined in the accompanying box. The survey had 2
distinct types or groups: a sample from the 241 addresses that had been categorized as
"functional failures” on the County's 1988 spread sheets, and an additional 85 addresses
from a sample of approximately 125 volunteers. Final interviews totalled 203 addresses
(118 "functional failures"” plus 85 volunteers) which contained about 247 separate on-site
systems. About 40 volunteers could not be visited because of time and financial restraints.
We selected volunteers in a wide geographic range of the city in order to become more
intimate with the variety of site problems that might exist. We chose to interview the
volunteers who told us they were having problems rather than the volunteers who said
everything was just fine. In general, the volunteer and "functional failure” samples of
single-family/year-round residences were comparable. They had the same number of
problem and marginal systems (Technical Memo 13). The volunteer sample had slightly
larger systems, numbers of people per home, bedrooms per home, and bathrooms per
home than the sample of functional failures, but the differences were not statistically
significant. The volunteer sample, many located inland, had 5 times the area irrigated than
the County study which primarily addressed beachfront systems on small lots. The water
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use reflected this difference. Volunteers had a slightly higher percentage of greywater
systems mostly involved with drought irrigation.

Survey Definitions for Statistical Purposes

Address: The location of a building or group of buildings no matter how many on-
site systems were located on or partly on the property.

System or On-Site System: The actual number of systems regardless of
property boundaries. For instance, a single address might have two buildings and
one system or a single address might have one apartment complex and three systems.
For the survey, systems were more important than addresses.

Volunteers: Residents who telephoned and who invited us to look at their
on-site system(s).

Functional Failure Sample: A group of 241 addresses that the County Survey
of 1988 had stated were "functional failures.” The survey tried to contact as many

of these addresses as possible. This sample was considered a "worst case” sample of
on-site systems with a previously poor history of on-site system functioning.

The total number of on-site systems in the city is probably between 4,000 and
4,200. In other words, PEWARA has surveyed about 6% of Malibu on-site practices. The
statistical consequences of this sample are discussed in Technical Memo 13. The sampling
focussed on "worst case” situations and represents a much wider geographic range than
previous studies.

The home site survey was also divided geographically into three groups: (1)
beachfront; (2) inland; and (3) commercial (either inland or beachfront). In addition, some
schools and other miscellaneous categories were visited. These were not rigidly defined
categories. Some "beachfronts” were far back behind sand dunes and could be considered
"inland” homes on sand deposits. Others were within the area of tidal flux but had seepage
pits on the road side of the home within non-sandy landslide debris or inland-type soil
profiles.
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