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Figure 3. Use of sediment quality values in remedial action programs.




contaminant concentrations that are not predicted to result in adverse
effects according to any of the biological effects indicators used to generate
AET. Although the goals may not be totally protective of all potential
environmental problems, they are sensitive to currently measureable effects,
including effects originally used to identify problem areas in the remedial
investigaiton.

A higher (i.e., less stringent) level for cleanup was identified as an
alternative to the target cleanup goal. This alternative cleanup level was
recommended for use should the target goal be infeasible at a particular
problem area. The higher concentration alternative would be more technically
or economically feasible than target goals because it would tend to require
smaller volumes of sediment for remedial action. Instead of using an
arbitrary multiple of the target goals, this alternative was generally based
on the highest AET for the range of biological indicators (i.e., the concen-
tration of each chemical above which all biological effects accounted for
by AET are predicted to occur). This alternative cleanup level is expected
to be efficient in addressing major contaminant problems.

Dredged material disposal guidelines developed by PSDDA incorporate
sediment quality values to address both sensitivity and efficiency concerns
(PSDDA 1988). PSDDA guidelines establish a chemical screening level (SL)
above which biological testing must be performed to establish the suitability
of dredged material for disposal at unconfined, open-water sites. The SL
is lower or equal to the lowest AET for a range of biological indicators
and is intended to be sensitive, fully protective of the environment.
Contamination below the SL is assumed to be acceptable without confirming
biological tests. A maximum level (ML) was also established by PSDDA as
the highest AET for a range of biological indicators. The ML was intended
to indicate a level of chemical contamination above which there was a
preponderance of evidence for adverse effects. Biological testing above
the ML is always expected to confirm the prediction of unacceptable
biological effects, and is not required,

It is recognized that site-specific factors could anomalously influence
predictions of biological effects based on sediment quality values. Therefore,
in evaluating final requirements for sediment remedial action, selected
verification of predicted effects is recommended (extensive biological
testing of each sample may not be feasible). For example, in the Commence-
ment Bay Feasibility Study an option is provided to appeal the site-specific
prediction of biological effects. This optional biological testing program is
consistent with the intent of other regional contaminated sediment management
programs, including PSDDA disposal guidelines. Comparable tests and test
protocols are recommended, and site-specific biological information overrides
predictions of biological effects based on chemical data. Some specific
differences between regional programs in the interpretation of biological
test results may exist because of differing program goals (e.g., cleanup of
nearshore sediments in a multiuse environment vs. assessment of the
suitability of potentially contaminated material for disposal at a designated
deepwater site).
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RECOMMENDATIONS

Sediment remedial action is controversial because few objective criteria
exist for quantitatively assessing more than the economic feasibility of
remedial actions. A commonly expressed concern is that cleanup or disposal
guidelines based solely on biological effects would likely be economically or
technically infeasible. In any case, there is a strongly perceived need for
a preponderance of evidence to implement remedial action. To address these
concerns, the following policy questions must be recognized in research efforts:

[ What degree of environmental protection is desired or required?
What biological indicators are appropriate to assess the attainment
of environmental goals of "no adverse effects" in Puget
Sound sediments?

[ ] Should the degree of environmental protection véry among
programs or among sites that are used for different purposes?

n What should determine appropriate remedial action guidelines?
Should economic and technical feasibility be incorporated into
the selection of these guidelines? If so, what procedures should
apply to ensure technical consistency among sites?

A range of sediment quality values such as incorporated into existing
Puget Sound programs is recommended to address the complexity of these
questions. In addition, tradeoffs required by balancing environmental
protection and remedial action feasibility are reflected in the sensitivity
and efficiency of sediment quality values, which should both be evaluated in
each research study.
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CANCER RISK ASSOCIATED WITH SEDIMENT QUALITY
HENRY LEE II AND ROBERT RANDAILL 1

Establishing sediment quality criteria based on tissue
residues in benthos has been limited by the lack of validated
bicaccumilation models. One possible model is the thermodynamic
partitioning biocaccumulation model that predicts tissue residues
in the benthos based on sediment pollutant concentration, TOC,
lipids, and a constant (accumilation factor). Recently, three EPA
laboratory and field studies showed that this partitioning model
generates reasonably consistent predictions of tissue residues for
13 PCB congeners and other slowly metabolized campounds. For
rapidly metabolized compounds, it may be necessary to use a
toxicokinetic model rather than a partitioning model.

Using tissue residues for regulatory purposes is limited
because of the paucity of erd-points. We suggest that sediment
criteria, for certain campounds, can be derived by establishing
the acceptable human health risks and then back-caloalatmg for
the correspording sediment concentrations. Us:.ng the guideline
tissue concentrations in the Elllott Bay Toxics Action ngram
acceptable cancer risk of 10™5 (20 g daily consumption rate), and
accumilation and/or biocaccumulation factors for benzo(a)pyrene
(BaP), PCBs, hexachlorcdbenzene (HCB), DDE, and DDD, we back-
calculated the corresponding sediment concentrations.

The sediment pollutant concentration calculated to maintain
the benthos below the guideline tissue concentration was found to
be up to 16,800 times lower for BaP than the values cbtained by
other approaches (i.e., application of water quality criteria to
interstitial water, or the "apparent effects threshold" (AET)
approach using amphipod, oyster, microtox or benthic effects).
The differences were not constant for all toxics or between
treatments, however. This approach and the benthic (AET) method
were the same for DDD, for example. Calculated tissue residues
using the equilibrium partitioning approach consistently exceeded
the tissue guidelines by factors of 3 for DDD to 16,800 for BaP.

These results suggest that to protect human health from

carcinogens, sediment concentrations lower than those derived from
biological effects may be required.

1 y.s. Envirormental Protection Agency
Bicaccumilation Branch
Hatfield Marine Science Center
Newport, OR 97365
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Application of a Mathematical Model (SEDCAM) to Evaluate the Effects
of Source Control on Sediment Contamination in Commencement Bay

Lucinda Jacobs, Robert Barrick, and Thomas Ginn"

INTRODUCTION

A simple mathematical model was developed to evaluate the relationship
between source loading and sediment accumulation of problem chemicals in
Commencement Bay, a Superfund site in south-central Puget Sound. The model
was developed to assess the potential for natural recovery of sediments in
different depositional environments and under differing degrees of source
control. Acceptable sediment concentrations of problem chemicals (also
designated "cleanup goals") are based on the lowest chemical concentration
above which some biological effect is always predicted to occur [Apparent
Effects Threshold (AET) described in Tetra Tech (1988)]. The following
processes were incorporated into the model formulation:

= Sediment accumulation
] Surface sediment mixing

- Chemical-specific loss due to biodegradation or chemical
diffusion.

The model was applied to the nine high-priority problem areas in Commence-
ment Bay to answer the following questions: -

[ ] What degree of source control is required for natural sediment
recovery in a reasonable time frame?

= What degree of source control is necessary to maintain accept-
able sediment concentrations in the long term?

- What portions of the waterways are predicted to recover

naturally in an acceptable time frame, given some feasible

degree of source control?
This work was conducted by Tetra Tech, Inc. and PTI Environmental Services
for the Washington Department of Ecology and U.S. Environmental Protection
Agency as a part of the Commencement Bay Feasibility Study.
METHODS
The technical approach developed to establish the relationship between source
control and sediment recovery includes four main components: 1) formulate

*PTI Environmental Services, 13231 S.E. 36th Street, Bellevue, WA 98006
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the mathematical relationship between source supply and sediment accumulation
of contamination, 2) characterize the depositional environment in each of

the waterways and along the Ruston-Pt. Defiance Shoreline, 3) select indicator
chemicals for major sources and source groups, and 4) evaluate chemical-
specific losses due to biodegradation and diffusion across the sediment-water
interface. Each of these components is briefly described below.

Model Formulation

The model treats surface sediments as a well-mixed box, the size of which

is controlled mainly by the depth of the mixed layer (Figure 1). Mixing in
the surface sediments arises from the physical activities of benthic organisms
and, in shipping waterways, propeller mixing and ship scour. Material is
supplied to the box as freshly-deposited material and removed from the box
by burial. Freshly-deposited material is derived from the nearby Puyallup
River and localized particulate sources within the waterways. Biodegradation
and diffusive losses across the sediment-water interface are formulated as

a combined first-order loss term. The variation in contaminant concentration
(C) in the surface mixed layer with time (t) is described by the differential
equation:

dC_CIxM CxM '
ata= s ~ s -kxC m

change in concentration = accumulation - burial - decay over time
where:

Concentration of contaminant in freshly-deposited material

after source control (mg/g)

Rate of mass accumulation of solid material in the sediments after
source control (g/cm?/yr)

= Total accumulation of sediments in the surface mixed layer (g/cm?)
Combined first-order rate constant for contaminant loss by in situ
decay and diffusion processes (1/yr).

CI

v 2

The solution to this equation is:

=(kS+ =(kS+M)t

__M_ i 3 S
C’(M+kS)XCIx 1-e +COxe 2)

where:

CO0 = Concentration (ug/g) of contaminant in the surface mixed layer
at t=0.

I ization of the D itional Environ

The depth of the mixed layer and sediment accumulation rate were determined
from high-resolution excess Pb-210 sediment core profiles collected during
the feasibility study using the techniques of Carpenter et al. (1981). Sediment
mixing acts to attenuate the observed decay in Pb-210 activity with depth.
The mixed layer is defined as the surface layer of sediments to the depth

at which a break in the slope of excess Pb-210 is observed. Below the mixed
layer, the gradient in excess Pb-210 activity can be related directly to the
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half-life of Pb-210 (22 yr). The slope in the line relating excess Pb-210
activity to sediment depth can be directly translated to a sediment accumulation
rate. Sedimentation rates were also estimated from the depth of the sediment
layer overlying dredging horizons of known date. Details of the approach

are described in Tetra Tech (1987a).

The regional source of particulate material is the Puyallup River; however,
particulate sources within the Commencement Bay waterways may play an
important role on a local scale. The importance of localized particulate
sources was evaluated by comparing measured particulate loads from point
sources, accumulated over a representative area, to the total sediment accumu-
lation determined from excess Pb-210. The total accumulation of sediments
in the Commencement Bay waterways was compared to the total particulate
load of the Puyallup as a rough test of the reasonableness of excess Pb-210
derived sediment accumulation rates.

Selection of Indicator Chemicals

Commencement Bay is a complex, multi-source site with a large number of
identified problem chemicals. To simplify the evaluation of the relationship
between sources and sediments, and to focus on the most serious environmental
problems, indicator chemicals were identified for major sources or source
groups. Source groups were combined when more than one individual source
either could not be distinguished or contributed a common chemical or chemical
group. Details of the approach are described in Tetra Tech (1987a).

Evaluation of Chemical Losses from Biodegradation and Diffusion

Potential losses due to biodegradation or diffusion across the sediment-water
interface were evaluated for selected problem chemicals in Commencement

Bay. The relative importance of biodegradation and diffusion would be expected
to vary for the different problem chemicals in Commencement Bay because

of their varying solubility in pore water and susceptibility to biodegradation.
Potential loss due to biodegradation was determined from a thorough review

of field and laboratory studies. Evaluation of the importance of diffusive

loss was determined by comparing the estimated diffusive flux of problem
chemicals to the total mass of the problem chemical in the mixed layer.

Details of the approach are described in Tetra Tech (1987b).

RESULTS AND DISCUSSION

Identification of Major Parameters

Sediment accumulation rates determined from the excess Pb-210 data and
dredging horizons are summarized in Table 1. The sedimentation rate deter-
mined to be representative of a the problem area is designated "assigned
value." For cases where data were unavailable or unacceptable, sedimentation
rates were estimated. The mixing depth estimated from excess Pb-210 profiles
typically ranged from 10 to 15 cm. A 10-cm mixing depth was determined

to best represent average conditions, and was selected to represent all problem
areas in Commencement Bay. Local particulate sources were typically a
negligible component of the total sediment accumulation.
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TABLE 1. SUMMARY OF ESTIMATED SEDIMENTATION RATES

Pb-210 Methods Dredging Assigned
Horizons Value
Problem Area Station (cm/yr) (mg/cm?/yr) (mg/cm?/yr) (mg/cm?/yr)

Head of Hylebos HY-91 0.38 530 1,470 990

Waterway HY-92 0.77 990 no deep core -

Mouth of Hylebos HY-95 1.77 2,500 no deep core 2,500

Waterway

Sitcum Waterway SI-92 unacceptable data © 3,150 2,400

St. Paul no data no data 1,000

Waterway

Middle Waterway MD-91 0.14 230 no horizons 430
MD-92 0.39 630 no horizons -

Head of City CI-91 1.26 1,760 no horizons 600

Waterway

Wheeler-Osgood CW-91 no data no horizons 375

Waterway Cw-92 0.31 3752 no horizons

Mouth of City CI-92 0.67 950 no horizons 950

Waterway

Ruston-Pt. unacceptable data no records <200

Defiance Shoreline

8 Value represents the average value of the two extreme linear fits of the
excess Pb-210 data to depth.

Reference: Tetra Tech (1987b) from analysés conducted by Battelle Northwest
Laboratories.

In general, sedimentation rates are higher at the mouths of the waterways,
and higher for waterways adjacent to or north of the mouth of the Puyallup
River. This is consistent with the observation that the Puyallup River is

the major regional source of particulates to the area, and that prevailing
long-shore currents transport particulate material from the Puyallup in a
generally northerly direction. The total sediment accumulation in the Com-
mencement Bay waterways was estimated to be, on average, 3.6 x 1010 g/yr,
or approximately 7-8 percent of the total yearly particulate load estimated
by Downing (1983) and Dexter et al. (1981), respectively.

The identification of first-order decay constants representing biodegrada-
tion and diffusion was limited by a lack of degradation studies of comparable
environments and the unknown nature of processes controlling pore water
profiles. Based on the results of the literature review and flux calculations,
a first-order decay constant of 0/yr was selected to represent first-order
losses due to biodegradation and diffusion for all major problem chemicals
evaluated except trichloroethene, tetrachloroethene, and 4-methylphenol. A
value of 0.69/yr (i.e., a half-life of 1 yr) was selected to represent potential
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diffusive losses for these more mobile chemicals (Tetra Tech, 19872); however,
results presented here do not include this decay term in order to provide
a "worst case" evaluation.

Model Application to Problem Areas in Commencement Bay

The generally protective assumption that steady-state between source loading
and sediment accumulation existed prior to source control was applied to
nearly all sources or source groups because limitations in contaminant loading
data precluded a more detailed evaluation. This assumption is accurate for
areas in which contaminant loading has been constant over time, is an over-
estimate of recovery rates for areas in which contaminant loading has decreased
over time, and is an underestimate of recovery rates for areas in which
contaminant loading has increased over time. In all cases where this assump-
tion was applied, it was determined from source history or sediment profiles
that loading had either decreased or remained relatively constant over the
last several years.

Results are summarized in Table 2. The major indicator chemicals in each
problem area are listed, as well as the types of sources or source groups to
which the indicator chemicals are attributed. The model predicts that signifi-
cant areas of sediment contamination defined by the indicator chemicals in
some of the problem areas will recover (i.e., attain acceptable concentrations
of problem chemicals) within 10 yr, given the indicated levels of source
control. However, no individual problem area is predicted to recover entirely
in a 10-yr time frame. Based on the simplifications and assumptions applied
here, the sensitivity of different problem areas to recovery is primarily a
function of sedimentation rate, the elevation of surface sediment concentrations
over cleanup goals, and the degree of source control estimated to be feasible,
Details of the approach are provided in Tetra Tech (1987b).

Recommendations

These results provide a useful intercomparison of the sensitivity of the different
problem areas to recovery, and a rough estimate of the degree of source

control necessary to effect recovery. These results should not, however, be
considered as accurate predictions of sediment recovery rates. The model
should be fine-tuned, using 1) improved estimates of contaminant loading

to the environment, and 2) refined estimates of the spatial distribution-and
elevation over cleanup goals of problem chemical concentrations in sediments.
These data will be collected during the remedial design phase, following
finalization of the record of decision (ROD). Recovery rate predictions should
be validated during baseline and post-remedial action monitoring.
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TABLE 2. SUMMARY OF MODEL APPLICATION TO COMMENCEMENT BAY PROBLEM AREAS

S Control Required for:  Fraction Problem
) Area Predicted
Problem Indm‘tor Source 10-yr Recovery®* Long Term® to Recover
Area Chemical Represented (%) (%) in 10 yr® (%)
Head of PCB Scrap yard Not possible 95 50
Hylebos unknown
Arsenic Chemical co., Not possible 60 70
log sorting
yards, landfills
HPAH Aluminum Not possible 65 50
manufacturer
Mouth of PCB Unknown Not possible 90 50
Hylebos Hexachloro- Chemical Not possible 95 60
benzene company
Sitcum Copper Ore unloading Not possible ’ 95 75
facility,
storm drains
Arsenic Ore unloading 100 85 85
facility,
storm drains
St. Paul 4-methyl- Pulp mill Not possible >99 30
phenol
Middle Mercury Shipyards Not possible 90
Copper Shipyards Not possible 40 Y 0
Head of HPAH Storm drains, . 100 . 35 60
City . marina fires
Zinc Storm drains, Not possible 90 10
shipyards,
) plating facility
Mercury Shipyard, Not possible 75 10
unknown
Wheeler- HPAH Storm drains Not possible 85 0
Osgood Zinc Storm drains Not possible .70 0
Mouth of HPAH Fuel storage Not possible 65 70
City facilities,
marinas
Mercury Unknown Not possible 65 70
Ruston-Pt. Arsenic Copper Not possible >99 0
Defiance smelter
Mercury Copper Not possible >95 0
smelter
LPAH Copper Not possible 5 . 45
smelter

s Recovery estimate based on the highest surface sediment problem chemical concentration
measured in the problem area.

b Assuming that the feasible degree of source control is 70% for Wheeler-Osgood, Middle, and

City Waterways; 95% for St. Paul Waterway and the Ruston-Pt. Defiance Shoreline; and 80% for
Sitcum and Hylebos Waterways (except for PCB in Hylebos, where 70% source control is assumed).
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TERMINAL 91 SHORT FILL
MONITORING A DREDGE MATERIAL DISPOSAL SITE

Douglas A. Hotchkiss*

INTRODUCTION

Project Background. In 1984 when the Port of Seattle proposed
the Short Fill Project, there was an increased concern for the
health of Puget Sound and for the effects of dredged material in
particular. The 4-Mile Rock dredged material disposal site had
been shown to be a "hotspot " for bulk chemistry wvalues. The
renewal of the shorelines permit for this open water disposal site,
though containing new strict conditions, was being contested. More
stringent interim criteria were proposed while the agencies called
for a Sound wide study of dredged material disposal. Similar
situations were occurring around the Sound.

Into this climate the Port launched a proposal for nearshore
disposal of contaminated dredged materials behind clean fill berms
with no special liners or leachate control systems. The Port had
done many nearshore fills in the past relying on the theory that,
if the particulates were contained and the general sediment
conditions were maintained, there would be minimal loss of the
contaminants since they would remain absorbed to the particulates.
One of the recent (T-105, January 1982) had been monitored and
seemed to confirm this idea (Port of Seattle, 1985). This project
would increase the area needed at T-91 for offloading cars, and as
a disposal site for the dredged material unsuitable for open
water. Figure 1 shows the location of the project.

Site and material conditions. The primary material designated
for the Short Fill was the dredged material from the expansion of
Terminal 30 across an old bulk petroleum product handling and
storage facility. This project required the dredging 133,000 cy.
of material 87,000 cy. of which was judged unsuitable for open
water disposal under the new 4-Mile Rock interim criteria. The
contamination levels of the unsuitable material were typical of the
Duwamish, and far from classification as dangerous waste.
According to King County Solid waste criteria, they qualified for
disposal at an inert construction landfill. Other Port sites which
provided material for the Short Fill were several small maintenance
dredgings at existing port terminals amounting to approximately

* Environmental Planner, Port of Seattle, P 0 Box 1209, Seattle,
WA 98111
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15,000 cy., that were in the same general composition and chemical
quality as Terminal 30 material. There was also about 25,000 cy.
of Corps of Engineers Duwamish maintenance dredging unsuitable for
open water disposal. This Corps Duwamish maintenance dredging was
generally less contaminated and was the last dredged material
placed in the site.

The area surrounding Terminal 91 has a relatively high background
contamination level from past and present sources. Among these
are: 1its history as a large navel facility; an old garbage
dump/landfill adjacent to the site; the major CSO and storm drains
in the adjacent slips; and the petroleum product handling facility
that has been on terminal area since the 20's. The casual disposal
of raw sewage and industrial wastes, as well as the accidental
spills and equipment failures have contaminated the surrounding
waters, sediments, groundwater and soils. As a result, the
sediment in the 90/91 slip is as contaminated as the worst of any
of the dredged material that was proposed for contained disposal in
the fill.

THE PLAN

Assessment of the impacts of this proposed project on the environ-
ment requires a prediction, with some reasonable assurance, of how
much of the total contaminant load is mobilized and how fast it
moves out of the system into the surrounding waters.

Modeling. These questions were answered by modeling the proposed
project (Hart-Crowser and URS, 1985) The site particulars are: the
sides are contained by existing solid fill piers; there is tidal
pumping into the southern berm; and a northern berm separates the
fill from the head end of the slip (to prevent deforming the old
concrete bridge structure), thus forming a pond. The site as
originally planned is shown in Figure 2.

Mobilization was considered by taking the chemistry data for the
worst case of T-30, existing data on Duwamish sediment interstitial
water for similar sediments, and combining these with the known
adsorbtion constants and equilibrium partitioning coefficients for
the compounds of interest. This showed how fast the compounds
would leave the particulates and how much of the total concentra-
tion of any compound would be retained on site, provided that
saturated/anarobic conditions were maintained.

The other main consideration was the hydraulics of the system, and
therefore the rate at which the compounds might be moved through
the system. Components of the hydraulics model included the
existing groundwater head, the varying permeability of the system
elements (berms, piers and fill), and the tidal pumping in the
south berm.

The results of the modeling were:

- For metals the average release was less than 1% in a 100
years and a total release of 1% to 2%. This is primarily
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due to keeping the sediments saturated and anarobic.
These results include the more mobile heavy metals.

- For organics of concern, though they were 100% available
for release, the low equilibrium coefficients and the
surface adsorbtion to the berm material made release rates
so low that measurable levels should not be found in the
south berm wells. The estimated loss in 100 yrs. for the
PCB's and PAHs was much less than 1%. This was not true
for the volatile organics, such as tolulene, which showed
a release of 20 % in 100 years. Fortunately only a small
amount of this dredged material contained volatile
organics and at such low levels it was not a concern.

- The hydraulic analysis showed that the route of water flow
and therefore contaminant loss in this system was through
the south berm. This was due to the longer travel
distance and the lower permeability of the solid f£fill
piers on the sides. The flow through the berms is
controlled by the permeability of the fill, the pathway
distance through the berm, and the head of upstream ground
water versus the meantide.

- The sensitivity analysis showed that, interstitial
concentrations and fill permeability were the largest
factors in the concentration of released material.

- Predicted concentrations in the waterway at the berm face
were controlled by the release rate and dilution in the
berm during tidal pumping. The predicted dilution due to
tidal mixing while passing through the berm was about 200
to 1. The predicted values in the waterway were
comparable to the background water quality.

Monitoring. The Port in cooperation with Department of Ecology
and the other regulatory agencies, applied the modeling results to
the proposed design, and drafted the 'Criteria, Thresholds,
Monitoring, and Remedial Actions Plan" (Port of Seattle, 1985).
The project criteria were effects in the waterway (EPA. Water
Quality Criteria or 10X background at the berm face). A secondary
concern was percent retention of the contaminants within the fill,
so quantification of contaminant mobility was also considered in
the design.

The site monitoring was based on through flow and well
concentrations since this provided data to directly address water
quality violations and provided a reasonable estimate of total flux
through and mass loss of the system.

The plan stipulated installation of 18 wells at 10 sites and
4 water sampling stations (figure 3). The 3 well depths were
placed to coincide with: the hydraulically active upper layers; the
shallowest layers of the dredged material fill; and finally the
shallowest layer of the most contaminated project in the fill
(T-30).
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The original sampling scheme included:

- Presampling (after the material was placed in the site and
before it was surcharged with the clean fill on top.

- Monthly sampling after the material was in place and
surcharged to follow any dewatering pulse and also to
cover special sampling conditions (a tidal fluctuation
sampling, and a special organic sampling).

- Quarterly sampling to follow for 2 years.

- Semi-annual sampling to follow for an additional 2-1/2
years.

REALITY

The following is a sequence of events highlighting the major
variations that have effected the original plans:

- There was no additional Port expansion project so Corps of
Engineers Duwamish maintenance dredging material
unsuitable for open water and additional quantities of
clean structural fill were used to fill the site. The
result was the clean structural fill cap was deeper than
planned. The dredged material came to approximately +1
ft. (mllw) with a structural fill cap covering the site to
+18 ft. This should reduce the contaminant loss and
provide a higher permeability conduit for the contaminated
upstream ground water leaving the site.

690



There was more oil in the T-30 material than expected and
it escaped during the bottom dumping a portion
contaminating the berm face.

There was a 6 month delay between the filling, and the
placement of the cap. This period allowed the sediment to
begin to consolidate and compact under its own weight
before being covered.

Some cap material from an adjacent beach mitigation cut
was loaded onto the edge of the £fill causing a
displacement of the surface of the dredged material rather
that an even surface.

Cap material was stockpiled on the berm, which prevented
installation of the sampling wells until the berms were
cleared and leveled.

Rather than placing the cap by crane, the water was first
pumped out of the site (after being sampled, and passing
Water Quality criteria) and then cap was leveled across
the dredged material by small loaders. This minimized the
dewatering surge.

During the capping there was an o0il spill at the terminal
which grounded a considerable amount of heavy bunker oil
from the the 3,000+ gal. spill on the south berm face.
This delayed the well installation while a portion of the
berm face was removed, and the weathering process followed
to determine how deeply the o0il had penetrated the berm.
The consequences of continued o0il contamination on the
monitoring program were reconsidered.

After the results of the first several samples showed no
significant water quality problems it was decided to wait
until the center fill wells could be drilled before
continuing the sample series. The center wells were
placed in March and April.

The Port and the Department of Ecology decided not to put
a well in Pier 90 since soils information indicated lower
permeability there. While drilling Pier 91 for soils
information, a higher permeability layer was found and
therefore a well was installed. Analysis with the
hydraulic model showed that even if the high permeability
layer did run through the full cross section of the pier,
it would carry only a small portion of the flux out of the
site. Because of this the monitoring stations in the
adjacent slips were to be left out of the routine
monitoring.

The berm face wells planned for installation in the south

berm face were not installed at first due to the questions
regarding o0il spill contamination. Also with the data
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results as clean as originally expected it was thought
that rather than install this series of wells "up front"
and have them possibly contaminated before long, it would
be more appropriate to wait and install them later only if
there appeared to be a specific water quality problem with
a compound moving through the berm into the adjoining
waterway. In this way the well placement could be
optimized. This proposal was recently agreed to by the
Department of Ecology.

- Well Site 6, in the shallow southern edge of the dredged
material actually ended up being located in a mixture of
dredged material and the cap material. Though theoret-
ically all dredged material at this point, the field log
showed a mixture of both materials.

- The actual sampling schedule was as follows:

Nov. '86 wells 2,4a, 4b

Dec. '86 wells 2, 3, 4 abc, 7 abc, 9, 11
sites 10, 14, 15, 16.

Jan. '87 wells 2, 3, 4 abc, 7 abc, 9, 11
sites 10, 14, 15, 16.

‘May. '87 wells 2, 3, 4 abc, 5 abc, 6, 7 abc,
9, 11 gites 10, 14, 15, 16.

Oct. '87 wells 2, 3, 4 abe, 5 abc, 6, 7 abc,
9, 11 sites 10, 14, 15, 16.

Jan. '88 wells 2, 3, 4 abc, 5 abc, 6, 7 abc,
9, 11 sites 10, 14, 15, 16.

RESULTS

Physical system. The permeabilities sampled on site after well
installation differed only slightly from those wused in
pre—construction modeling. The heights of the upstream pond have
born this out, as it generally stays in the 9 foot range, as
predicted. The permeabilities were very close for the dredged
fill, which is the most important as it determines rate of flow
thru the system. As previously stated, an area of higher
permeabilities was found in pier 91, but this was found not to
greatly effect the flux estimates. The south berm permeabilities
were found to be the same as those used in the modeling.

CHEMICAL RESULTS

General. The most contaminated organic samples found were from
the dredged material fill, the upstream groundwater, and the pond.
They were all contaminated by the same general series of PAH's.
The metals profile for these areas varied, and most of the high
metals values were found in the structural material of the berms
and cap. The presence of many of the same organic contaminants in
the upstream ground water and the pond water, coupled with the fact
that these contaminants are not found in the berm between the
dredged material and the pond, indicated that the source of this
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low level contamination for the pond is most probably the ground-
water and definitely not the dredged material. The pond water at a
depth of 5 meters was more similar to the ground water. Another
anomally of the pond was a high arsenic level (34 ppb + 16). This
may have resulted from unique conditions at the head end of the
slip that became evident only with the entrapment of the water by
the berm construction, such as bird dung, or runoff carrying rat
poison.

The oil spill caused no apparent contamination within the berm
wells. There was no indications of organic contamination from
either side.

The interstitial water contaminant levels observed in the field
sampling were generally lower than those assumed for the dredged
material in the model (table 1). This shows the model to be a
conservative estimate as was intended.

Table 1
COMPARISON OF MODEL ASSUMPTIONS AND ANALYSIS OF INTERSTITIAL WATER
FOR DREDGED MATERIAL FILL (ppb)

contaminant model value measured value (5 b,c)
cd. 16.2 ND 1.

Hg. 3.3 ND 0.05

As. 15.1 8.7 + 6.9

PCB 0.18 ND 0.1

Naphthalene 22.8 2.8 + 1.2

Toluene 7.3 ND 1.5

ND is Non-detected

Organics. Most important from a performance and regulatory point
of view was that the berm wells have not shown any sign of
contamination by organics.

The upstream groundwater was shown to be a source of low level
organic contaminants to the pond, both PAHs and volatiles. Most of
the organics appear to be lost in the surface water, since they
were only found there once, during the winter, when the areators
were not functioning well. This loss of organics at the surface
was undoubtedly due to multiple causes which may include aeration,
oxidation, photodegredation, and biodegradation. These organic
constituents have not moved deeply into the berms and the cap as
shown by the lack of organic contamination found there. Table 2
shows some of the more consistent of these compounds.
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Table 2
COMPARISON OF ORGANICS IN THE POND AND UPSTREAM WELL (ppb)

contaminant upstream well pond, surface pond 5m.
Benzene 18, 29, 19 1.7, 2, 1 1.4J
Toluene 6.1, 8. 7.1B 1.5, 2, 0.8 0.5M
Total Xylenes 3.9, 7B, 3.98B 2.4, 2, 1.8 0.7M
Naphthalene 27, 30, 26 1.6, 2.6J, 1.6 18
2-Methylnaphthalene 18, 31, 35 0.9, 0.5J, 0.9 2.8
Acenapthene 2.4, 3.73, 3.2 0.5, 2.23, 0.6 6.2
Dibenzofuran 3.9, 4.1, 4.8 0.8, 1.1J, 0.8 2.6
Fluorene 4.6, 5.2, 5.9 0.6, 2.9, 0.6 2.5
Phenanthrene 3.1, 3.1J, 4.3 0.8, 1.1J, 0.8 2.5

Estimated value
Estimated value with low spectral match
Also found in blank

m R
nuH

The TOC is the one area where organics have been found in the berm,
the fill, and the surrounding water column. The lack of an obvious
gradient and the background values makes it hard to establish the
origins of the material.

Metals. There were many more interesting results in the metals
since they are more mobile and also more commonly found in the
surrounding environment and in the construction materials. The
origin of the metals was the most important question and the system
did not give any straightforward solutioms.

In the early data sets there was a small amount (9.6 ppb + 1.7) of
Cu. evident in the pond, in the top and middle of the North berms
(3.1 ppb + 1.5) and in the waterway (1.6 ppb + 0.9). This appeared
to indicate the pond as a source of Cu. but, Cu. was only detected
once (2 ppb) in five samples in the upstream groundwater. Later
sampling, including the fill and cap, showed that the highest
values (31 ppb + 20) for Cu. were found in the "clean'" structural
fill material of the cap.

The most obvious tracer for the fill was tin (Sn.) as it was the
only compound found in the dredged fill (55 ppb + 36). Its
chemical activity is similar to other metals modeled. Its activity
would be different (more mobile) if a large percentage was found in
the methylated form. This should be investigated in the future.
Sn. may prove to be a good indicator for positive indications of
leaching.

Well #3 in the south berm was damaged, but has remained constant
before and after the break except for an elevation in Mn.
(undetected to 133 ppb). This indicates probable contamination
with gravels from the berm material since Mn. is a common crustal
element released with the weathering of igneous rock. Since no
other contaminants were evident it was decided to continue the use
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of the well, for which there was previous background data rather
than sink a new well and start over in that site.

The highest concentrations of Ni. were in the bottom of the south
berm (100.6 ppb + 12.8). There were also varying concentrations
found in the bottom of the north berm (39 ppb + 31), in the "clean
£i11" cap (42.7 ppb + 25.2), in the fill at station 6, which
contains some cap material (15 ppb + 15), in the pond (6 ppb + 1.8),
and in Pier 91 (5 ppb). In the dredge fill (5 b,c), Ni. was only
detected once (2 ppb) 1in 6 measurements. This distribution
indicated that the origin of the Ni. in the bottom of the berm was
either due to the structural material of the berm, or possibly the
surrounding sediments, which were high in Ni.(65 ppm + 7). These
sediments could have mixed with the berm materials during placement
by dump barge.

Dewatering surge: Due to the final construction sequence no large
dewatering pulse was expected. Even with the alteration of the
sampling plan, the early sampling schedule was adequate to have
detected a large dewatering surge. The data did not indicate that a
surge occurred. Early data for a few metals seemed to show a
possible few percent increase attributable to a dewatering pulse,
but later data including the fill material shows these metals are
associated with the structural material.

The '"clean structural fill" used to cap the dredged material has
provided some of the most interesting results. It was a material
that more easily released crustal elements than the berm structural
fill., The well in this material has been the site of the highest
values for Cu., Al., Sb., Fe., Si. , Ti., Vn., Zn., and Hg. These
values were consistently greater than those for the dredge fill
below it. Some of the metals, notably Hg, did not adhere consist-
ently to this pattern, making the pond a possible source for these
constituents.

CONCLUSION

The data discussed here are just the early findings and by no means
a complete final analysis. Soon with the additional data being
developed we plan more sophisticated statistical evaluations of the
results. Preliminary results have suggested some additional
research evaluations and analysis that will help understand the
events taking place. This brief look at the early results, has
produced the following conclusions.

- The fill is behaving close to what was predicted in the
modeling.

- There is no indication at this time that the dredged
material in the fill is causing water quality problems in
the adjacent waterway.

- The movement of the upstream contaminated groundwater into
the pond has been documented by the difference between the
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pond and the new head end of the slip. The majority of
the higher metal results are associated with the "clean"
structural fill material of the cap or the berm.

- The organics in the system do not readily move thru the
berm; neither from the fill into the south berm nor from
the pond into the north berm.

The extensive modeling of the system assisted the regulatory
agencies in judging the proposed project, and the Port in the
designing the monitoring. The field results so far are showing the
model the be reasonably accurate and a very appropriate and helpful
tool in understanding such a proposed project.

The interesting surprises in the project have come from those areas
not focused on by the model, and in documenting the movement of the
groundwater into the pond. So far we have a successful containment
project and we have found we have a lot to learn about leaching
from "clean structural fill".
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Sediment Capping at Denny Way CSO

Pat Rombergl and Alex Sumeri2

Summary

Source control has been effective at reducing toxicant
discharges into Puget Sound but further remedial
actions will be required at many sites if contaminated
sediments are to improve in a timely manner. Of

the 32 toxicant "problem areas" identified in the
lower Duwamish and Elliott Bay, the area off Denny

Way CSO was prioritized as one of the top sites
needing corrective action. Metro recently developed

a CSO Control Plan that will greatly reduce the

volume of overflow at Denny Way, but it may take

years before the required projects are completed.
Also, Metro has been implementing source control
activities in the collection system to reduce toxicant
loading to Elliott Bay and is now proposing to cap
offshore sediments with a layer of clean material

as a demonstration project of environmental enhance-
ment. '

The proposed capping project will be performed jointly
with the Army Corps of Engineers who will obtain

the cap material during the next Duwamish maintenance
dredging now scheduled for February 1989. Only
material dredged from the head of navigation will

be used for capping since previous tests showed

this to be clean sand. The cap will be placed with

a bottom dump barge that is opened slowly allowing
the sand to "sprinkle" over the bottom. This capping
method was successfully used in a project on the
lower Duwamish where a cap thickness of one to three
feet was obtained. This paper provides further
details regarding the Denny Way capping project

and a review of other capping projects.

Denny Way Capping Project

Site conditions. Denny Way CSO has a shoreline
discharge located in Myrtle Edwards Park at the
north end of the Seattle waterfront and overflows

1 Municipality of Metropolitan Seattle
2 U.S. Army Corps of Engineers
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about 50 times a year. Stormwater separation projects
will reduce the overflow frequency to about 10 events
per year yielding nearly a 90 percent reduction

in overflow volumes by the mid-~1990's. Bottom sedi-
ments near the outfall contain substantially elevated
levels of heavy metals and organic toxicants and
benthic communities are impacted (Malins et. al. 1980,
Tomlinson et. al. 1980, Romberg et. al. 1984, Comiskey
et. al. 1984). Heavy metals and organic PAH's have
distribution patterns similar to that of lead shown
in Figure 1, but PCBs levels are patchy with no

clear pattern. Concentrations are highest near

the outfall and decrease more rapidly with distance
offshore (increasing depth) than they decreased

with distance along shore (Romberg et, al. 1987).

Based on bulk sediment chemistry values there is

no indication that offshore sediments would be class-
ified as a hazardous waste. Sediments taken from

a sewer line upstream in the Denny Way drainage

basin pass the special elutriate test, used for
defining hazardous wastes, and those sewer line
samples have much higher bulk sediment concentrations
than occur in offshore sediments. Even with inter-
mediate chemistry levels, it is doubtful that sedi-
ments from near the outfall would qualify for disposal
at the new open water dredge spoils disposal sites.

Capping considered best alternate. There are only
two other alternatives to capping and these are

to either dredge the contaminated sediments or to
do nothing and let natural sedimentation cap over
the affected area. Metro has considered these alter-
natives and finds them both unreasonable. Dredging
is ruled out because site conditions are not severe
enough to warrant the high costs associated with
this method and there are severe limitations in
finding a place to dispose of contaminated sediment
in Puget Sound. Waiting for natural capping is
ruled out because sedimentation rates are so slow
in Elliott Bay that it could take 20 to 60 years
before 6 inches of new material accumulates.

Ideally, it is preferable if all discharge sources

are eliminated before capping but there are several
practical benefits to capping at this time. First,
sediment quality improves immediately instead of
waiting perhaps 20 - 60 years and new sediment concen-
trations should remain below existing conditions

due to the reduced sources. Secondly, the cap pro-
vides a new clean environmental background which

makes it easier to identify remaining toxicant sources
and focus on their elimination upstream. Also,

this project will provide information and experience
that will expand our understanding of capping as
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a tool for improving environmental conditions in
Puget Sound.

Size and thickness of cap. Proposed boundaries

of the capping project are shown in Figure 2 and
enclose an area about 200 feet wide and 600 feet
long. A cap this size will cover the highest sedi-
ment concentrations closest. to the outfall and a
good portion of the lower sediment concentrations
that extend beyond. This cap is not intended to
cover all the area above background because con-
centrations all along the Seattle waterfront are
above background. Figure 2, also shows that the
cap will cover most stations where sediment values
exceed the "Apparent Effects Threshold" (AET) values
established for benthic infauna (Tetra Tech 1986).
While these AET values are not standards, they do
provide an indication of the lowest chemical levels
expected to cause a change in benthic community
structure. Many stations exceed one or more AET
values for heavy metals, but only one station exceeds
an AET for organics (PCBs only).

Average cap thickness of 2 feet is proposed based
on past experience plus limitations on the amount
of clean capping material available. About 9,000

- cubic yards of clean material is required to cover

the proposed capping area with 2 feet of material.

It is estimated that about 10,000 cubic yards of

clean sand can be obtained from the head of navigation
during a single dredging project. This volume is

a limiting factor which means that changing the
thickness would require a corresponding change in
aerial coverage.

Monitoring considerations. Demonstration projects

are an important form of applied research that can
further our knowledge on how well capping works.

There are four main components to a monitoring program
as follows: 1) Bottom depth surveys are needed

before and after capping to determine cap thickness
and proper placement. 2) Surface grab samples are
needed over time to see if there is any accumulation
of toxicants in the cap due to current discharge
conditions. 3) Sediment cores are needed periodically
to see if there is any migration of underlying toxi-
cants up into the cap, and; 4) Benthic community
samples are needed over time to document how well

the cap is recolonized by benthic infauna.
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Capping Contaminated Sediments

Before continuing with details on a proposed method to cap the
contaminated bottom sediments in the vicinity of METRO's Denny Way
Conbined Sewer Overflow, a brief overview of capping will be presented to
provide you confidence in the method. This overview will review
international capping applications, laboratory capping research findings,
monitoring results of the 1984 Duwamish capping project, potential and
proposed capping applications in Puget Sound, and the Corps of Engineers'
policy on participating with public entities in beneficial uses of
material dredged from federal navigation projects.

The technical and operational feasibility of isolating contaminated
sediments fram the overlying water column with a clean soil cap has been
demonstrated by laboratory research and practical field applications
since the late 1970's. Upland disposal sites near dredging operations
have became virtually extinct. Tmckhaultomredistantuplarﬁdisposal
sites (if they can be found for "contaminated" material) is usually at
1east2~5tmmasexpensweasopenwaterdlsposal Nearshore disposal

costly monitoring. Also, isolating contaminants is more
difficult. Subaquecus capping is often an economically viable
alternative.

The London Dumping Convention (IDC) to which the United States is
signatory is an intermational treaty that is implemented thru the
Convention on the Prevention of Marine Pollution by Dumping of Wastes and
Other Matter. In February 1984 the 1LDC accepted the capping concept,
subject to additional monitoring and research, as a means of rapidly
rendering harmless the contaminants of concern in sediments.

Design Parameters. Many design parameters must be considered in a capping
project, making each design highly site-specific. The main design
considerations include but, are not limited to types of contaminants,
contaminated and capping sedment properties, disposal site water depths,
future use of the disposal site, typesofdredgirgarﬂdjsposalequipment
available, cap thickness, cost, water currents, cap erosion potentlal,
ship prop scour, bottom contours, positioning control, monitoring
requirements, etc. Considering the above, the necessity of an engineered
design for capping quickly becomes cbvicus. The many design variables of
capping cperations also explains the variety of projects and equipment
that has been used.

Capping Applications. Brief, details of several capping projects follow:

Central Iong Island Sound has been used as a disposal site for dredged
and other materials for many years. Since the late 1970's the area has
also been used to dispose of and cap contaminated dredged material in 55
to 70 feet of water. At least six of eight mounded level-bottom capping
sites have been documented. Contaminated (Cd=25ppm, Cu=520ppm, Ni=50ppm,
Po=450ppm, PCB=5300ppb) material (33,000 to 92,000 cubic yards (c.y.))
has been dredged by clamshell and point-dumped with scows at buoyed
disposal sites. Silt and sand caps (40,000 to 1,300,000 c.y.) were placed
by hopper dredges and scows. Mounds were 4.5 to 13 feet high and a radius
of 400 to 500. Of the original volume 80% was deposited inside a 100-foot
radius; 90% within 400 feet (Morton 80). In point dumping one must be
careful to also cap the periphery of the contaminated material. The need
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for accurate positioning can not be overemphasized.

At New York Bight 860,000 c.y. of contaminated (mean values in ppm:Cd=14,
Cu=711, Pb=767, 2Zr=1813, and PCB=1.9) dredged material was point dumped
and capped by 1,800,000 c.y. of fine sand with scows and a hopper dredge
in 75 feet of water. Cap thickness averaged 3-4 feet with a maximm of 6-
9 feet. Two taut-wire buoys, with elastic moorings to reduce tide-induced
lateral movement, were used to precisely dump on target (O'Conner 82).

In Hiroshima Bay, Japan in-situ sewage sludge with high levels of
oOD(42mg/g), T-Fhosphorus (0.77 mg/g), and T-Nitrogen (2.4 mg/g) were
capped with 40 - S0-centimeter layers of clean sands at two projects
(Togashi 1983 and Kiekegawa 1983). These test projects were carried out
to determine the feasibility of restoring the benthic envirorment
(including fishing grounds), and reducing nutrient loading of the water
colum. Marine sands were dredged and transported 50 kilometers for these
demonstration projects.

In one case, a 19,200 sguare meter area was capped using a specially
constructed 2000-cubic meter (c.m.) sand spreading barge. Two conveyor
belts, each with a capacity of 1000 c.m./ hour, fed the sard to a 2.5~
meter diameter telescoping vertical pipe (tremie). The cap was placed at
a rate of 6.5 to 13 c.m./min. with a swing speed of 5 m./min. while one
erd of the barge swung about a spudded end. Considering the time (14
min.) required to back the barge after each swing, each 40 m. cycle
required 30 min. and effective placement was 208 c.m./hour. The mean cap
thickness was 55 cm. and ranged between 5 cm. and 1.35 m.

In the other case, sand was brought by a hopper dredge and loaded into a
scow moored to a pumpout barge. A hydraulic suction purp was used to
transport the sand slurry thru a 5-meter wide submerged spreader bar with
diffuser ports while the barge was being moved by anchor cables. A 44,800
square meter area adjacent to the above area was capped. To determine the
rate of sand being pumped the pump's suction pressure was calibrated by
pumping sea water and various sand-water conqentxations.

Results from monitoring these projects between 1979 and 1984 (Kakigawa
1986) show lower release rates of nutrient salts (particularly
Phosphorous), an increase in the number and species of benthos, but, no
conspicuous effects on COD were cbserved.

In Osaka Bay, Japan 3,000,000 c.m. of eutrophic harbor sludge (COD of
>30mg/qg) is proposed to be used for beach restoration. The sludge is to
be placed behind caissons and capped with 2 meters of sand (Matsubara
86).

Rotterdam Harbor's First Petroleum Harbor could not be dredged between
1976 and 1981 (d'Angremond 1984) as no disposal permit could be cbtained
due to the high level of contaminants (Dieldrin=1.9ppm, Endrin=0.5ppm,
Isodrin=6.0ppm, PCB-1260 (aroclor)=7.0ppm, 0il=10,200ppm). A maintenance
dredging backlog of 1.5 million c.m. had develcoped by mid 1981. An
agreement was reached for a one-time cleanup

of this harbor, the "Putten Plan". The plan included halting the
discharge of contaminants into the harbor and the dredging of pits in the
harbor bottom, disposal of the problem material into them, and capping
with 60-90 cm. of clean clays excavated from the pits and stockpiled
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adjacent to them. The caps were placed by dozing the clays into place
with a cable-suspended bottom leveler. In all 1.82 million c.m. of
contaminated material was disposed of in the pits. Strict controls on
dredging and disposal required that no suspended contaminants leave the
harbor. A hooded suction head to trap gases, a degassing system, a
diffuser for placing hydraulically dredged material into the pits, and
automated positioning equipment for the suction head and the diffuser
were used to minimize spread of contaminants.

The Iower Duwamish Waterway in Seattle, expenencedamlmrshoal in
1983, which limited navigation to 25 feet in the 30-foot federal project.
Contaminants (PCB 1242=1400ppb, PCB 1260=3100ppb, Aldrin=180ppb, 4-4 DDD=
80ppb, 4-4 DDE=30ppb, Acetone=494ppb, Methylene mloride=805ppb,
Od=1.4ppm, As=22ppm, Cu=130ppm, Pb=190ppm, Zn=359ppm) in the £

material precluded unconfined open-water disposal. The Seattle District,
Corps of Engineers in a demonstration project disposed of 1100 c.y. of
contaminated material in a subaqueocus depression in the West Waterway and
capped it with three survey-positioneded bargeloads (4200 c.y.) of clean
sand maintenance dredged from the upper Duwamish River waterway (Sumeri
84). A cap with a mean thickness of 2 feet was placed by "sprinkling"
sardatarateon?cy/mm from an incrementally opened split-mhull
barge This slow capping procedure allowed the use of conventional
equipment and did not displace the contaminated sediments. Hydrographic

surveys between barge dumps allowed evaluation of capping progress and
adjustments in barge positions during the next dump.

The Corps' Waterways Experiment Station monitored the project for 18
months. Vibracore samples were tested for total concentrations of PCB's,
Cu, Pb, and Zn at 4-cm intervals and showed no movement of contaminants
irrt:othecapmter:.al 'Ihemterfacebet:weenﬂmcmtamnatedardmp
sediments continued to be sharp and relatively urmixed.

The Waterways Experiment Station performed laboratory capping efficiency
testsusmgsandandsﬂt from Vicksburg, Miss., and clay from New Halem
for capping materials. Contaminated sediments (PCB=17,630ppb,
PAH=314,550ppb, 03=20.5ppm, Cu=2525ppm, Hg=3.34ppm, & Pb=368ppm) from
Black Rock Harbor in Bridgeport, Connecticut were capped by different
thicknesses of the various materials in reactor tanks (Brannon, et al
85) . Polychaetes (Nereis virens - worms) were added to same tanks to test
infaunal organisms and to provide a source of bioturbation. Clams (Rangia
cuneata) were suspended in the water column above the capping material to
determine if contaminants were moving thru the cap. into the water column.
Test results indicated that a 50-cm cap of any of the three tested, even
when penetrated by organisms, is effective in preventing the transfer of
chemical constituents and microbial spores to the overlying water and
biota during a 40-day experiment. A cap as shallow as 2cm resulted in a
40- to 81-% reduction in overlying water oxygen demand and transfer of
NH2-N from Black Rock sediments into the overlying water. A cap depth of
22cm of any of the tested material was sufficient to stop chemical
exchanges between capped Black Rock sediment and the overlying water.
Clay was found to be a more effective cap material than silt, and silt
more effective than sand. These lab tests accomplished what field
monitoring could not provide - controlled conditions w/o external
influences.

Dutch Kills contaminated sediment (PCB=21,290ppb, PAH=88,880ppb,
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Cd=97ppm, Cu=1925ppm, Pb=1430ppm) was tested with Edgewater sediment as
capping material. A one-year laboratory study indicated addition of a 10-
cm cap of Edgewater sediment along with a suitable depth of material to
isolate burrowing benthic organisms from the contaminated material and
prevent current and wave erosion from removing the cap should prevent
movement of contaminants into the water and hiota (Brannon, et. al.86).

Denny Way Combined Sewer Overflow vicinity cappmg of contaminated
sediments would be performed similarly to the above-mentioned Duwamish

capping project; except, placement of the sand will need to be controlled
better. Clean sands are to be dredged by clamshell, and transported to
the Denny Way site by split-hull scow. Placement of the sands differs in
that the scow is proposed to be pushed sideways sprinkling a 128-foot-
wide sand blanket. Barge displacement changes proposed to be measured by
two pressure transducers mounted in stilling wells (to dampen rapid wave-
caused pressure changes) at each end of the scow. Telemetry signals from
thepressuretransducersaretobetransnltbedtothemicroprocessor
controlling the barge position. A shore-based automatic-tracking laser
range~-azimuth positioning system will track a prism mounted on the scow
and send the positions to the microprocessor on the tug pushing the scow.
The tug skipper will see his course on a monitor and where the target
prism is at the time, as well as the rate of change in barge displacement
- or rate of sprinkling the sand cap. A two-foot thick cap is foreseen at
this time. Due to a 12-mile fetch, wind driven waves fram the southeast
can became sufficient to move sand particles of the size proposed for the
cap. Smcethesecorxhtmnsaree@ectedtoocctmonlyorweortwwea
year for short periods only, no significant erosion is expected.

Potential and proposed capping projects abound in the Puget Sound area.
Elliott Bay "hot spots" have been identified where capping could be

econamic and effective. Commencement Bay has its Superfurd sites. The
Eagle Harbor wood treatment contaminants have been added to the Superfund
list. Corps of Engineer maintenance of the lower Duwamish River
navigation project may be a future candidate. The Everett Navy Homeport
includes a 300 to 400-foot-deep capped disposal site; a record depth.
Extensive lab testing, model studies, and engineering have yielded a
placement method. Initially, a berm will be constructed; then
contaminated material will be dumped from barges and be contained by the
berm. The contaminated material will be capped in a controlled manner;
either with a diffuser and hydraulic dredge or by clamshell and hydraulic
punpout at the site. The capping material will be allowed to settle on
the contaminated material. Careful positioning and monitoring of the fate
of the capping material will ensure a l-meter cap. A total of 3.3 million
caubic yards will be dredged, of which 928,000 is considered contaminated.
Simpson Tacoma Craft Company will cap approximately 17 acres of
contaminated nearshore land with 2-8 feet of sand dredged from the
Puyallup River creating an intertidal habitat.

Corps of Engineer Policy requires disposal of dredged material at the

lowest cost consistent with sound engineering practices and appropriate
envirommental quality standards. This does not preclude public entities
from sponsoring beneficial uses of the material and funding extra costs.
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Summary Statement

Keith E. Phillips *

As the importance of managing contaminated sediments increases,
the tools we use in that management are evolving, mostly along
natural lines. Key steps in this evolution are 1) management by
comparison to background, 2) management by effects testing, 3)
management by criteria and standards, and 4) management by
technology requirements.

The first step in this evolution is often, because of a lack of
better information, the simple assumption that the presence of
contaminants means there is risk of adverse effects, and that
chemical concentration is proportional to that risk. This
results in "background levels" being used as regulatory tools and
management objectives. As an example, background levels were
used in dredged material management until very recently in Puget
Sound; and they remain important in land disposal decisions.

The next step is reliance on effects testing. Sediments have
been, and will likely continue to be for some time, managed (at
least in part) by direct effects testing (i.e., biological tests)
of the sediment. As we begin to learn about the relationship
between sediment chemicals and biological effects, we are
starting to develop and use numerical criteria and guidelines for
predicting the effects of sediment contamination. Along the way,
we are learning and demonstrating new technologies for treatment
and handling of contaminated sediments. And it was clearly shown
today that there is still some gap between the intended design
and plan, and what is achieved in the real world. Overall, we
lack sufficient experience to rely on technology standards or to
define "best technology" at this time. Rather, technology is
used to address problems identified by effects testing and
chemical guidelines.

We still have a lot of work ahead of us. And there are key
social and administrative decisions that must be made along the
way. What quality of sediments do we want to have in the Sound?
Will source control ever be 100 percent? How long should we plan
for this to take? How much are we willing to pay to clean up
existing sediment contamination? If we remove it, where do we
put it?

Along with this policy development, these questions will also
require further technical research and follow-up monitoring to

assess the true consequences of the different alternatives we are
facing in managing contaminated sediments.

* State of Washington Department of Ecology, Olympia, Washington
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SURFACE WATER
MANAGEMENT

WHAT DO WE KNOW AND WHAT
DO WE NEED TO KNOW?

William H. Funk,

State of Washington Water
Research Center

Session Chair
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Introductory Statement
William H. Funk*

Considerable progress has been made towards restoring the nation’s water
quality since the enactment of the Clean Water Act of 1972. However, many
bodies of water including lakes, estuaries, and even some streams have not
responded adequately to the massive clean-up efforts begun sixteen years ago.

Studies made by the university water researchers and agency personnel have
shown that a large portion of bacterial and plant nutrients as well as toxic
materials, pesticides, metals, oils and other pollutants reaching water courses
have no defined point of origin. The U.S. Environmental Protection Agency
reported to Congress in 1984 that nonpoint source pollution was the principal
cause of water quality problems in six of the ten EPA regions.

The effect of pollutants reachinl% the waterways whether from point or
nonpoint sources is essentially the same. Nutrients, primarily phosphorus,
nitrogen, and essential trace metals, cause increased nuisance algae and weed
growth. Large quantities of organic matter result in dissolved oxygen
depletion. Excessive sediments smother bottom organisms, cover spawning
beds, and destroy valuable habitat. Metals, pesticides, and other toxics poison
microorganisms and invertebrates and may injure or kill larger aquatic life
forms.

Much of the diffuse source data collected across the United States today have
been used mainly to indicate trends and are not directly applicable to specific
cases. The purpose of the surface water management session is to define
what we know about pollutants entering the Puget Sound area and what we
need to know about them. It is readily understood that there are large data
gaps and a great amount of research is needed to make prudent management
decisions. A very useful aspect of this session is that a number of methods
used to mitigate, alleviate, and control sources of surface water pollutants are
discussed as well as their state of development, effectiveness and
applicability. The session represents an initial effort to better understand
diffuse surface pollutants--their effect and possible control.

*Director, State of Washington Water Research Center, Pullman, Washington
99164-3002
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Agricultural BMP’s: Are They Doing Their Job?

John Philip Andrewsk

In four of our northwest counties, Whatcom, Skagit,
Snohomish, and King, commercial farming largely
coincides with major floodplains. This is significant
in two ways;

1. These are areas of occasional flooding with high
water tables and short and direct paths to streams and
rivers.

2. Their openess makes farming a visible element of the
landscape. As an industry, they are subject to public
scrutiny and critique.

As such, poor farming practices are easily noticed and
the target of enforceable regulation. More than any
other industry, commercial farms are being pressured
to"clean up their act". In addition, farming is being
directly linked to wetland protection. This all means
that large-scale farming is becoming a public concern.

Because of these relationships, farm management is
correlated with water quality. Pollutants most
commonly associated with farming are nitrates,
pesticides, bacteria, and phosphates. With
approximately 700 commercial farms in the four
counties, "cleaning up their act" will have a
measurable impact on water quality. (1)

Best Management Practices

Congress passed Public Law 92-500 in 1972 to protect
streams and lakes from water-borne pollution. Section
208 of this law dealt with non-point pollution, or that
pollution which can’t be traced to a single pipe or
outlet. In this section, the term "best management
practice”",or BMP was first used. This can be defined
as a proven land management practice or practices that
are considered the most effective and practical means
of controlling non-point pollution.

¥ Manager, Snohomish Conservation District,
630 Vernon Road, Everett, WA 98205

(1) Poll of four Conservation Districts Feb. 29, 1988
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Local government, with EPA grant assistance, developed
publications describing BMP’s. Both King and Snohomish
County developed a Farm Water Quality Management Manual
describing and illustrating BMP,s in 1977.

The Soil Conservation Service has defined and uses some
150 "Conservation Practices" technically that may be
called in laymans’ terms, BMP’s. Of these practices,
around forty apply more directly to our marine coastal
environment.(2) Of these forty, around five have the
most direct impact on water quality. These are:

Roof gutters and downspouts.

. Animal waste storage.

Fertilizer application timing and rates.
. Pasture soil management.

Stream buffers.

OV WO N~

These five practices are mentioned because they best
isolate or separate nutrients from surface and
groundwater and are the most effective "package" of
BMP's to combine as a farm planning unit. These
practices are at the heart of what we could call farm
nutrient management.

Levels of BMP’s

We know that the construction of roof gutters, concrete
confining pens, manure ponds, and storage tanks will
segregate man made waste from free flowing water.

These may be called "basic BMP’s" that temporarily meet
our obligations to store manure. We also know that
regular scraping of livestock holding pens, pumping of
waste storage tanks, and emptying of manure ponds will
satisfy system requirements. These may be labeled
"intermediate BMP’s" and require that the farmer have a
good knowlege of operation and a little of waste
management. Few argue that this concrete and steel
system does not isolate the waste from uncontaminated
water.

Real conservation, however, lies in the knowledge of
optimum timing of manure application, the amount, in
inches of manure to apply to each acre depending on
soils and plant needs, as well as keeping the nutrients
within the active root zone to minimize its loss to
groundwater, It’'’s these and other management practices
that we can still refine. We could call these
"advanced BMP’s.

(2) U.S. Soil Conservation Service Technical Guide
Standards and Specifications, Vol. 1 & 11
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Predictable Results

Let us focus on these five practices and how they work
as a unit.

1. Roof gutters and downspouts

These are effective and economical in channeling clean
water into pipes for transport away from animal waste
areas or into a manure pond to dilute manure for later
application. In our area, forty five inches of
rainfall falling onto an average combined roof area of
30,000 square feet equals 840,000 gallons of clean
water that no longer mixes with and carries waste into
water bodies. Once installed, these practices need
little management.

2. Waste storage ponds

These are earth sided ponds capable of holding one to
ten million gallons of combined wash water and cow
manure.

Pond size. Recommended storage times and pond volumes
have increased from a few months to six to nine months
storage time to insure sufficient isolation of
pollutants during the wet winter months. Rainfall
variability and management safety factors combine in
recommending larger ponds to decrease forced early
spring and winter application due to overfull ponds.

Pond sealing. In most soil conditions, manure coats or
seals the bottom and sides of ponds and prevents
leaching of nutrients into groundwater. If manure
solids separators are used which take out larger
fiberous matter, then unseparated manure must be
initially pumped into the pond to act as a seal and
then the more liquid manure added. Additionally,
groundwater levels must be below or equal in depth to
pond water levels to prevent the seal from being broken
inward and destroyed by greater external pressure.

When constructed in medium to fine textured soils,
ponds seal and prevent nutrient loss.(3)

3. Pasture management
Land areas receiving manure must be able to absorb

nutrients. Pasture soils become compacted and
impervious from animal and machinery use. This is a

(3) Discussion with Craig Cogger, Soil Scientist, WSU
Cooperative Service, Puyallup
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common problem and liquid simply ponds or runs off.
These must be loosened and broken up by chisel plowing
(8 to 15 inches) or subsoiling (16 to 36 inches). This
should be done every four to five years when reseeding
pasture. This practice does greatly increase manure
absorption and plant use.

4, Manure application timing and rates

Groundwater levels must be below the crop root zone
before fertilizer or manure can be safely applied.
This generally occurs from June to September. Manure
application rates vary from one~half to two inches per
acre several times a year to meet crop nutrient needs. {
"Surplus" nutrients, those that are not absorbed by the

soil or not used by the crop, become candidates for

potential pollution. Crop nutrient needs are fairly

well known through research and if application amounts

equal crop needs, little or no nutrients remain to

leach into groundwater.

5. Stream buffers

As an ideal recommendation, the establishment of

protective corridors bordering streams would be a final
practice maximizing nutrient retention and use. /
Vegetational strips do detain, filter, and absorb

surface runoff and minimize erosion and direct animal

access to water bodies. This does often require

fencing to keep animals away from newly planted grasses |
and shrubs until their size discourages trampling or

eating.

In summary, the installation of gutters to control

direct roof runoff, ponds to isolate and store waste, :
field soil loosening for nutrient absorption,

fertilizer application equaling plant needs, and

stream buffers to catch and treat surplus runoff,

together provide a minimum nutrient loss package of

practices for farm water quality management.

Incomplete Answers and Response

Doesn’t this nifty little package seem convincing? j
When all are installed and used, they compliment each

other in storing and using the manure nutrients. What

are some of the things we are not sure of that need

refinement for even better waste control?

1. Manure ponds

Two questions that need answers are:
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A. Do ponds effectively seal to prevent groundwater
contamination, and

B. What is the change in nutrients from fresh cow
manure until the time it is stored in the pond?

Ponds do seal well in sandy loams and finer soils as
opposed to more gravelly soils. This sealing can take
from several days to over a month. Because gravelly
stream soils are found in floodplain areas, and
occasionaly the only place to construct a pond, the
Cooperative Extension has a test pond of course soil
they are partly lining with a patchwork of different
fine and clayey soils with probes in each to detect
downward loss of nutrients. This should answer the
question of at what soil texture should ponds require a
separate sealer. The fiber content of manure does act
as a mat even in sandy soils and prevent manure
seepage.

The nutrient content of ponds has been higher in
nitrogen than earlier calculated by the Cooperative
Extension. The nitrogen in fresh manure needs to be
analyzed and compared to stored manure to more
accurately predict changes in content so that farmers
will better know nutrient levels when planning ponds.

2. Fertilizer application timing and rates

Although it is generally recommended to apply manure in
the fall to empty the ponds, and apply during the
growing season, we should be able to better know
groundwater levels and when to apply manure to minimize
leaching.

Are we giving the farmer accurate enough information on
manure nutrients to apply no more than needed to
satisfy plant needs? Application rates require more
research. We need to sample the nitrogen, potassium,
and phosphorus both in the pond and on the ground
during application. Being able to factor in nutrient
changes for crop application prior to its application
could more accurately determine the gallons and inches
required to prevent surplus nitrogen entering ground
and surface water. !

Groundwater contact with the organic horizon in soils
is important for bacterial action to occur. This
bacterial action breaks down unused nitrogen and
incorporates it into the soil. 1In well or artificially
drained soils, if the groundwater is well below this
zone, the lack of bacterial action does not alter
nitrogen and it remains in a form that could be
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transported and pollute. If we install drain pipe in
pastures to lower water tables are we increasing
chances of groundwater pollution? Again, if our
nutrient calculations guide farmers in applying only
what crops will use, little nutrient losses will occur.

3. Stream buffers

Fencing is generally required to preserve a vegetative
corridor adjacent to water bodies. In the case of
Blackberry and Douglas Spirea, their density and
hardiness form natural barriers. Soil varieties,
rainfall amounts, kinds of riparian vegetation, and
degree of adjacent animal use determine widths of these
buffers. Many dairies confine their cows most, if not
all of the year, resulting in the need for narrower
buffer widths than areas of intensive grazing. Well
drained deep soils with established shrubs and grasses
need to be monitored along with the more shallow soils
and common scrub areas found next to streams by
measuring for nitrates and other nutrients at depth
intervals as well as in the stream reaches.

In many Puget Sound Counties, growing numbers of part
time farmers are altering a once forested landscape.
An impossible question to answer is "How many small
landowners does your county have and how much are they
impacting water quality? More than any other single
occupation, their mere numbers and land clearing will
be a major factor in water quality. As
nonprofessionals, they often know little about animal
waste management and need assistance more than
commercial farms. We need to identify their numbers
and stream monitor their impacts on water.

Getting Practical Results

For commercial farms, manure ponds are the first, and
easiest step to waste control. 1In an earlier program
on the lower Stilliguamish River, some thirty out of
fifty farmers installed ponds. However, learning to
efficiently apply two to four million gallons of stored
manure is a challenge for anyone. These "advanced
BMP’s require regular farm visits before and during the
growing season to reinforce farm planning
recommendations and encourage questions about
application rates. Few farmers are presently applying
manure to fields at optimum rates. Hiring custom
pumpers to apply manure from ponds is an improvement
over manually hauling it out in spreaders and results
in more uniform application.
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It will take several years for farmers to understand
and apply their waste at levels just to satisfy crop
requirements. This is one of the most important things
Districts can help farmers understand. Districts are
definitely making progress in the use of BMP’s,
partially because of the economic advantages of
installing ponds. The farmer is starting to understand
the value of his stored manure.

The Snohomish Conservation District is working with
large farms in the Snohomish watershed in planning and
application of BMP’s. Additionally, the Tulalip
Tribes, under a District contract, are monitoring for
nitrates, fecal coliform, BOD, suspended sediment,
temperature, and discharge. This is being done at
thirty two locations on the mainstem and on six
tributaries above and below farmed areas to determine
upstream contributions and general farm nutrient
loading rates. This is carried out twenty times yearly
starting May 1987 and ending November 1991. 1In several
months, a years sampling should provide some trends in
pollutants.

The District is also assisting small landowners in a
small watershed emptying into a lowland farmed area.
Around 150 horse and livestock owners are contributing
pollutants and sediment to a farmed floodplain. Scaled
down versions of BMP’s are drafted into a mini-plan for
individual owners and they are encouraged to apply
these by follow up visits and meetings.

Conservation Districts, with SCS assistance, are one of
the few public agencies devoted to personal rural
landowner contact and on ground improvements resulting
in cleaner water. Most of District work has been with
large farms. Several Districts have small landowner
projects in specific problem watersheds using much of
the same practices to improve small horse and livestock
farms. Landowner trust combined with low cost
practical solutions place Districts in a unique
position to help change land management. Our
consistent contact with rural landowners and
improvement of planning and application of "BMP’s"is
our research. The result is cleaner water.
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Erosion Control-
What is the state of the art?

Rachel Friedman-~Thomas and Gary Minton¥*

Introduction

Numerous studies have documented the tremendous
increase in sediment from urban areas undergoing
development. Wolman and Schick (1967) showed sediment
¥ields in urbanizing watersheds to increase from only a
ew hundred metric tons per square kilometer to tens of
thousands of tons. Other studies (Clark, 1985) have
documented the economic costs of increased erosion. To
reduce the adverse effects of accelerated erosion many
local jurisdictions have instituted soil erosion

contro programs which require developers to prepare
site-specific erosion control plans. These plans are
implemented during the construction phase of a
development.

A variety of best management practices (BMPs) are used
in an integrated fashion to control soil erosion,

These measures are listed in Table 1 and can be divided
into two general groups:

o Those measures which prevent on-site erosion,
o Those measures that trap eroded sediments
before they leave the site.
Ideally, erosion control measures should be the primary
methodoiogy, with trapping techniques as the follow-up,
defensive strategy.

Experience to date

Few jurisdictions have terminated previously adopted
eroslon control programs. Thus it could be concluded
that local communities consider the control of soil
erosion during construction to be effective. However,
there has been very little evaluation of the relative
effectiveness of particular BMPs and their integration
on particular sites.

Research has been performed on some techniques by state
highway departments, and by agricultural and foresttg
research organizations (Bethlahmy and Kidd, Jr., 1966;
0.S.U. Extension Service, 1976; Highway Research Board,
1970). However, little research has been done for
urban construction.

*, Kinﬁ County Conservation District, 935 Powell Ave.
S.W., Renton, WA 98055
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Based on the evaluation of several jurisdictions in the
State of Maryland, it was concluded that sediment
yields were reduced 60 to 80 percent by construction
site erosion control programs (Boysen, 1977). In 1983,
staff members from the Municipality of Metropolitan
Seattle (Metro) and the Conservation District conducted
a survey of the use of BMPs. Of 534 sites visited 267%
had BMPs in glace, and 10% were suffering water iuality
problems such as turbid water or heavg sediment leaving
the construction site (A. Johnson, 1938).

Conservation District research project

Since the incegtion of the King County erosion control
program, the King County Conservation District has
Erovidea technical assistance to county staff. Under a

08 grant the District produced a BMP construction
manual that is widely used (KCCD, 1981). However,
there has never been an evaluation of how well these
recommended measures work for western Washington
climatic, slope and soil conditions.

Recently the District has received a grant from the
Washington Department of Ecology to evaluate the
effectiveness of the techniques listed in Table 1. The
project has just recently begun. Presented here is a
summary of project objectives, the approach and some
preliminary findings.

Methodology

Project goal and objectives

The intent of the project is to collect and summarize
empirical data relevant to current conditions and
technical experience gained since the inception of the
King County ordinance for controlling erosion from
urban development. The objectives to achieve the end
§oa1 include the evaluation of the effectiveness or
neffectiveness of current practices. Syntheses of
experiences of staff from agencies with water quality
control programs as well as King County staff members
directly involved with erosion control review and
inspection will occur. Similarly, the perceptions of
the effectiveness issue collected from the development
and construction industry, environmental groups, and
private citizens affected by urban development will be
compiled

Study approach

Development site visits and evaluations, by means of a
BMP checklist, will take place during two wet seasons.

1. The Conservation District is not a department of
King County, but a separate and independent special
purpose district.
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The checklist will address the effectiveness issue by
attempting to discern why a particular BMP is failing.
Failure could be due to 1nappropriate use, goor design,
improper installation, maintenance or materials.

A synthesis of the communitz's level of understanding
will be accomplished through questionnaires and
selected personal interviews. A review of ordinances
fromlloca jurisdictions will enhance the survey
results.

Complimenting these two study methods will be the
creation of a technical advisory committee (TAC) to aid !
the District in the development of research hypotheses.
The group, consisting of local practitioners of erosion
control, will provide input for the field evaluation
and provide review of the research results.

Results and Discussion

Preliminary field evaluation results from one dozen
site visits have shown that of those BMPs that were
installed, 407 were installed improperly and 297 were
improperly maintained. The distribution of slopes on
these dozen sites were, 58% with slopes ranging from 7-
15%, 17% with less than 6% slopes, 1/% with slopes of
16-30%Z, and 8% with slopes greater than 30%.

The TAC workshop provided a broad array of input. A

large percentage of the group felt that, with few

exceptions, BMPs can be expected to achlieve the

intended oﬁjective. Most members agreed that failures

are due to either inappropriate use and/or improper
maintenance. Most BMPs have been considered to be /
ineffective when used singly, but have a higher :
effectiveness when integrate& with other measures. An
example is the use of seedin§ mulching and netting to
stabllize a slope versus see {ng or netting used
individually,

The TAC believed that the specifications for many of
the BMPs are too vague and do not reflect the necessity
for integration. This lack of clarity may be at the
root of the installation and maintenance problems, and
cgrgﬁ%nly reflects the missing emphasis on integration
o S.

A final issue discussed by the TAC was the differences
in the members definition of "effectiveness" of each
control measure. The perception varied with the
intended goal of a given organization. The group
agreed that the development of definitions was
necessar{ for the success of the project as a whole.
Work will continue in this vein.

Expected research products

The Conservation District and Washington Department of
Ecology are expecting numerous products from this
study. The opinions of professionals from both
government agencies and the development community about
the effectiveness of various erosion control BMPs will
be identified and compiled. The causes for success or
failure (inappropriate use, improper design, poor
installation or mgroper maintenance) of erosion
control measures will be determined. Conclusions will
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be drawn concernin§ the ineffectiveness under all
circumstances of all BMPs. These conclusions will be
specific to western Washington's climatic, togography
and soil conditions. Specifications will be improved
to clearly identify when each measure is
appropriate/inappropriate, how it should be desi%ned,
installed, maintained and the best materials will be
suggested. Field information and visual aids will be
used to develop more effective erosion control training
programs. These programs will be intended for
rofessionals from both §overnment and industry working
ig th%?iféEld- Lastly, future research needs will be
ent ed.

Appropriate future research

While it is premature to identify future research

needs, the results of the research project to _date have
raised pertinent issues. The effectiveness of an
erosion control program is a direct function of the
number and ability of local aﬁency inspectors.

Existing local programs should be evaluated to
determine the level of resources needed to effectively
implement soil erosion control programs. Program
guldance materials should be developed to assist local
governments in the creation of erosion control programs
and in the training of plan reviewers and inspectors.

It is anticipated that even the most effective
measures, singly or in combination, cannot reduce
suspende& sediments to a level that meets Washington
Department of Ecology water quality standards. n this
light, questions should be raised as to the necessity
of meeting those standards. Such questions should
investigate the level at which fine colloidal sediment
causes environmental damage. Conclusions should be
developed from the aforementioned investigations to
allow erosion control planners and practitioners the
flexibility to utilize different levels of erosion
control BMPs as site sensitivity requires.
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Table 1: Erosion control best management practices
subgrouped as vegetative or structural
controls.

Vegetative Controls Structural Controls

Buffers Plastic sheeting
Clearing limits Filter barriers
Staged clearing Sediment pond
Mulchin Gravel cone and riser
Seeding?sod CB sediment trap
Netting Pea ﬁravel bags
Chemical stabilizers Earth berms

Check dams

Straw bales

Gradient terrace
Dispersion structure
Water conveyance
Rocked outlet

Rocked entrance

Tire wash
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Urban Stormwater and Puget Trough Wetlands

Richard R. Hornera, F. Brandt Gutermuthb,

Loveday L. canuestc, and Alan W. Johnsonb

at W ow_ab rban St ter and W s?

Wetlands are lands transitional between terrestrial and
aquatic systems where the water table is usually near,
at, or above the surface, and hydric soils and
hydrophytic vegetation predominate (Cowardin et al.,
1979). They are recognized as potential providers of
numerous ecological and societal functions of value.
These functions include hydrologic and water quality
regulation, primary production, consumer support, and
various social amenities.

With the growing recognition of these functions of
wetlands has come increasing interest in both exploiting
certain functions for environmental management and
protecting overall functional integrity. The greatest
interest nationwide in employing wetlands in management
has concerned providing advanced treatment for sewage
effluents, and a number of relatively small systems are
doing so. Now getting more emphasis, particularly in the
Northwest, is using freshwater wetlands to route and
store urban stormwater for discharge quantity control.
Also developing rapidly is interest in combining this
purpose with capturing pollutants in nonpoint source
runoff. While surface water managers and developers have
promoted planned use of these functions of wetlands in
developing areas, resource managers have expressed

aKing County Resource Planning, 506 Second Avenue,
Seattle, WA 98104; and University of Washington, FX-10,
Seattle, WA 98195.

bMunicipality of Metropolitan Seattle, 821 Second Avenue,
Seattle, WA 98104.

Ccenter for Quantitative Science, HR-20, University of
Washington, Seattle, WA 98195.
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concern about the potential effects of such actions on
the remaining functions.

While substantial losses have occurred, the Puget Trough
retains numerous and diverse wetland resources. Many of
these wetlands lie within the zones of current and
projected development around Puget Sound cities.
Particularly at issue are the widely distributed
palustrine wetlands in the uplands of Snohomish, King,
Pierce, and Thurston Counties. Some of these wetlands
are being considered for designation as stormwater
retention/detention ponds, and may be modified
morphologically and hydrologically for that purpose. A
larger number would receive an altered pattern and
quality of runoff, in a more incidental fashion, if their
catchments are developed.

In 1986 scientists and managers associated with local,
state, and federal agencies that have wetland protection
and stormwater management responsibilities in the
four-county area joined to consider the need for research
on the relationships between urban stormwater and
wetlands. This group served and still serves as a
technical advisory committee for what became known as the
Puget Sound Wetlands and Stormwater Management Research
Program. The broad questions initially stated by this
group were:

1. What impacts on wetland ecosystems and their
functions could be associated with their use for storing
urban stormwater?

2. What are the potential water quality benefits to
downstream receiving waters of draining urban stormwater
through wetlands?

Funded by a Coastal Zone Management Act grant, King
County staff performed a literature review concerning
these questions. Evaluation of the results of this
survey led to the following conclusiors (Stockdale,
1986a, b; Stockdale and Horner, 1987), which generally
defined what we knew about urban stormwater and wetlands
at the outset of the program:

1. A number of physical, chemical, and biological
mechanisms can operate in wetlands to remove and
hold pollutants entering with influent water.

2. Wetlands have been investigated extensively as sites

for polishing municipal wastewater treatment plant
effluents, and the resulting experience should be
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generally applicable to stormwater applications.
However, most of the investigation has occurred in the
northern Midwest and Southeast United States and in
Europe.

3. Stormwater applications have been developed much
less, relative to sewage treatment, but are now receiving
more attention.

4. A large amount of data is available on treatment
efficiencies afforded by wetlands (almost all in
polishing sewage effluents). These data generally
indicate relatively efficient removal and retention for
most classes of pollutants, but seasonal nutrient export
has been documented.

5. Some techniques have been suggested, but not widely
tested, for managing natural wetlands to improve removal
and retention of pollutants.

6. Design strategies have been developed for artificial
wetlands to serve the treatment function, and substantial
experience has been gained with such systems in Europe.

W d to ow_abou ns ater and
et ?

In preparation for designing a research program, the
literature review also took note of major voids in
knowledge concerning wetlands and stormwater, as follows
(Stockdale, 1986a, b; Stockdale and Horner, 1987):

1. Very little study has been given to the impacts on
overall ecosystem functioning of routing point or
nonpoint source effluents through wetlands. Especially
neglected have been long-term impacts.

2. The respective roles of contaminants and hydrologic
change in affecting wetland ecosystems are unknown.

3. Many specific questions of impact were suggested by
the inquiry, especially concerning the transport, fate,
and effects of toxicants on the wetland system and on
adjacent surface water and groundwater.

4. There is very little Pacific Northwest confirmation

of results from elsewhere on the water quality benefits
of wetland treatment.
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With the literature review complete, it was desired to

develop a foundation for the research program by

establishing the specific needs of resource and

stormwater managers. Accordingly, a formal management |
needs survey was conducted among the advisory committee !
membership. Starting with a list of 18 needs suggested
by members, a process was applied to rank the
alternatives according to agreed-upon criteria. The
process used was developed by Mar et al. (1985) and
Horner et al. (1986) and involves computerized
manipulation of matrices of relative pairwise weightings
of alternatives for each criterion, and of the perceived
relative importance of the criteria. The result was a
ranked list of the alternative management needs. Those
ranking highest, which became the basis for research
program design, were:

1. Means of assessing short- and long-term impacts of '
urban stormwater on functioning of the palustrine .
wetlands potentially most affected by projected

development in the Puget Sound region;

2. Criteria for evaluating proposed stormwater
discharges by palustrine wetland type;

3. Improved understanding of hydrologic features and
functioning of wetlands as a basis for developing
management guidelines pertaining to hydrologic change;

4. Improved understanding of factors critical to
achieving urban stormwater quality improvement in
wetlands and how to manage that process; and

5. Determination of allowable flood storage capacities !
that avoid impairment of overall wetland functioning. ‘

What Have We Done about These Needs?

1 se ro n

Responding to the identified needs, a research program
consisting of four components, as follows, was designed i
and implemented: '

1. A synoptic survey of the characteristics of
palustrine wetlands that have and have not been affected
by urban stormwater runoff in the past;

2. A long-term investigation of the functional impacts
of urban stormwater discharges;
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3. A study of water quality benefits to downstream
receiving waters of draining urban stormwater through
wetlands; and

4. Laboratory-scale or short-term field experiments to
answer specific research quaestions.

The synoptic survey was performed during the spring and
summer of 1987 and will be reported in this paper. The
remaining tasks are being initiated this year and will be
described briefly in the concluding section of the paper.

Synoptic survey methods

ection. The survey was intended to
compare and contrast wetlands that have been affected by
urban runoff for an extended period versus similar
systems that drain catchments not developed for urban
use, agriculture, or other intensive human activities.
Its purposes were to perform pilot work for succeeding
studies and to identify appropriate preliminary
management guidelines that might be tested in that later
work. The survey involved observations and sampling on a
single day during the growing season, concentrating on
ecosystem components that were expected to exhibit any
accumulated effects of urban stormwater.

The survey covered 73 palustrine wetlands in King County,
46 that receive urban runoff and 27 that do not. A
greater number of urban sites was selected in order to
represent some variety in developed land use. The
wetlands represented palustrine open water (POW),
emergent (PEM), scrub-shrub (PSS), and forested classes
(PFO) (Cowardin et al., 1979). Most of the study sites
contained more than one class, and a number had all four.
Five of the 73 were bogs, a wetland type considered to be
potentially different than other palustrine systems in
responding to urban stormwater, due to substantial
morphological, chemical, and biological differences.

b tions, sam n and analyses. A program of
observations, sampling and on-site analyses was carried
out in all survey wetlands. Samples were taken from 31
of the sites to the Municipality of Metropolitan Seattle
Water Quality Laboratory for analysis of certain
quantities. This allocation provided a very large data
base for statistical analyses on field-measured
quantities and a smaller, but still substantial, set of
data on the quantities that are more expensive to
analyze.



Table 1 summarizes the observations, sampling and
analyses carried out in the survey program. Qualitative
observations were an important component of the program,
and a detailed form was developed to guide the recording
of these observations. This portion of the program was
designed to provide supplementary detail and information
on activiies other than urban runoff that could affect
the wetlands, which might aid in interpreting results.
Analytical effort concentrated on the soils and nonsoil
substrates and plants, which were expected to demonstrate
any accumulated effects to a greater degree than more
transient elements, such as water. Analysis of water
column samples was limited to pH and bacterial
indicators. Soil microfauna and aquatic invertebrates
were sampled systematically, identified, and enumerated;
but only incidental sightings were recorded for other
animals.

The Microtox test is used to make quantitative
measurements of the relative inhibition in 1light
production by living bioluminescent bacteria when exposed
to an environmental sample. The result, a relative index
of potential sample toxicity, is expressed in terms of
the effective sample concentration (EC) causing a
specified bioluminescent output reduction after a given
length of exposure. Therefore, the lower the EC, the
relatively more toxic the sample.

Soil microbial activity was gaged by counting microfaunal
organisms and measuring adenosine triphosphate (ATP) in
soil samples and by measuring carbon dioxide evolved by
respiring organisms and absorbed by soda lime (sodium
hydroxide-slaked lime) in enclosures. Being present in
all living cells but decaying quickly upon death, ATP is
a general measure of living biomass.

Fecal coliforms are the traditional indicators of the
presence of pathogens that may cause human disease.
However, there is evidence that enterococci correlate
better with the actual occurrence of disease than do
fecal coliforms (Dufour, 1984). Still, enterococci can
occur in the fecal matter of other animals, making the
measure an imperfect indicator of human disease potential
also.

Data analysis. Initial data analyses were concerned with
determining how wetlands affected by urban runoff differ
from unaffected wetlands. Therefore, the significance of
differences between the two groups was tested

statistically for each set of measurements. A two-sample
t-test (Zar, 1984) generally was first performed on each
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Table 1. Summary of Observations, Sampling, and Analyses

—Cateqory =~ _Subcategory

Qualitative
Observations
Soils and Physical
Nonsoil
Substrates
Chemical

— Measurement

Land use, debris
intrusion, water level
fluctuation, drainage
and filling, sediment
movements, visible
pollution, odor,
organism condition

Texture

Organic content

pH
Oxidation-reduction
potential

Metals (Pb, Cd, Zn,
Cu)

Analytiigl
Sampling® Method®
Observation
15 cm core at 10 loca- Qualitative
tions near intet and field char-
outlet and in all zones acterization
15 cm core at 5 loca- Loss on igni-
tions near inlet and in tion (APHA
all zones 209F)
Same as organic content pH-mv meter
(EPA 9045)
Same as organic content pH-mv meter
15 cm core at 3 locations Inductively
near inlet or outiet and coupled plasma
in PEM and POW zones spectroscopy

(EPA 6010)
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Table 1 Continued.

Water Column

Toxicological

Microbial activity

Chemical

Bacteriological

Total phosphorus
Total nitrogen

Microtox

€O, evolution

Adenosine triphos-
phate (ATP)
Microfauna

pH

Fecal coliforms

Enterococci

Same as metals

Same as metals

Same as metals

Enclosures with dry soda
lime at 5 locations for
24 hours on 1 or 2
occasions

litter and 5 cm scoop at
5 locations in PEM, PSS,

and PFO zones on 1 or 2
occasions

Same as ATP
Grab sample in POW

zone

Grab sample in sterile
container in POW zone

Sane as fecal coliforms

Ascorbic acid
(APHA 424F)

Kjeldanhl diges-
tion (APHA 420A)

Beckman Instru-
ments, Inc.
(1982)

Gravimetric

TRIS extraction
and ATP photo-
meter (Holm-
Hansen and
Booth, 1966)

Identification &
enumeration

pH meter
(APHA 423)

Membrane filter
(APHA 909C)

Membrane filter
(Dufour, 1984)
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Table 1 Continued.

Plants Community Cover-abundance Octave coverscale {n all
composition zones (Gauch, 1982)
Tissue analysis Metals (Pb, Cd, Zn, Representative collection Inductively
Cu) of Juncus effusus (soft coupled plasma

rush), Phalaris arundin- spectroscopy
acea (reed canary grass), (EPA 6010)
Spiraea douglasii (hard-

hack), and Typha latifolia

(cattail)

Animals Aquatic invertebrates Population sizes Time-constrained netting Identification
at representative loca- & enumeration
tions in all aquatic
habitats

Other Sighting Observation

;HéfTand zones include palustrine open water (POW), emergent (PEM), scrub-shrub ( , and forest
APHA--American Public Health Association (1985); EPA--U.S. Environmental Protection Agency (1986). Number is
method number in the reference.



data set to test the null hypothesis that the means of
the two populations are the same. However, univariate
analysis showed that the data often were not normally
distributed and did not have equal variances, thus
violating the assumptions of the method. The data were
right-skewed, and a logarithmic transformation induced
normality in some cases. Otherwise, the Mann-Whitney-
Wilcoxon nonparametric test (2Zar, 1984) could be used for
the hypothesis test. These analyses were performed using
SAS software (SAS Institute, Inc., 1985).

Some chemistry data, especially plant tissue metals, had
observations that were below detection limits, K
statistically known as left-censored observations. ]
Likewise, Microtox data occasionally exhibited :
right-censored observations, meaning the test had to be
terminated before the actual value could be realized. 1In

both of these cases, the hypothesis test was performed

using the SAS LIFETEST procedure and nonparametric

Kalbfleisch and Prentice (1980) logrank test, which were
developed for right-censored data in biological

"lifetime" tests. The left-censored observations were
transformed by multiplying by -1 and adding a large

constant.

Each hypothesis test was displayed graphically by
plotting the interval of nonsignificant difference (IND)
(Conquest, 1986). IND relies on the fact that two means
are not significantly different when the distance between
them does not exceed:

t(spz(l/na + 1/nb))1/2 for equal variances, or
t(saz/na + shz/nb)l/2 for unequal variances;

where t =,Studgnt’s t-distribution for a selected alpha
level; s_“, s = variances of populations A, B; s =
pooled vgrianse estimate; and n_, n_ = sample sizeB of
populations A, B. Unlike a con?idekce interval, IND is a
statistically correct way of displaying the significance
of differences, because it is based on the standard error
of the difference between the two means being compared.
If the mean of one population falls within the IND of the
other, the two populations are not significantly
different for the selected significance level (alpha),
and vice versa. The basic significance level used in the
tests was 0.05, although 0.10 was also investigated.

Aquatic invertebrate data were analyzed using several

different procedures. A stepwise discriminant analysis
(STEPDISC in SAS) was employed on a log(x +1)
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transformation of count data to identify the taxa (adults
and larvae) that best discriminate wetlands affected and
unaffected by urban runoff (Morrison, 1976). This
analysis was taken another step, using the SAS DISCRIM
routine, to compute a scoring function for each wetland
and an a posterjori probability of membership in either
the affected or unaffected group. At the end, the rate
of correct classification of wetlands can be computed.
This analysis is useful to analyze whether a
classification model can be developed, but it must be
recognized that there is a bias in favor of correct
classification when the same data set is used both to
create the scoring functions and to test their ability to
classify.

In addition to these discriminant analyses,
Shannon-Weaver diversity indices (Shannon and Weaver,
1963) were computed for the adults and larvae collected
in each wetland. Mean indices for affected and
unaffected wetlands were tested for difference as
described previously.

Plant cover-abundance data were analyzed with the use of
TWINSPAN, an ordination technique whose acronym is short
for two-way indicator species analysis (Gauch, 1982).
TWINSPAN is a multivariate method that first classifies
the vegetation stands sampled and then obtains a second
classification of species within those stands according
to ecological preferences. The result is both an
ordering of stands along an environmental gradient and an
ordering of species in the stands along the same
gradient. The identification of trends in the large,
complex data set in this way allows determination of
whether plant community characteristics distinguish
affected and unaffected wetlands. A basic assumption of
vegetation ecology is that plant communities reflect
underlying environmental conditions; if environmental
differences exist between the two groups of wetlands,
they should be revealed at some level of the
classification by a separation of the stands from the
respective groups.

Additional data analyses remain to be completed. They
will include multivariate comparisons between the
affected and unaffected wetlands, designed to determine
how different variables rank in separating the groups,
and analyses of correlation between variables. To date
only one such analysis has been completed, a bivariate
correlation involving fecal coliforms and enterococci
(Zar, 1984).
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Synoptic survey results

General. Hypothesis test results almost always agreed,
whether performed on untransformed or log-transformed
data or according to the parametric t-test or the
nonparametric Mann-Whitney-Wilcoxon test. This
uniformity adds assurance to the conclusiveness of
results. It also validated the display of results
according to the IND technique, despite the violation of
assumptions of the underlying t-test procedure. For
these graphs, intervals calculated on the basis of
log-transformed data were transformed back to the linear
scale for display purposes.

Soils and nonsoil substrates. Among the physical and

chenmical characteristics tested in wetland soils and
nonsoil substrates, the following exhibited no
significant differences in any zone at alpha = 0.05 (with
only one isolated exception at 0.10):

Texture Total phosphorus
Organic content Total nitrogen
PH

Figure 1 displays the intervals of nonsignificant
difference for oxidation-reduction (redox) potential.
While the mean redox potentials in wetlands affected by
urban runoff were generally higher than in the unaffected
sites, meaning the soils were more highly oxygenated in
the affected cases, the difference was significant at
alpha = 0.05 only near the inlet. As would be expected,
mean redox potentials were lowest (< 100 mv) in the
deepest water (POW zones). They were below the level at
which oxygen is generally fully depleted (approximately
250 mv) in the inlet, open water, and emergent zones.

Figure 2 presents IND plots for the metals in soils and
nonsoil substrates. The inlet and emergent (PEM) zones
exhibited significantly higher Pb. If the 0.10 alpha
level is used, Cd and Zn differences would also become
significant in the PEM zone. If the comparisons are
based on soil wet weights instead of dry weights,
recognizing that the wetland soils are usually saturated,
some additional significant differences appear.
Regardless of the basis, copper exhibited no significant
differences in any zone, and no means differed
significantly in the scrub-shrub zone (PSS).

Figure 3 displays IND for the Microtox test conducted for

two lengths of time. Affected wetland open water zone
soils had significantly lower EC’s at alpha = 0.10 in
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both tests (therefore, are potentially more toxic). The
difference was also significant in the emergent zone in
the longer test. 1Inlet and scrub-shrub (not graphed)
zones exhibited no significant differences.

Among the three indicators of soil microbial activity
tested (ATP, carbon dioxide evolution, and microfauna
counts), only mean carbon dioxide production in emergent
zones on one of two sampling occasions differed
significantly. There is no apparent biological reason
for this singular result.

Therefore, the general physical, chemical, and
microbiological nature of the substrates in wetlands
affected and unaffected by urban runoff did not appear to
differ in many respects. However, a number of instances
of significantly elevated metal concentrations were
noted. These differences contrast with the results of
comparing soil nutrients, where no significant
differences occurred. Nutrients cycle relatively rapidly
in wetland soils, while metals tend to be more cumulative
over time (Horner, 1986), a tendency that seems to be
evident in the wetlands surveyed. The presence of
elevated metals could explain the potential toxicity
sometimes noted in Microtox results. However, the
associations are not entirely consistent among the zones;
and further data analyses will be needed to document them
more fully.

Water column. Water column analyses were limited because
of the belief that more permanent components of the
systems would better reveal differences in a survey.

Mean pH was very significantly (P = 0.004) higher (6.72)
in the affected compared to the unaffected (6.32)
wetlands.

Figure 4 depicts IND for the water column bacteriolgical
data. Means of both fecal coliforms and enterococci were
significantly higher in the affected cases. However, the
fecal coliform mean was below the Washington State
standard of 200 organisms/100 ml, and the enterococci
mean was below the proposed EPA criterion of 33/100 ml
(both geometric means). Log-transformed fecal coliforms
and enterococci were significantly correlated (Pearson
correlation coefficient = 0.73, nonparametric Spearman
correlation coefficient = 0.65).

Review of the data set revealed that seven of the 19
affected wetlands tested had fecal coliform counts
greater than 200/100 ml (five also had enterococci above
33/100 ml). Four had coliform counts above 400/100 ml,
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with a high of 4633/100 ml (enterococci ranged 80-230,

the highest values measured). The watersheds of those in

the latter group all had high density residential or

commercial development or both and substantial signs of )
human intrusion (debris, heavy foot travel). Development

in the other three watersheds was primarily low-density '
residential. The 12 urban-affected wetlands that had

fecal coliforms below 200/100 ml also had chiefly low- .
density residential development, although some i
high-density residential land use was in evidence.
However, this group had no commercial development.

Plants. Plant cover-abundance was analyzed according to !
the ordination technique by wetland zones. In the open
water there was a perceptible separation based on more
extensive presence of Nuphar polysepalum, a water lily in
the wetlands unaffected by urban runoff. This
floating-leaf plant grows in relatively deep water, and
thus suggests that unaffected wetlands have deeper open
water zones. In the emergent zone the clearest stand
separation was Phalaris arundinacea (reed canary grass),
a well known opportunist, in affected wetlands.
Vegetation types in the scrub-shrub zone were well
separated, but associations with affected/unaffected
status were not apparent. In the case of the forested
zone, results showed good division between riparian and
upland forest, with most of the unaffected stands falling
into the upland category. These stands are dominated by
Tsuga heterophylla (western hemlock), Thuja placata
(western red cedar), and Pseudotsuga menziesii (Douglas
fir). To derive further conclusions, additional work
needs to be done on this data set to remove "single-
occurrence stands" that seem to be obscuring some trends.

Comparison of mean metal concentrations in tissues of
four plant species found in affected and unaffected
wetlands exhibited no statistically significant
differences at P = 0.10. However, a number of values
were censored, especially for Pb, and a proper hypothesis
test could not be conducted in several cases. In future
work a more sensitive analytical technique will be used
to avoid this problemn.

Aquatic invertebrates. Table 2 lists the taxa that
explain most of the variation between wetlands affected
and unaffected by urban runoff for the adult and larval
stages. Too few taxa are represented to draw any general
conclusions about the association between taxonomic
groups and affected versus unaffected status. Using
these lists the discriminant analysis procedure was able
to classify wetlands in the proper group 100 percent of
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Table 2. Aquatic Invertebrate Taxa Selected by Stepwise
Discriminant Analysis (Listed in Order) to
Distinguish Wetlands Affected and Unaffected by
Urban Stormwater Runoff

Class
Adults
Crustacea
Monogononta
Crustacea
Insecta
Crustacea
Insecta
Insecta
Oligochaeta
Pelecypoda
Insecta
Insecta
Turbellaria

arv
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta

Insecta

Order Family
Isopoda Asellidae
Ploima Bracionidae
Cladocera Daphnidae
Trichoptera Limnephilidae
Amphipoda Hyalellidae
Coleoptera Hydrophilidae
Odonata Libellulidae
Prosopora Lumbriculidae

Sphaeriidae
Diptera Tipulidae
Hempitera Nephidae
Tricladida Planaridae
Trichoptera
Diptera Chironomidae
Trfchoptera Limnephilidae
Hemiptera Gerridae
Ephemeroptera Heptageniidae
Odonata Lestidae
Hemiptera Miridae
Trichoptera
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More
Prevalent
Genus In

Affected
Affected
Unaffected
Dicosmoecus Affected
Unaffected
Affected
Unaffected
Affected
Unaffected
Unaffected
Unaffected
Affected
Anabolia Unaffected
Unaffected
Dicosmoecus Affected
Affected
Unaffected
Unaffected
Affected

Psychoglypha Affected



the time in the case of adults and with 94 percent
success for the larvae. Therefore, a discriminating
model has been calibrated. However, the chance for bias
introduced by using the same data to develop and to test
the model requires verification with an independent data
set.

Mean Shannon-Weaver diversity indices for adults were
0.74 and 0.62 in affected and unaffected wetlands,
respectively. The equivalent indices for larvae were
0.53 and 0.64, respectively. Neither difference was
statistically significant.

Synoptic survey conclusions

The wetlands generally exhibited substantial within-group
variability. This dispersion detracted from the ability
to demonstrate differences statistically. To compensate,
at least two possible significance levels were always
investigated. When the null hypothesis was accepted, the
P value was usually wel) above 0.10. Therefore, there is
a fairly high degree of statistical confidence in the
hypothesis test results.

The strongest distinctions between wetlands that have and
have not received urban runoff over extended periods lie
in the areas of soil metal concentrations, the potential
toxicity of the soil material, and bacteriological
indicators. Only a few management-related guidelines of
a tentative nature can be developed on the basis of these
results. The elevated metal concentrations near the
inlet of affected wetlands suggest that wetlands can be
protected from possible effects of accumulating metals by
removing them from urban runoff before it enters. It is
known that metals in urban runoff are primarily in the
solid state (Stockdale, 1986a). Therefore, effective
preliminary solids settling would offer some protection,
and settling ponds ahead of wetlands that receive urban
stormwater discharge are advisable.

Urban wetlands were found to have much higher bacterial
counts than their unaffected counterparts, especially
when they drain relatively intensively developed
catchments. However, in the majority of cases these
counts did not, at least in a single measurement, exceed
existing or proposed standards. Moreover, humans rarely
use wetlands for contact recreation or as a drinking
water source. Therefore, the significance of this result
depends mainly on the release of bacteria from the
wetland and the use of downstream waters. This survey
was unable to document transport, but that appears to be
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a fruitful subject for succeeding work. If wetlands are
effective traps for bacteria in urban runoff, they could
serve a significant role in reducing transport of those
organisms to waters where they have a considerable impact
(e. g., shellfish beds).

Further work is needed on the plant cover data, but
documentation of domination of some affected wetlands by
an opportunistic species that tends to establish
monocultures suggests an area for monitoring attention.
It is hypothesized that succession to such patterns is
caused more by modified hydrology than by the delivery of
pollutants. This is a hypothesis that could not be
tested in the one-time surveys, but will receive definite
attention in the long-term monitoring program.

Jo) n e t ?

In 1988 we are beginning work on all three remaining
components of the program: the long-term study of urban
runoff impacts, the investigation of water quality
benefits that wetland treatment might provide, and two
laboratory efforts. The long-term study will be carried
out in 16 or more wetlands, half that never become
affected by urban runoff and half that become so affected
after a period during which baseline monitoring will be
done. The study will proceed for five years, although
not necessarily five successive years. 1In one or more
later years, annual coverage may be held in abeyance in
order to ensure that resources are sufficient to document
any slowly developing long-term effects. Monitoring will
encompass:

Hydrology--water level fluctuation

Water quality--water column nutrients, metals,
bacteria, and other constituents on several
occasions throughout the year (emphasizing the
wettest and driest periods)

Soils and nonsoil substrates--physical structure,
organic content, redox potential, metals, nutrients,
and litter surveys for microbial activity once each
year

Plants--cover-abundance, productivity, and tissue
metals concentrations once each year
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Animals--aquatic invertebrate identification and
enumeration, bird censusing, mammal and herpetofauna
observations

In the water quality benefit study, influent and effluent
stations are being placed in two wetlands, one that
receives urban runoff and one that does not. Continuous
flow gaging will be performed at these stations, and
composite water samples will be taken during
approximately 10 storms and during dry weather periods as
well. Each wetland is being outfitted with a
precipitation station to provide both quantity
measurements and precipitation samples for analysis. 1In
order to study the participation of groundwater in the
hydrologic systems of these wetlands, a series of shallow
piezometers will be placed around them in order to
measure the position of the groundwater surface and
sample for water quality analyses. Analyses of these
various samples will be similar to those listed for the
long-term program.

The laboratory investigations that are being started in
1988 are: (1) hydrologic manipulation of wetland plant
and soil microcosms, and (2) exploration of stress
protein response (SPR) techniques for determining the
levels and causes of stress in wetland organisms. The
first study directly addresses the hypothesis stated
above concerning the influence of hydrology on plant
community development. SPR techniques are an outgrowth
of biomedical research that take advantage of the fact
that the cells of organisms under stress produce types
and amounts of proteins different than unstressed cells.
These proteins can be identified and measured by
electrophoresis techniques to determine the extent of
stress and what its source may be.

It is expected that this comprehensive program of studies
will yield not only the desired guidance to manage
wetlands that are under urban influence, but also
substantial information to expand the state of knowledge
of overall wetland functioning.
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SOURCES OF TOXICANTS IN STORM DRAINS,
CONTROL MEASURES AND REMEDIAL ACTIONS

Tom Hubbard and Tim Sample*

Nonpoint sources of toxic chemicals are often difficult to track down
and even more difficult to control. Metro's experience with source
tracing and control in heavily-contaminated storm drains in the lower
Duwamish River in Seattle can serve as a model for approaching this
complex and challenging issue. Applied research is needed to develop
other techniques of source identification and appropriate best
management practices for commercial and industrial facilities.

I. ¥hat We Know

Receiving environment chemistry, storm drainage maps, land use
information, and sampling of sediments in storm drains can identify
significant sources of lead, PAHs, and PCBs from past and present
practices of commercial and industrial facilities. After sources have
been controlled, contaminated sediments can be removed from the drains
to prevent further environmental degradation.

The following examples illustrate the steps used in two storm drains in
the Duwamish River:

A. Lead in the SW Lander St., Storm Drain. Studies in the late 1970s
and early 1980s found elevated concentrations of lead in the water,
sediment, and biota of the lower Duwamish River. 1In the water column,
lead exceeded EPA‘'s chronic criterion for marine life during most of the
year. In sediments of the river, concentrations of lead were 22 times
greater than Puget Sound background conditions. Duwamish mussels had 30
times and seagulls had 9 times more lead in their tissues than animals
from rural areas of Puget Sound (1).

Mass balances, comparing existing conditions and known sources, showed
that 86% of the lead in the river could not be attributed to permitted

*Water Quality Planners, Municipality of Metropolitan Seattle (Metro),
821 2nd Avenue, Seattle, WA 98104
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sources. Because high concentrations were found in the water column and
the top 2 cm of the sediment, ongoing sources were suspected (1).

Sediment chémistry from several sampling efforts were plotted on a map
of the river (Figure 1). Concentrations of most toxicants were not
evenly distributed throughout the river. There was a definite peak in
the West Waterway 200 - 400m upstream from the mouth of the river where
concentrations averaged 750 ppm, the highest in the entire system (1).
Analysis of sediment data from the West Waterway (Figure 2) identified a
probable source on the east bank of the river. Concentrations showed a
definite gradient: those closer to the SW Lander St. storm drain were
higher and immediately below the drain's outfall, lead concentrations
reached 12,990 ppm (2).

A review of City of Seattle storm drainage maps and land use information
of the area identified a smelter which recovered lead from crushed
batteries. The smelter was a block from the river in an area drained by
the SW Lander St. storm drain. There are two storm drains with outfalls
at SW Lander St. One is a small, privately-owned drain, which services
an oil storage facility, and the other is a larger system owned by the
City of Seattle, which drains approximately two square blocks of the
central part of Harbor Island including the lead smelter. Other land
uses in the drainage area are petroleum tank farms, small warehouses and
ship repair facilities.

Data collected by the Puget Sound Air Pollution Control Agency (PSAPCA)
had found 182,000 ppm (18%) lead in soil samples collected on unpaved
parking lots around the smelter (4). Fugitive dust from the smelter was
suspected as a major source of lead contamination in the SW Lander St.
storm drain and the Duwamish River.

Sediment and stormwater from both storm drainage systems were collected
at four manholes and analyzed for heavy metals. Samples were analyzed
according to EPA methods for analyzing wastewater and solid wastes
(5,6).

Water and sediment lead concentrationswere much higher in the municipal
system (Figure 3). Composite stormwater samples had 1.2 - 2.3 ppm lead,
ten times more than stormwater in Bellevue (4), and much greater than
the EPA acute criterion for marine life (0.14 ppm.). Sediment
concentrations of lead were 247,000 - 358,000 ppm (25 ~ 36% lead dry
weight). Typical street dust in the Duwamish basin had 460 ppm or 0.04%
lead (4).

Samples of sediment from catch basins on the smelter site were not
collected, but a Metro site visit team inspected the smelter. Dark red
sediment, similar in color to the smelter's bag house dust, was observed
all over the site and in catch basins on the facility. The smelter's
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management and the Metro team agreed that additional storm drain samples
were unnecessary.

Fugitive dust controls, mandated by PSAPCA, reduced lead emissions from

4 ug/m3 in 1974 to less than 1 ug/m3 in 1981. 1In 1983, the City of
Seattle paved parking lots in the area around the smelter to reduce
concentrations of lead in the air. 1In the same year, the smelter was
closed permanently.

With the closure of the smelter and paving the parking lots, the major

source of lead in this area had been eliminated. A cooperative cleanup
effort was initiated to remove the contaminated sediment from the drain
before it could be carried to the river during winter storms.

City of Seattle Sewer Utility crews constructed a temporary sandbag weir
in the drain at the last manhole before the river. Using high pressure
hoses, the drain was flushed. Most of the sediment was trapped behind
the weir, and the wash water plus suspended sediment was discharged to
Metro's sanitary sewers via the smelter's pretreatment system. Twenty
cubic yards of sediment were collected from the drain. The sediment was
shipped to a smelter in Oregon and it was smelted to recover the lead.

The SW Lander St. monitoring had shown that sediment chemistry was
effective in identifying sources of pollution, and sediment grabs were
easier than composite stormwater samples to collect -- especially in
drains which are tidally-influenced. In this system, there was a single
source which had recently ceased operations, and the sediment could be
reused, and therefore not designated as a hazardous waste.

B. Metals and Toxic Organics in the SW Florida St. Drain. Across the
river at SW Florida St., there were multiple sources, continuous
operations, hazardous waste concerns and an EPA criminal investigation
underway —-- a situation very different from the relatively
straightforward SW Lander St. investigation. Similar to lead, elevated
concentrations of other heavy metals and organic toxicants were found in
Duwamish water, sediment and biota. Plotting of polycyclic aromatic
hydrocarbons (PAHs) in bottom sediments (Figure 4) showed that the West
Waterway had some of the highest concentrations of PAHs and heavy metals
(copper, lead, arsenic and zinc) in the entire river (Figure 5). It was
also one of the few places where polychlorinated biphenyls (PCBs) were
found in detectable concentrations. Most of the PCBs were Aroclor 1260.
A review of the data revealed definite gradients of concentrations
indicating probable sources on the west bank of the West Waterway.

Again there were no known point sources in the immediate vicinity of the
largest concentrations, but a city-owned storm drain discharges into the
river at SW Florida St.
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By consulting city drainage maps and land use information, possible
sources of toxicants were identified. A wood treatment facility on the
west bank of the West Waterway was suspected as a source of PAHS and
heavy metals because creosote and copper arsenate are used in wood
treatment. The drainage area also had a major shipyard, port facilities
and a scrap metal recycler. The SW Florida St. system has two major
trunks and also receives effluent from a small combined sewer overflow
(CS0), which overflows less than once a year. Based on the SW Lander
St. experience, stormwater samples were not collected. Grab samples of
sediment were collected from four storm drain manholes and the CSO. One
station was placed upstream of the wood treatment facility and the other
was downstream. The samples were analyzed for heavy metals and priority
pollutant organics.

The sediment in the CSO and trunk under 26th St. SW had very low
concentrations of metals and organics, but the SW Florida St. line had
57 - 161 ppm total PAHs and high concentrations of copper and arsenic,
especially around the wood treatment facility (Figure 6). High
concentrations of PCBs, exceeding EPA's hazardous waste designation (50
ppm), were found, and the gradient of concentrations indicated a source
upstream of the wood treatment facility. Similar to river sediments
near the mouth of the drain, most of the PCBs were Aroclor 1260, which
was primarily used in electrical transformers.

To confirm the high PCB concentrations and to collect sediment from the
wood treatment facility's catch basins, the SW Florida St. line was
resampled. Based on the data from the previous sampling, no sediment
was collected from the CSO and the 26th SW line. Sediment was collected
at every manhole of the SW Florida St. portion of the storm drain system
(Figure 6). High concentrations of PAHs, copper, and arsenic were found
in the wood treatment facility, and the PCB data pointed to a source at
the head of the line where the scrap yard's stormwater discharged to the
system.

Because of EPA criminal investigations of the wood treatment facility,
that site was not visited, but discussions with the scrap yard confirmed
that they handled electrical transformers from several utilities and
waste oil had been spilled on their site.

The wood treater pleaded guilty to criminal charges under the federal
Resource Conservation and Recovery Act (RCRA) and Clean Water Act and
agreed to cease illegal discharges of wastewater to the storm drain.
The scrap yard had ceased handling PCB transformers.

Cleanup of this drain was much more complicated because two industries
were involved. The sediment was probably hazardous waste and not
reusable, and city engineering department crews were not experienced in
handling hazardous materials. Furthermore, there was no convenient
pretreatment system for disposal of wastewater generated by the cleanup.
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City crews installed a drag machine (buckets pulled by cables), which
scraped the oily sediment out of the line, and vactor trucks were used
to clean the catch basins. High pressure hoses were used to dislodge
the remainder. An improvised settling pond was constructed to pretreat
the water before it was discharged to the sanitary sewer. The sediment
was held in lagoons and later disposed in a sanitary landfill. The
responsible industries agreed to split the costs of disposal.

II. What We Don't Know / What We Need To Know

The methods described above were successful in a few drainage systems,
but other methods are needed to trace and control the diverse sources of
toxicants that can enter storm drains. Applied research is needed to
develop additional, best management practices and source controls for
industrial and commercial facilities.

1. What do you do when there is no sediment in the pipe?

In high-volume, high-energy systems (e.g. steep gradients), sediment may
not accumulate in the pipes. Sediments accumulating at the mouth of the
drain may be the best sampling site in such situations.

2. Are sediments effective in identifying intermittent sources?

Some sources of toxicants may not be as obvious as the lead smelter, the
wood treatment company or the scrap yard; or their discharges may be
periodic. Some toxicants, such as volatile organic solvents and
dissolved toxicants, may not bind to particulates and accumulate in the
sediments. Other techniques are needed to detect those sources.
Responding to complaints and reports of oil and chemical spills
identified sources of toxicants to the Duwamish River, which were not
detected in the storm drain sediment monitoring program.

3. What do you do in large systems with multiple sources?

Separating the effects of multiple dischargers may be difficult without

extensive monitoring of drains, catch basins and industrial processes.

4. What are the source controls/best management practices/housekeeping
measures that can be recommended to businesses and industries?

How can mangers and workers be educated on the fate of pollutants
dumped into storm drains?
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Some recommendations such as paving, covering and berming oil storage
areas and installing closed cooling systems have been developed, but
many times the business/industry is faced with difficult source control
problems. Many businesses do not know what to tell their employees
about stormwater and storage, handling, and disposal of materials which
could pollute the air, land or water.

5. How often should oil-water separators and catch basins be cleaned?

Without regular maintenance, separators and catch basins cease to
collect oil and sediment. The frequency and timing of routine cleaning,
necessary to ensure proper operation is unknown.

6. What can be done about "generic™ runoff from large facilities or
commercial/industrial areas?

Many commercial/industrial facilities are surrounded by large parking
lots and impervious surfaces. Similar to areas used for industrial
processes, stormwater from parking lots may be a significant source of
pollutants to the receiving environment. More research is needed on the
design and operation of detention/retention basins and grassy swales.

7. What can be done about contaminated sediments once discharged to the
receiving environment? Capping? Dredging?

Sources can be controlled and contaminated sediments can be removed from
drains, but techniques for removal or containment of contaminated
sediments in the receiving environment are poorly understood.

Summary

1. The distribution of toxicant concentrations in receiving environment
sediments can indicate likely areas for possible source tracing.

2. Land use information and storm drainage maps can assist in designing
monitoring programs to identify sources of toxicants.

3. Storm drain sediments can be effective integrators for tracing
sources. A few samples of sediments in major tributaries can focus
intensive monitoring and site visits and are much more efficient
than stormwater samples collected during storm events.

4. Stormwater can transport toxicants from commercial and industrial
areas into publicly-owned storm drains, which will eventually lead
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into the environment. This can also cause environmental
degradation.

5. After implementation of source controls, the drains can be cleaned

to prevent further environmental degradation.
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AQUATIC ECOLOGICAL RISK ASSESSMENT OF LEAD,
COPPER, PHTHALATES AND POLYNUCLEAR AROMATIC
HYDROCARBONS DISCHARGED VIA STORMWATERS AND
COMBINED SEWER OVERFLOWS INTO LAKE UNION

Robert E. Stuart*

Combined sewer overflows (CSOs) and storm drain (SD) runoffs currently are
of special concern because they represent significant nonpoint sources of
pollution. Discharges from CSOs and SDs enter metropolitan lakes, streams,
and Puget Sound, contributing pollutants which may adversely impact these
ecosystems. This issue¢ is particularly important for smaller embayments
where the impacts may be greater due to lesser dilution. For this assessment,
water column - and bottom - dwelling fish and invertebrates are evaluated to
examine their probable responses to contaminants carried by CSOs and SDs.

The objective of this risk assessment was to define the most probable
contaminant concentrations to which aquatic life would be exposed, and then
relate these to the probabilities of adverse effects on aquatic organisms. The
intent was to provide decision-makers with a less subjective appraisal of risk
than possible with qualitative risk assessments. This was accomplished
through the use of the uncertainty analysis model MOSES (Model Sensitivity
Evaluation System), which uses Latin Hypercube Sampling techniques to
gcrform sensitivity and uncertainty analyses on a variety of environmental
ata.

Four chemicals--lead, copper, phthalates, and polynuclear aromatic
hydrocarbons--were selected for evaluation based upon their concentrations in
the discharges, environmental fate characteristics, and toxicological properties.
Estimated environmental concentrations were predicted for these chemicals in
the water column, bound to particulates and sediments, and dissolved within
the sediment’s interstitial water. The estimated concentrations of the
dissolved chemical were compared to the statistical probabilities of that
chemical’s acute and chronic toxicity to aquatic life. The potential impact to
freshwater biota was evaluated using EPA water quality criteria.

Chemicals entering Lake Union from SD and CSO discharges occur in the
water column bound to particulates and dissolved in interstitial water. The
results indicate that the four chemicals tend to be particulate-bound, in a
state where they are not readily bioavailable. Chemicals are found in the
highest concentrations in the sediments and sediment interstitial water.
Estimated concentrations of the four chemicals dissolved in the water column
are negligible and pose negligible risk of either acute or chronic toxicity to
organisms inhabiting the water column. Over 95% of the estimated
concentrations of dissolved lead in the interstitial water derived from CSO

*Envirosphere Company, 10900 NE 8th Street, Bellevue, Washington 98004

759



and SD discharges exceeded EPA’s acute toxicity criterion. Over 95% and
approximately 35% of the estimated concentrations of dissolved copper derived
from CSOs and SDs, respectively, exceeded EPA’s chronic toxicity criterion

" in the interstitial water. Only 5% of the estimated concentrations of

phthalates in the interstitial water derived from SD particulates exceeded
EPA’s chronic toxicity criterion. Polynuclear aromatic hydrocarbons were
found in the interstitial water derived from both CSO and SD particulates;
however, none exceeded published data concerning acute toxicity. There are
no EPA water quality criteria for chronic toxicity of PAHs.
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URBAN STORMWATER RUNOFF AND COMBINED SEWER OVERFLOWS:
AN ECOLOGICAL AND HUMAN RISK ASSESSMENT*

SYDNEY F. MUNGER

THE RISK ASSESSMENT PROCESS

The risk assessment process is a useful tool to logically determine the
significance of environmental data. It can be used by the scientist to respond to the
questions, "What do these data mean?", "What does it mean if very small
concentrations of potentially toxic chemicals are added to the environment?”, “Is it
a problem?". The risk assessment answers these questions by defining the
probability of harm occurring to the ecosystem or to human health as a result of a
given action. As was discussed by Lowrance in his book, able Ri
nothing we do or have imposed on us is absolutely free of risk. The concept of
:‘safelty' dis best viewed as a judgement concerning the acceptability of the risk
involved.

The risk assessment defines the level of risk using scientific data, combined
with scientific judgement. This information can then be used by decision makers to
define an acceptable level of risk, and to develop a strategy for risk management.

Our goal in this project was to use the risk assessment process to define the
risks to the freshwater ecosystem and to human health, resulting from the discharge
of urban stormwater runoé and combined sewer overflows. %‘he apg‘roach taken
was to select representative chemicals found in both storm drain discharges (SDs)
and combined sewer overflows (CSOs) in the Seattle area and to predict their
concentrations alonﬁ paths of environmental exposure. These predicted
concentrations were then compared to levels of the chemical known to cause acute
or chronic effects in the aquatic ecosystem or in humans. In risk assessment
terminology, these two operations-—preggction of concentrations and determination
of toxic effect--are known as Exposure Assessment and Hazard Assessment. The
probability of risk is determined by comparing the exposure levels to the
concentrations causing toxic effects. This last operation is called Risk Assessment.

THE METHODOLOGY
Exposure Assessment

The exposure assessment required that the concentration of toxic chemicals in
both stormwater runoff and CSO discharges be defined. This was accomplished by
compilation of existing local data collected on the quality of stormwater and CSOs
during the last 17 years in the Seattle-King County area. These data have been
tabulated and are included in Appendix A.

Using this data base, four chemicals or groups of chemicals were selected as
representative of the entire data base and most likely to be of concern. The selection
was based on the prevalence of the chemical in the stormwater or CSOs, and the
toxicity to aquatic species and/or human health, the bioconcentration factor, and
rersistence of the chemical in the environment. The four chemicals selected were

ead, copper, polycyclic aromatic hydrocarbons (PAHs) and phthalic acid esters
(PAEs).
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The fate of these compounds along exposure pathways was determined based
on the quantity of chemical discharged in a typical storm event, on a series of
assumptions described below and on application of a statistical modelling procedure
——uncertainty analysis—to define the probabilities of different chemical
concentrations occurring in the water, sediments, interstitial water, and fish of Lake
Union, a highly urbanized lake in Seattle.

The risk assessment process requires that assumptions be made where data
aps exist or where resource limitations require that modelling efforts be simplified.
ey assumptions of this assessment are listed here, and are considered critical to

using the results of this assessment for decision making.

Key Assumptions
. The data base used to describe the concentrations of chemicals

present in stormwater and CSOs is representative of all
stormwater and CSOs in the Metro service area.

. The 1986 lead data from storm drains and CSOs more closely
represents the current lead concentrations in urban runoff, than
does the entire data base (See AFpendix A). This assumption is
based on more stringent federal regulations concerning leaded
gasoline and increased use of unleaded gasoline in recent years,
and is supported by local as well as national observations of
reduced lead levels in runoff and street dust in recent years

. The 1986 PAH and PAE data more accurately represent the
concentrations of these toxic organic groups in stormwater and
CSO0s than does the entire database (See Appendix A). This
assumption is based on improved analytical techniques for
environmental organic samples in recent years.

. The entire copper data base best represents the concentration of
copper in stormwater and CSOs (See Appendix A).

. Lead, copper, PAHs and PAEs represent the most prevalent, the
most toxic and most persistent chemicals present in stormwater
and CSOs, and therefore will describe the limiting risk factors to
human health and the aquatic ecosystem as a result of storm
drain and CSO discharges to a fresh water receiving body.

. Chemicals must be dissolved to be bioavailable.

. The partition coefficient or K, for lead in Lake Union can be
represented by K, values measured in fresh and marine waters
throughout the USlited States (EPA, 1980).

U Dilution of chemicals in the water column is limited to a
defined volume.

. The predicted concentrations of lead, copper, PAHs and PAEs in
the sediment assume that 50 percent of the particulates are
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transported from the area and the remaining 50 percent are
diluted with clean sediment resulting in a sediment
concentration that is 50 percent less than pure storm drain or
CSO particulates.

Hazard Assessment

The Hazard Assessment for the ecological portion of this document was
performed in accordance with the guidelines established by EPA for the derivation
of water quality criteria. The probability of acute toxicity occurring in aquatic species,
given exposure to lead, copper or phthalic acid esters was evaluated by plotting the

istribution of concentrations causing 50 percent mortality in different species,
against the population of species that had been tested for acute toxicity. A similar
procedure was followed to determine the probability of occurrence of chronic
toxicit?'. Acute toxicity measures the concentration of a chemical that will cause
mortality in a short period of exposure (i.e., 48 to 96 hours). Chronic toxici
measures the more subtle effects of a chemical over a longer period of time whi
can include the entire life cycle of an organism. EPA criteria are based on both acute
and chronic toxicity values for a representative sample of species and are designed to
provide protection for at least 95 percent of the aquatic species.

The hazard assessment for the human health portion of this report relies on
criteria developed by EPA for protection of human heaith for PAHs, PAEs, and
copper. The acceptable daily dose for lead was derived in reference to the work by
Elias (1985) from the Environmental Criteria and Assessment Office of the US EPA,
and to the World Health Organization (1977), the Center for Disease Control and the
American Academy of Pediatrics. ' The hazard assessment uses existing toxicology
data to determine the quantity of a chemical that must be ingested to cause an effect.

In the case of this risk assessment, the relatively low concentrations of
chemicals bein% considered limits the concern to the chronic effects of these
chemicals. For lead, this means effects on the blood system and on the mental
development of children. The chronic effect of PAH ingestion is an increased risk of
cancer. The effects of PAE ingestion used to determine risk in this assessment were
liver, kidney and testes impairment.

The Conclgsions V

The conclusions of this assessment of risks to human health and to the
aquatic environment from discharges of CSOs and stormwater is intended to be
?})plicable for all receiving waters in the Seattle-King County region. However, Lake

nion has been referred to throughout as a reference point or example. That is, the
conclusions refer to expected effects of outfalls in and of themselves. The predicted
concentrations of chemicals resulting from CSOs and SDs are also compared to
existing conditions in Lake Union to see whether any additional outfalls there
would increase, decrease or maintain current levels of risk. Existing conditions in
Lake Union arise not only from many CSO and storm drain outfalls around its
shoreline, but from current and historical industrial and municipal discharges,
many of which no longer occur. The use of Lake Union as an example is related to
the availability of data regarding its current condition as compared to other local
receiving waters- and also to the planning for CSO abatement in the Lake Union
drainage areas.

763



The A t of Risk to the Aquatic E |

A major conclusion of the assessment of risk to the aquatic environment is
that lead is the onl{vchemical, from either storm drains or CSOs, where a potential
risk is indicated. While lead in the environment is everywhere, the sources are
known and controls are feasible and are being implemented. The Puget Sound Air
Pollution Control Agency (PSAPCA) has estimated local lead sources to be
96 percent vehicle-related. Vehicle-related lead enters the atmosphere and settles on
surfaces near roadwea&/s from which it can be washed into sewer systems. In 1980,
PSAPCA documented declining levels of local atmosgheric lead and proz'ected a
continuing decline until about 1988, because of reduced use of leaded gasoline and
automobile emission controls.

Lead levels on the ground from road dust are declining more slowly so that
reductions in stormwater and CSO levels can be expected throughout the 1980s and
probably beyond.

These continuing reductions would be realized via control at the source.
Beyond the decreases due to leaded gasoline reduction, additional source control can
be obtained through erosion and sediment control since the lead will largely be
associated with particulates.

WATER COLUMN

1 Estimated concentrations of the four chemicals of interest (lead,
copper, PAHs and PAEs) dissolved in the water column, as a
result of CSO and SD discharges, are negligible and pose no
increased risk to pelagic fish.

SEDIMENT and INTERSTITIAL WATER

2. Estimated concentrations of dissolved lead in the interstitial
water in sediments deposited by storm drains and CSOs, as well
as existing sediment conditions in Lake Union, pose a potential
risk (see following text for relative magnitude) to freshwater
aquatic organisms.

Storm drains

EPA used ten aquatic organisms to represent the typical receiving water
environment to establish chronic toxicity levels. Of these ten
organisms, four are representative of bottom (benthic) dwelling
organisms that would be dependent upon interstitial waters. More
than forty percent of the expected concentrations of lead in interstitial
waters derived from storm drains would not exceed the chronic toxicity
value for any of the test organisms. Approximately the upper
50 percent of the projected lead concentrations would affect the most
sensitive species tested (freshwater amphipod). One additional benthic
test organism (a freshwater snail) would be affected by approximately
the upper 20 percent of the predicted interstitial water concentrations.
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The lowest, 30 percent of the projected concentrations of lead would be
below EPA's overall criterion for chronic toxicity.

CS0s

The highest estimated dissolved lead concentration in the CSO derived
interstitial water equals the chronic toxicity of the most sensitive
species tested by EPA. The lower 80 percent of the estimated
concentrations of dissolved lead in the interstitial water derived from
CSO particulates are below the EPA criterion for chronic toxicity.

Existing Lake Union Conditi

The highest estimated concentration of dissolved lead in the pore
water of existing Lake Union sediments falls between those of CSO and
SD sediment deposition. Approximately 30 percent of the estimated
concentrations of dissolved lead in the interstitial water of Lake Union
sediments fell below the EPA criterion for chronic lead toxicity. One of
the benthic species tested by EPA would be affected by 50 percent of the
es‘tiimated lead concentrations resulting from existing Lake Union
sediments.

Copper

Co;?et is not a metal of concern. The highest estimated concentrations
of ‘dissolved copper in the interstitial waters derived from CSO
articulates, SD particulates and actual Lake Union sediments are
.65 ug/l, 2.52 ug/l and 0.78 u.%/l respectively. These values are less
than the chronic toxicity criterion for copper (4.42 ug/D.

Polycyclic A tic Hydrocar}

Environmental effects information on PAHs is not sufficient to allow
estimation of risk to aquatic organisms. Polycyclic aromatic
hydrocarbons are found in the sediment interstitial’ water from both
SO and SD particulates. The highest concentrations of PAHSs
redicted in storm drain and CSO sediments are 0.86 ug/kg and
.04 pg/kg, which are 4 to 5 orders of magnitude lower than the
existing levels of PAHs in Lake Union sediment (31,623 pg/kg to
85,266 ug/kg).

Phthalic Acid Est

The estimated concentrations (upper 95 percent confidence level) of
dissolved PAEs in the interstitial waters of CSO sediments, storm drain
sedjments and Lake Union sediments are 2.37X 1073 pg/l, 8.52 X
107 ug/1, and 430 pg/l, respectively. These estimated phthalic acid
ester concentrations in the pore waters of CSOs and SD sediments are
well below the chronic toxicity criterion of 34.42 ug/l. However, the
estimated concentration in existing Lake Union sediment interstitial
water exceeds the chronic criterion.

Apparently either CSO and SD sediment quality has improved and
should improve Lake Union sediments over time, or Lake Union
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sediment concentrations of PAEs is more influenced by other inputs
than CSOs and SDs, and therefore changes (decreases) in PAEs will be
governed by things other than management of CSOs and storm drains.

The Assessment of Risk to Human Health

When discussing and evaluating the level of risk to human health through
exposure to environmental chemicals as a result of a specific event, it is important
to place that level of risk in perspective to background levels of exposure to these
same chemicals.

In the case of each of the chemicals considered in this risk assessment,
background environmental exposure is ubiquitous. Living in an urban
environment affects the level of exposure simply through normal daily activity of
eating food and water and breathing air that have been subjected to the toxic waste
products of our society.

For example, the levels of lead in the urban environment are of significant
concern to environmental health specialists. A child who lives in the urban
environment and eats vc:%etables from an urban garden can exceed the acceptable
daily dose in their normal life. As noted above, lead in the urban environment is a
pervasive problem. Each person can address it by supporting more stringent leaded
gasoline laws and by personally choosing to use unleaded gasoline.

A major conclusion of this assessment is that the oan restrictions on normal
consumption levels necessary to protect human health because of CSO or
stormwater effects would be in the consumption of crayfish by urban children. This
restriction would be due to predicted levels of lead in the crayfish. It should be
noted, however, that in the case of Lake Union, a greater restriction on crayfish
consumption results from levels of PAHs currently in lake sediments.

As the reader evaluates the conclusions of this risk assessment, it is
important to place any potential areas of increased risk into perspective with what
one considers to be acceptable exposures.

Lead (See Table 1E)

1. There should be no additional risk from lead ingestion to
children or adults who swim in Lake Union under current
conditions or after a stormwater discharge or CSO event.

2. Adults and children should be at no increased risk from the
daily consumption of pelagic (water column) fish from Lake
Union under current conditions, or as a result of a storm drain
or CSO discharﬁe. Fish, such as rainbow trout, living in the
water column should not accumulate any detectable increased
levels of lead in body tissues as a result of storm drain discharges
or CSO events in Lake Union.

3. Fish that eat off the bottom and are exposed to the interstitial

water can be expected to accumulate detectable levels of lead.
Bottom fish living in Lake Union are currently exposed to
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relatively high levels of lead in the interstitial water. These
levels would be increased slightly in the area of a storm drain
discharge and decreased in the area of a combined sewer
overflow discharge. The quantities of bottom fish that can be
eaten daily by the most sensitive population classes are
summarized in Table 1E.

Bottom fish exposed to storm drain sediments could accumulate
increased levels of lead. The consumption of these fish by urban
children should be limited to 30 grams or one ounce per day.
This means that if Seattle area children consume fish at the
national average rate of 6.5 grams per day, then they will not be
at increased risk from consumption of bottom fish exposed to
storm drain sediments.

The urban adult who also eats fruit and vegetables from an
urban ggrden, smokes cigarettes and drinks wine can consume
up to 166 grams of bottom fish exposed to storm drain sediments

TABLE 1E. THE QUANTITIES OF FISH, CRAYFISH AND WATER THAT CAN BE
CONSUMED WITHOUT EXCEEDING THE ACCEPTABLE DAILY DOSE FOR LEAD.

Environmental Urban Urban

Compartment/ Children Adults+smoker+wine

Pathway

Swimming No limit* No limit

Eating Pelagic Fish 320 grams/day No limit

Eating Bottom Fish

Existing 80 grams/day No limit

SD 30 grams/day 166 grams/day

CsO 320 grams/day No limit

Eating Crayfish )

Existing 15 grams/day 90 grams/day

SD 5.4 grams/day 33 grams/day

CsoO 61 grams/day -373 grams/day

Other sources of

Ingestible Lead

A ey 33 grams/da 03 grams/
rban Garden 3 grams pl a

Market Milk 750%;\1/day Y o limit Y

*No limit indicates that the quantity of water that can be ingested is in excess
of 14 liters per day; and that the quantity of fish or crayfish that can be

consumed per day is greater than 454 grams (1 pound).
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per day before reaching potential effect level and is thus not at
increased risk even under 10 times the normal consumption
rates.

The urban child, who already ingests close to the maximum
advisable lead per day through normal daily exposures, should
limit the consumption of bottom dwelling fish exposed to
current Lake Union conditions to 80 grams or approximately
2.5 ounces per day. If Seattle area children consume fish at the
national average rate of 6.5 grams per day then they will not be at
increased risk from consumption of bottom fish exposed to
stormdrain sediments.

Crayfish live on the bottom of Lake Union and are a popular
recreational as well as commercial harvest from the lake. The
quantities of these crayfish that can be eaten by the most
sensitive exposure groups without exceeding the acceptable dose
for lead are summarized in Table 1E. e averaFe crayfish
muscle tissue is 2.5 grams and the average number of crayfish in
a single restaurant serving is approximately 12. Therefore an
average serving is 30 grams of meat.

The average urban adult can eat 77 grams daily of crayfish
exposed to storm drain sediments.

The average urban child needs to limit daily consumption of
crayfish exposed to storm drain sediments to 5.4 grams (about
two aayfei)schp).

Urban adults from the most sensitive exposure class can eat
crayfish daily up to a limit of 33 grams for the storm drain
exposed crayfish without increased risk from lead exposure.
This is equivalent to one average restaurant serving per day.

The average urban adult can eat 211 grams per day of crayfish
exposed to existing Lake Union sediments.

The average urban child can eat 15 grams per day of crayfish
exposed to existing Lake Union sediments.

Another way to look at these numbers is to say that if the urban
child, who is already exposed to other lead sources, eats an
average serving of crayfish (12 tails) once every two days for
those crayfish exposed to current Lake Union conditions or once
every five days if crayfish are harvested near a storm drain
outfall, increased risk due to lead exposure is not likely to occur.

Polycyclic Aromatic Hydrocarbons (PAHs) (See Table 2E)

The risk attributed to the consumption of (folycyclic aromatic
hydrocarbons via Lake Union water, fish and crayfish should be
viewed as an incremental risk above that experienced by daily
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exposure to PAHs in the normal diet. EPA estimates that the
average person is exposed to .16 to 1.6 ug PAH dper day and the
best current estimate of risk is that .061 pg per day is equivalent
to a 1/100,000 risk of developing cancer during a litetime.

2. The concentrations of PAHs estimated to be added to the water
column as a result of aa CSO or stormwater discharge are
insignificant, and would not bring about changes detectable by
current techniques.

Swimming in Lake Union and ingesting -e estimated 50 ml of
water would not significantly increase expusure to PAHS.

3. Fish living in the water column should not accumulate any
detectable increased levels of PAHs as a result of storm drain
discharges or CSO events. Consumption of pelagic fish from
Lake Union at the national averaﬁe rate of 6.5 grams per day
should not exceed the 1/100,000 risk of developing cancer.

4. Fish that feed from the lake bottom, and are exposed to the
interstitial water, can be expected to accumulate increased levels
of PAHs. However, no limitations are indicated for
consumption of bottom fish from storm drain or CSO outfall
areas. Under current Lake Union conditions, however, bottom

fish consumption should be limited to 1.3 grams per day. The
jbuti fP th woul
id i ! ] PAH val !

hat- hav T

currently present in Lake Union.

5. Crayfishinﬁ in Lake Union is a popular recreational and
commercial harvest. No limitations are indicated for
consumption of crayfish from storm drain or CSO outfall areas.
However, consumption of crayfish from Lake Union, based on

redicted values tor current conditions, should be limited to

.07 grams per day. If instead, estimates of risk for current
conditions are based on the existing measured values for PAHs
in crayfish tail muscles, then a person can consume 0.85 grams
per day. This quantity is still low, but means that a J:erson could
eat an average serving (12 tails) once every 35 days without
increasing his/her risk level beyond 1/100,000.

Copper
There are no expected increased risks to human health due to the exposure to

copper resulting from CSO or storm drain discharges or from existing Lake
Union conditions.

Phthalic Acid Est
There are no expected increased risks to human health due to the exposure to

phthalic acid esters resulting from CSO or storm drain discharges or from
existing conditions in Lake Union.
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TABLE 2E. LIMITATIONS FOR CONSUMPTION OF FISH AND CRAYFISH
BASED ON PAH CONCENTRATIONS PROTECTS AGAINST ANY INCREASED
RISK OF CANCER ABOVE 1/100,000.

Environmental Quantity that can be consumed dail
Corn{)artment/ without exceeding a 1/100,000 risk
Level.
Source Existing Cso SD
Swimming 884 ml/day 884 ml 884¢g
Eating Pelagic Fish 29g/day g 29g
Eating Bottom Fish 1 g%day No Limit* No Limit
Eating Crayfish
Predicted** 07 g/day No Limit No Limit
Measured *** 85g/day ND#»** ND

Other Food Sources
Charcoal Broiled
Steak 4L2g NA##»*» NA
Barbecued Ribs S0g NA NA

*No limit indicates that the quantity of fish, or crayfish that can be safely
consumed is in excess of 454 grams (1 pound) of tissue per day.

**Based on the highest predicted concentration in crayfish.
**Based on measured concentrations in crayfish.

##** ND = No Data

*#*4+ NA = Not Applicable
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TREATMENT OF STORMWATER RUNOFF IN URBANIZING AREAS
by Gary R. Minton, PhD, PE!

The PSWQA Plan emphasizes treatment of urban stormwater
runoff. Implementation modes are privately funded
treatment systems in new developments, and publicly
funded facilities controlling large areas. Presented
here is the perspective of the engineer called upon to
design, maintain, and possibly garantee the performance
of the treatment systems. To fullfill this role what do
we know; what do we need to know?

WHAT WE NEED TO KNOW IS ...

Characteristics of stormwater

1. What are the specific pollutants of concern?
2. As we first remove the settleable solids, what is:

- % of each pollutant associated with the solids;
- settling velocities of the solids?

How big do we build the facility

3. How much of the pollutant are we to remove?
4. How large a storm must the facility treat?

What are the treatment methods

5. What does each do in the way of removal?

6. The experience of other communities = which design
features work well, which do not work well?

7. The possible "side-effects" - what opposition may
come from professionals or citizens whose interests
are not soley with nonpoint pollution?

What are the costs

8. What are the construction costs?
9. The proper operation and maintenance standards?
10. The long-term O&M and replacement costs?

CHARACTERISTICS OF URBAN STORMWATER RUNOFF

We have a good understanding of what is in urban runoff,
what are the specific or general pollutantg of concern,
and the concentrations of each constituent“. The con-
centration of some metals can exceed acute toxicity
criteria. However, dilution by the general stream flow
reduces these concentrations below the criteria.

1President, Resource Planning Associates
Contact the author for references supporting this paper
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We have a reasonably good understanding as to the
association of each pollutant with the suspended solids.
Generally, the majority of the phosphorus, most trace

" metals and organics are bound with the suspended

particles in stormwater. However, the greater propor-
tion of these pollutants are associated with the finer
particulates. Consequently, removing, say, 70% of the
suspended (non-filterable) solids will not generally
remove 70% of the pollutants in the particulate form.

An important characteristic of stormwater is the settling
velocity distribution for the suspended solids. Knowing
this distribution allows a rational sizing of the surface
area of the pond. National data are limited to a few
laboratory settling tests; the USEPA NURP study provides
data for 46 storms at five sites across the country.

There are no settling velocity data for western
Washington, although there are some data indicating the
size distribution for suspended solids. Size distri-
butions can be used to generate velocity distributions.
Proponents of this approach assume that the particles
have a specific gravity of 2.65 (sand) and behave
according to Stokes Law. This approach was followed in
generating Figure 1 in which data collected by Bellevue
is used. However, this approach probably overestimates
the rates of settling.

A final consideration is bioavailability; that is the
fraction of the pollutant that is actually influencing
the surrounding environment. Very little of the
pollutant is in the free ionic form which determines the
environmental effect. However, there is relatively
information on this question.

HOW BIG DO WE MAKE THE FACILITY

This question comes in two parts: how much of the
pollutant will we be asked to remove, and how large a
storm must the facility handle.

The removal goal

No one has provided the engineer with the answer as yet;
perhaps it will evolve from an analysis of "incremental
increase in pollutant removal rate vs incremental
increase in cost". This relation-ship is illustrated in
Figure 1 where for a given runoff coefficient, doubling
the size of a pond will not double the removal rate of
suspended solids.

772



What can be said at this time is that if the removal goal
for any of the pollutants is in excess of 50%, methods
that only remove the settleable solids will not be
sufficient. Exceptions are suspended sediment and lead.

How large a storm

The appropriate frame of reference depends on the
objective. With most pollutants, we should be concerned
about the aggregate accumulation of the pollutant over
time in the water body, not the immediate acute effect.
Conse~ quently, we should size the facility to capture
and treat a reasonable amount of runoff over time.

Figure 1 is based on the mean values of key storm
statistics (e.g. mean storm intensity, and interevent

.time), rather than the more common concept of the

infrequent single event storm (e.g. 10 year storm). 1If
the traditional design storm concept is used, sizing the
facility for a 1 or 2 year storm should be sufficient.

One pollutant that may require facilities to be sized for
the more extreme events is fecal coliform bacteria: a
single event can cause the temporary shut down of a
commercial shellfish operation. Here we should be
conducting a "incremental removal/incremental cost"
analysis of sizing the ‘facility to reduce the number of
"untreated or reduced treated" events to, say, 1 per
year, 1 per two years, 1 per five years, etc.

WHAT ARE THE TREATMENT METHODS

Table 1 lists the most commonly used or proposed methods,
some jurisdictions where they are currently being used
with regularity, and the findings of research to date.

We can group the methods into two general types: those
that likely remove only settleable solids and pollutants;
and those that remove settleable and colloidal solids,
and soluble pollutants.

These points are stressed. With the possible exception
of wet ponds, research data are very limited. The table
shows that wet ponds and wetlands can be effective at
removing both suspended and soluble pollutants, although
the data for natural wetlands indicates very inconsistent
results with soluble phosphorus.

The experience of eastern states may not be applicable
for western Washington. Eastern researchers usually
sampled few storms (less than 10 events) and sampled most
frequently during the spring and summer months when
biological activity and runoff is highest. However, in
western Washington the majority of the runoff occurs
during the dormant season.
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The experience with grass swales, a method receiving
widespread attention in western Washington, has been
inconsistent. Some studies have found them to be

" effective at removing suspended solids; others have not.

The problem for infiltration basins in western Washington
is that most soils contain a layer of hardpan at a depth
of 3 to 5 feet. It may be feasible to place underdrains
above the hardpan layer. However, there is no data on
the treatment effectiveness of only 2 to 3 feet of soil
under western Washington conditions. It is likely that 2
to 3 feet of soil will effectively remove metals, but
there is considerable uncertainty with the other
pollutants.

What are the possible side effects: possible groundwater
contamination by infilration basins although experience
has shown that metals, phosphorus, bacteria, viruses and
most organics are removed within a few inches to a few
feet of soil; deleterious effect of chemicals on fish,
either through normal use or abnormal facility break-
downs; inadequate maintanance may during an extreme storm
event result in a "slug" discharge of previously removed
pollutants.

WHAT ARE THE COSTS

Given clear design criteria, engineers can provide
reasonably accurate estimates for the initial construc-
tion costs. However, because the experience of the
jurisdictions noted in Table 1 is on the order of 3 to 5
years, we have little understanding of the proper
maintanance procedures and facility life. Estimates for
O&M and replacement costs are therefore very uncertain.

WHAT DO WE NEED TO KNOW THAT WE DO NOT KNOW NOW

Based upon the above discussion, the following
suggestions are made:

1. Better understanding of stormwater including:
~ settling characteristics;

- recalculation of rainfall statistics using
the complete local rainfall data base.

2. Removal mechanisms of soluble pollutants in wet

ponds, wetlands, grass swales. Can we obtain
significant removals in western Washington?
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Need to evaluate real facilities under real

life conditions; facilities designed with specific
design criteria. 1Items of particular interest

- retrofit strategies for exising ponds and tanks

- design criteria of rock filter berms in two
cell ponds;

- proper techniques for reestablishing grass
in dry ponds and grass lined channels

- effectiveness of infiltration basins with
underdrains

- ©proper grass height and density in swales
- effective methods for fecal coliform reduction.

What are the appropriate maintenance practices to
insure continued effectiveness, particularly:

~ harvesting in artificial wetlands
- removal of accumulated solids in dry ponds

- keeping infiltration surfaces rejuvenated
and porous.

Community reaction, particularly:

- wet ponds/wet lands.

Open interagency discussion on these issues:

- infiltration basins and groundwater pollution

-~ use of large public facilities in salmonid
streams

- use of chemicals for treatment

- bioavailability and the benefit of removing
the particulate pollutant fraction

- incremental cost versus the incremental
benefit of facility sizing.
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TABLE "1

REMOVAL RATES (a)

TREATMENT OF STORMWATER

METHOD SUSPENDED SQLIDS SOLUBLE POLLUTANT COMMUNITIES
Dry ponds 0% (b) 0% Everyone
Extended detention 40 - 65% 0% virginia, Maryland
dry ponds
Sand filtration 50 - 75% 0% Austin, Texas; Florida
Concentrators (c) 40 - 90% 0% Field tests only
Grass swales 50 - 90% 0 - 15% Virginia, Maryland, Florida
Mountlake Terrace, Redmond
Wet ponds 50 - 90% 0 - 50% Maryland, Florida, many
: other jurisdictions
Wetlands 50 - 95% 0 - 50% Many jurisdictions
Natural soil 100% 75 - 90% New York, Florida, Maryland,
infiltration basins California
Natural soil 90 - 100% 50 - 75% None
infiltration basins
with underdrains
Peat/sand filtration 100% 50 - 90% Minnesota
system (constructed
soil system)
Chemical treatment 50-95% 50 - 75% Tallahasse, Florida

(Alum)

(a) For most methods, values based on very little field research

(b) Two cell pond with intrapond gravel berm could remove some suspended solids
(c) sSwirl and teacup concentrators




_ Figure 1
Predicted Removal of Suspended Solids in a Wet Pond
as a Function of Runoff Cofficient® and Catchment Ratio®
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a. Runoff coefficient - the fraction of rainfall that becomes runoff.
b. From Minton, 1987.
¢. Catchment ratio is the ratio of the surface area of the pond *
to the surface area of the development expressed as a percentage.



Summary Statement
William H. Funk*

Agriculture contributes over half of the sediment load to the nation’s
waterways from croplands, grasslands, and livestock operations. Significant
amounts of key nutrients, phosphorus, nitrogen, as well as bacteria and
pesticides are also contributed. In many instances, pollutant loading from
diffuse agriculture loadings can be reduced by relatively inexpensive best
management practices (BMP’s) such as rain collection devices, sediment traps,
and vegetative buffers. Farmers and ranchers need incentives and assistance
to control and reduce diffuse pollution sources. Implementation of BMP’s is
most effective when achieved by cooperative efforts rather than regulatory
measures.

Urban runoff also plays a major role in contributing to water quality
roblems, especially in those areas undergoing development. Sediment addition
as increased by as much as a hundred times in some instances. Urban
runoff can also contribute heavy metals, pesticides and toxic chemicals in
addition to nutrients. Best management practices developed by those
individuals involved with development have been evolving due to a recognition
and acceptance of the need to control pollutants. Mechanisms are being
evaluated by professionals working in both the development and pollution
control fields.

Wetlands are increasing being used for flood storage either directly or
indirectly to improve runoff water quality. Over seventy wetlands around
King County are being studied to determine the long-term consequences of
runoff quantity and quality. It is hoped to gain sufficient knowledge to
improve present management techniques and protect the many ecological
functions of the wetland.

Storm drains may act as residue collection systems for heavy metals and toxic
substances. Industrial areas and abandoned factories in the Puget Sound area
may be significant reservoirs for toxicants such as lead, polychlorinated
biphenyls (PCB’s) and polynuclear acromatic hydrocarbons (PAH’s). Strategies
are being developed to contain and isolate toxicant-laden sediments until
removed. Sampling of sediment in drains at key junctures of the storm
catchment system and review of land uses in the drainage basin, in many
instances, has indicated potential sources of toxicant pollutants. Similar
approaches in large systems have not been as effective because of the

flushing action of high-volume systems, forcing the sediment through the

*Director, State of Washington Research Center, Pullman, Washington 99164-
3002
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system into receiving waters. Development of appropriate source control, best
management practices and housekeeping measures for industrial facilities is
needed. Additional research in developing techniques for prevention and
control of toxicants in stormwater is essential to achieve reduction of
hazardous materials in the sediments of the Puget Sound area.

Aquatic risk assessment of four chemicals, lead, copper, phtalates, and PAH’s,
were selected for evaluation based on their concentrations in stormwater
discharge (SD) and combined sewer overflow (CSO), their toxicological
properties and possible environmental fate. The objectives was to define
probable contaminant concentration to aquatic life and relate possible adverse
effects on aquatic organisms in Lake Union. The potential impact to
freshwater organisms was evaluated by EPA water quality criteria. Highest
concentrations of the chemicals were found in the sediment and interstitial
waters. The metals exceeded EPA’s acute toxicology criterion. Only 5% of
the phtalates exceeded EPA’s chronic toxicity criterion. Measurements of the
PAH’s did not exceed published data concerning acute toxicity. There are no
EPA water quality criteria for chronic toxicity of PAH’s.

It was recommended that a greater research effort is needed to verify these
results in other bodies of water and to test for other contaminants that may
be added to other bodies of water in the Puget Sound area.

Risk assessment was performed on the effects of stormwater runoff and
combined sewer overflow to determine the significance of four groups of
chemical contaminants to human health and the freshwater ecosystem.

Lake Union was used as an example, but results were intended to be
apElica-ble for all receiving waters in the Seattle-King County region. For

risk to the aquatic ecosystem, lead is the only contaminant from either storm
drains or CSO where potential risk is indicated.

Human risk assessment includes consideration of background environmental
exposure. Tables of data were presented to indicate the quantities of water,
fish and crayfish that can be consumed without exceeding acceptable intake
levels. The treatment and removal of stormwater pollutants is not achieved
by any uniform design. Each region or watershed may have characteristics
for which design and treatment criteria have to be developed. Research
efforts are essential to evaluate those methods most applicable in Western
Washington.

CONCILUSION

We are indeed fortunate in the United States in most instances because of
our technological capabilities and understanding as well as a comparatively
good education background of our population. Public understanding and
appreciation of water problems are critically important in dealing with threats
to our public health and welfare. We have stopped and then begun the
reversal of the trend of environmental contaminants entering our surface
waters from point sources. We must take decisive action to control pollutants
from diffuse sources.

Damage to the aquatic environment by these pollutants is many faceted.
Primary damage can occur from rapid runoff carrying large amounts of
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sediment from urban areas, construction sites, agricultural and sivicultural
areas. The sediment abrades micro- and macroscopic organisms from their
attachment sites, destroys their habitat and deprives larger organisms of their
food supply. A secondary poisoning effect may occur when metals, pesticides
and other toxins are swept in from the urban, agriculture, and silviculture
areas and directly released or released by life processes of organisms living in
the sediment. The biochemical mechanisms are not fully understood and
additional research is essential.

Thirdly, top soils flushed from construction, development, agriculture, and
silviculture sites contain the inventory of prime nutrients such as phosphorus,
nitrogen, potassium and essential growth factors. This process leaves the
original site impoverished and the nutrients u&on arrival at quiescent sites
stimulate undesirable aquatic plan growth in the slow-moving streams, rivers,
and estuaries.

The authors of this session did a good job in document the issues and
complexities of nonpoint or diffuse source problems. Many took us several
steps forward in showing solutions, partial solutions and mechanisms that can
work to alleviate many water problems. There were common threads of
concern among several speakers such as the observation that in many
instances, there appears to be a lack of perception of the interconnection of
water problems and in too many instances no overall responsibility or interest
in resolving the problem. In fact, in some cases there was an attempt to

push decisionmaking back to the researcher rather than handling it at the
elected or management level.

Several authors and attendees expressed disappointment that no groundwater
session was included in the conference. They pointed out the need for
managers to have a more holistic view of water issues. There is a need to
better understand the importance of clean usable water for all species as well
as habitat requirements. The role of wetlands in trapping nutrients and
contaminants is poorly understood at present. Quantitative studies are
necessary to determine this role as well as that of long-term effects of toxic
substances upon the aquatic community. It is also essential that managers
appreciate the close relationship between surface and groundwater while
research continues to elucidate the mechanism by which toxic compounds
move from either.

Apologies are expressed in advance to the authors for any misinterpretations,
omissions or other unintentional slighting of their work. A sentence or two
cannot express the many hours of research or though that they have
expended in the quest for solutions to water problems.
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Panel Discussion
MEETING HIGHLIGHTS: Where Do We Go From Here?

Katherine Fletcher!, Usha Varanasi?, Dennis Flannigan3,
Sheri Tonn?, Michael Thorp’

Kathy Fletcher

I am pleased that so many of you made it all the way through both days of
technical sessions and plenary sessions and hope that you have found it
worthwhile.

I am joined by four people who will offer some observations about the
highlights of the meeting, reactions that each of us has had and some
thoughts about where we do go from here. [Other panelists were introduced].

sha Varanasi

Speaking as a researcher, I would like to discuss some of the comments that
were made by the panel that reviewed the committee’s report.

The first comment that caught my attention was the comment made by Dr.
Kai Lee. His phrase "cautious creativity" was a wonderful phrase because
there is a considerable amount of frustration and a certain degree of disdain
about directed research. It is true that a number of agencies do have very
narrow objectives and the research conducted within those narrow confines is
quite often heavily directed. However, in the last two days you have seen

the results of a number of those efforts. It is evident that one can use
imagination and flexibility within those narrow confines and can be cautiously
creative in answering some of the questions about important environmental
issues. So cautious or directed creativity, especially in face of budget
constraints and the need for short-term solutions, is not a bad thing at all; it
could be a very good watchword for us to follow.

The second comment that caught my attention was made b%' Dr. Ross Heath
about management, especially commending the Authority for obtaining

IModerator; Chair, Puget Sound Water Quality Authority, 217 Pine Street,
Suite 1100, Seattle, Washington 98101; 2Director, Environmental Conservation
Division, National Marine Fisheries Service/NOAA, 2725 Montlake Blvd. E.,
Seattle, Washington 98112; 3Member, Pierce County Council, Pierce County
Courthouse, Tacoma, Washington 98402; 4Member, Puget Sound Water Quality
Authority, and Associate Professor of Chemistry, Pacific Lutheran University,
Tacoma, Washington 98447, SMember, Puget Sound Water Quality Authority,
and Partner, Eisenhower, Carlson, Newlands, Reha, Henriot and Quinn, 120
First Interstate Plaza, Tacoma, Washington 98402
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information first before making management decisions either on research
priorities or on the mechanisms for the research foundation. He seemed to
think that management based on ignorance is usually the rule of the day and
that management based on information was a rare and delightful occurrence.
I believe as scientists it is our responsibility to provide credible, clear
information to management. What often happens is that there is pressure to
come up with answers, and we are tempted to give simple, sleek solutions to
managers. They believe in us and therefore sometimes, actually quite often,
such simple solutions or concepts get incorporated into multi-million dollar
actions. It is up to us to be critical of our concepts and have them reviewed
and use them carefully, because without careful information from the scientist
it is very difficult to make sound management decisions.

I believe very strongly that no information is better than misleading
information. If we have no information we will be frustrated enough to look
for answers. If we have misleading information, in addition to making a lot of
costly errors, we mitght also fall into a certain degree of complacency and not
continue to search for the right answers.

The third comment that delighted me the most was the comment by Dr. Heath
and Mr. Waldo about the importance of peer reviewed publications. It is not
just a question of scientists putting their data into peer reviewed journals
because it is good for their careers and the prestige of their institutions. It

is a necessity today. All the attorneys that are working on environmental
issues know very well the importance of peer reviewed journals and
information published in peer reviewed articles because that is the information
that gets weighted the most.- Even though sometimes it is difficult and the
process is long, to publish in Feer reviewed journals is the only way that we
will produce the right kind of information. We should resist the temptation of
gray and soft literature that really abounds in the environmental area.

The fourth and most practical of all the comments that were made was made
by Senator Talmadge about the considerable concern on the part of the public
about the quality of water and the environment; however, when it comes to a
long-term investment and long-term commitment somehow there is benign
neglect. We need grass-roots support. Instead of just continuously saying
that there is no money for research, scientists need to spend some time
educating the public, especially young people, in language they can
understand, about the fact that having good environmental quality is a luxury
in a technological society; a luxury for which we have to pay just as well as
we pay for many other necessities of life. Scientists and managers should
make a commitment to educating people on this so that it is not only when a
crisis, an environmental disaster, strikes that we do something; rather, we
will realize that environmental issues are everyday problems that all of us
have to work on together.

I would like to thank Kathy Fletcher, who gave me a fine opportunity for the
entire year to work on a different process for setting research priorities, on
the mechanisms for the foundation, and also on this research conference. 1
want to especially thank Marcia Lagerloef, whose dedication and even temper
were an example for all of us. Sheri Tonn, Jim Abernathy, and Kathy
Callison all helped us put this conference together. It was a pleasure.

Thank you.
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Dennis Flannigan

I come here to reflect on the meeting from the perspective of the politician
because I think that public policy actually makes possible the implementation
of all of the dreams that research is headed for. Almost all the research

that I have heard about here is directed toward something that we all want,

a liveable environment in the Puget Sound region.

A friend was with me yesterday who did not come back today. His comment
after about 2 hours was, "All the boring conferences are put on by
%—?vcmment and education; all the stimulating ones by business or industry."

e has worked in both fields. His comment really was saying that business
presenters realize that they are selling something; they are trying to provoke.
I want to comment about that because when we began, the inspirational
message of the keynote speaker helped sleep appear in several l[:eople,
including myself. I would expect that in this business (and I think it 1s the
business of trying to save the world we live in), we would want a moment of
inspiration to pass between the lips of those people at the front and those
ears near the rear. I was really appreciative of the panel, of Jim Waldo, Phil
Talmadge, and the others, because they offered the challenge. We were asked
to do something with your talents and to make those talents somehow the
possibility for the future.

As I wandered around yesterday I was stumbling with the beginning of the
conference and feeling that I was in the wrong room at the right time or

vice versa. I realized that the conference was aimed more at you than at
me. One of things I came to see was how much information and how much
research is going on. As a politician, I almost decided we should stop all of
the research money, because there is so damn much research that no
implementation occurs. I listened to people say that the English sole is dying
because the larvae are being killed at the surface; other people said that it
can be killed later too. Knowing that the English sole probably can be killed
all the way from the bottom to the top of the water is really helpful! The
point is that we had better do something about the killing.

We entered the conference feeling pretty l;:roud and smug about ourselves and
we wind up the conference having heard that perhaps we have not turned

this place around yet. Puget Sound isn’t as clean as we hoped or getting
cleaner, but perhaps instead continues to deteriorate.

The last thing I heard was about wetlands and how we are mitigating them by
ignoring them. Every time we plow one under we say that we should certainly
not do that next time. That is a good rule! Iserve on the Pierce County
Council and developers come to us to point out that any half-acre or smaller
wetland area really isn’t something to worry about, it is just kind of there,
awaiting development. We hear from the "Eco-Freaks," but not too many
scientists unless there is someone somewhere with enough money to bring you
into the room; and the developers are able not to bring you into the room.

It is not against development I speak, but against the uneven balance. We on

the Council will make decisions that there will be another form of pavement,

complete with run-off capabilities and all the harm that that may or may not
just to the left of your home. The point is that 600 people came here,

cause,
paid $f5-35 for two days, a remarkable number of you continue to be here
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despite the good advice from old Sol and others. How many of you will make
that same two day commitment to the politics of the environment rather than
to the research of the environment? If next year you would devote the same
48 hours to marching on the legislature, or holding a brick upside my head
and hitting me twice when I vote to the left or the right of a good decision,
you will do far more service, believe it or not, even than coming here,
because we do not hear your message.

The other end of it is that there is so much research we hear all of the
messages. As someone said, a scientist is someone that a lawyer can bring in
and the other lavx?rcr can bring in another scientist on the other side of the
issue and those of us who sit in the middle are equally confused. Both sides
may be sanctioned by the peer review Erocess. People who care but have
differing views should get together with their research and try to march at
least to a parallel drummer if not the same drummer. -

Sheri Tonn

Nearly 700 people registered for this event. Not a whole lot of scientists by
the way; academic scientists or consulting scientists yes, but only 100 or so.
Absolutely excellent registrations on the part of people from state, local, and
federal agencies. I am delighted that everyone came. The people who were
absent were the \gublic, the developers, attorneys. I hope that we can remedy
that next year. We are going to do this again in 1989. There were 700 of

us here this time, maybe we can come up with a few more hundred next time,
including representatives of the groups that were absent.

Most of us sat here as sponges during this event. Seven hundred sponges out
there taking in what the speakers up front had to say, but other than at the
delightful reception last night many of us didn’t have a chance for the kind
of interchange that would have been nice. I hope that next year we can help
make those of us who were passive participants in this event more active
participants. I welcome your ideas. Maybe we can come up with some good
ways of making it a more active event when there are 1,200 of us here.

Michael Thorp

As a member of the Authority I want to thank everybody who participated on
the committee on research for all their hard work and the really fine report
that they have turned in. Members of the Authority are trying to deal with

12 or 13 elements in the 1987 Puget Sound Plan. Those elements are very
comprehensive and technical, and we couldn’t do it without our committees
and our task forces. These people have volunteered to help, they have spent
a lot of long hard hours on these projects and we on the Authority really
appreciate all the hard work that they have put in. We are also indebted to
and very thankful to all the people who participated as speakers at this
conference the last two days. Again, these people have put in some long
hard hours in preparation of their papers and delivering those papers and we
really appreciate that.

I have a couple of thoughts to share. I hope by now that you have had a
chance to look at the committee’s report on research recommendations. This
report will be considered by the Authority members in the next month and
then we will decide what to do with it. We welcome your thoughts on this
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report and where we ought to go on research as part of our Puget Sound
plan. Please get your comments to us because we all really need to hear
from you.

Personally, I am inclined to think that the creation of the Puget Sound
Research Foundation is a good idea, but I have some concerns. As you are
probably aware, like it or not, we are in an era of fewer and fewer dollars
being available for environmental programs. It is very hard to get a hold of
those dollars and once you get them it is extremely difficult for those of us
who actually have to make a decision about where that money is going to
target it for research. It is that simple. We have some extremely good
programs here in Puget Sound; we are not funding them all right now. So,
when someone wants $100,000 for a research project, that is $100,000 that is
not going to go someplace else. Maybe it is not going to go into the
watershed planning process; maybe it is not going to go into the program to
tigl;{tcn up discharge permits on industry. It is a very, very hard decision to
make.

It is going to be hard for this foundation to get money. It will not be able

to do that without broad grass-roots support. Support from folks like you. I
don’t think you can let it go right now and just say, "That sounds like a

good idea." You have to ask yourself, "Would I be willing to participate in
that foundation’s work? Would I be willing to ask geople for money? Would I
be willing to go to the le%islature to ask for money? Would I be willing to
contribute money myself?" If the answer to those questions is no, then we

are spinning our wheels here and we might as well forget this project and

just try to budget research as part of the Authority.

Also, I wonder how easy it will be to get the foundation off the ground as

an independent organization. We need to give that some thought. Maybe for
the first few years it will have to be more closely tied to an existin,
organization such as the Authority in order to get going, get some projects,
and show that it can do what we hope it will do. In the long term, it is not
going to get $3-5 million a year without showing some successes.

Finally, one thing struck me in the presentations I heard: there is a lot
more research going on in Puget Sound than a person might be aware of.
One of the big problems that we still face is coordinating that research,
everybody knowing what other people are doing and sharing that information.
We just don’t seem to be able to get a good handle on that. One thing we
could do is to try to get together a little more often like this. It doesn’t

have to be a big two-day get-together. Existing organizations like Ecology,
EPA, NOAA, Fish and Wildlife, the counties and Metro could sponsor get-
togethers on one given topic, invite people in to present differing views, get
some debate going, entertain questions and share information. On behalf of
the Authority, I would like to challenge each of those organizations in the
next several months to set up one session like this so that we can get an
exchange of information going. Maybe by this time next year we can all say,
"It has been a great year. We have had a lot of great debate and

discussions." Then we can meet together and summarize and go on from
there.
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Katherine Fletcher

Throughout the meeting we have identified some optimists and pessimists,
critics and fans among us and probably mixtures of that within each of us. 1
would like to make a few comments and perhaps pick up on a few of the
highlights of the last two days.

There was one thing that struck me very strongly when hearing about the
results of some recent research relating to Puget Sound and some recent
bringing together of research and data collected some time ago. We have felt
comfortable by describing Puget Sound in general as a relatively healthy body
of water with some serious danger signs and some serious problems but
overall in pretty good shape. I now personally feel uncomiortable with that
characterization as a result of some of the things I have heard. Perhaps it
may be more accurate to describe Puget Sound in general as a system showing
sitgns of deterioration with some indications of hope. It is difficult for each

of us to get beyond our particular emphasis or interest, but it is important

for us to step back and try to grasp what is happening overall in Puget
Sound. We did indeed hear some bad news: precipitous drops in numerous
fish species in Puget Sound; dramatic evidence relating to toxic effects of the
sea-surface microlayer, new evidence of fish reproductive failures; and an
admonition to pay much closer attention to some of the nutrient issues. In
hearing about all those various things we are invited to make some linkages
of our own, but we are also a little frustrated because perhaps we don’t know
enough to make all the connections that may be staring us in the face.

We did hear some good news. We heard increasing evidence that some
specific chemicals that have been regulated or banned are decreasing in the
environment and their effects are decreasing. Perhaps related to that, we are
seeing seal populations rising. (That may also be a bad news item because we
are now pointing our fingers at those critters as a source of possible
pollution!) Also perhaps on the good news side, some people turned their
creative minds to coming up with a new term for nonpoint source pollution,
possibly a more accurate term, "diffuse source pollution."”

It is clear that we know a lot more than we did, and that just seems to raise
a whole lot of new questions. But we are getting better at framing those
questions and probably better at answering them and making some linkages.
Numerous speakers pointed out the importance of the political reality and
feasibility and the practical implementation aspects of everything we are
talkin% about. I am encouraged to hear that awareness growing among all of
us with all of our different backgrounds. We have also heard from different
speakers that we need to make better use of the data that we already have.

ere have been a lot of expensive and extensive studies. We need to take
advantage of what we have, put it together, and step back and see the
connections that we may be able to make based on this work. We also need
to take advantage of the fact that every time we make a public policy
decision we are setting an experiment in motion; we usually don’t set it up
to take advantage of the data that might result. Maybe we should be
thinking explicitly in terms of what we can learn from our mistakes and
assume that we will make mistakes.

There have been lots of indications in many presentations that a well-
designed monitoring program is important. Also, repeatedly in different ways,
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we heard many of you say we are dealing with a complex system where both
natural and unnatural things are hapfening over the long term. We are
struggling with our own short-term efforts to understand those effects. In
addition, we are trying to understand some short-term effects that are
occurring. We need to be cognizant of that.

Where to from here? The premise of both the meeting and the committee’s
work seems valid after thinking about it through this conference. We clearly
do need some kind of ongoing process or %)rocesses to set priorities, to
coordinate, communicate, and to find the funding to do the things that need
to be done. We have all also agreed that money doesn’t grow on beaches.
Both Jim Waldo and Dean Heath in their own ways talked about how we
should be thinking about how to get scientists working on things together--
about collaborative processes as well as peer review as ways of reducing the
battle of the experts when it comes to controversial subjects. We need to
figure out ways of developing common understandings when it comes to
making some very tough decisions, regulatory and otherwise. One thing Jim
Waldo said about the research foundation idea is something I would appreciate
all of you thinking a little bit more about: maybe we need to make some
incremental steps toward the goal. What might those incremental steps be;
how can we structure the process? Those are some practical thoughts that we
should take to heart because we are unlikely to get the instant endowment
that would make it all possible in the next month or year.

Where to, specifically? I hope you will take the time to evaluate this
conference and provide us your comments either today or in the mail. I hope
that you will take the time to comment on the research committee report and
keep your eye on the Authority because we will be revisiting these issues and
coming to some closure. Over the course of this summer we will be issuing a
draft revised management plan which will address this issue, and we will make
some final decisions toward the end of the summer.

Before we close, I would like to acknowledge the hard work of the Authority
staff in putting this meeting together. As you can imagine, virtually the
entire staff was involved at one point or another, but I would specifically

like to commend Kathy Callison and Marcia Lagerloef for the work that they
have done in organizing this meeting.

Thank you all for coming,.
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POSTER SESSION

Sampling Strategies for a Reconnaissance of Petroleum Contamination in the Port
Angeles-Sequim Bay Region, Washington: W.H. Pearson, J.Q. Word, J.R. Skalski, R.B.
Lucke, J.M. Gurtisen, P. Wilkison, Battelle Marine Research Laboratory, Sequim, WA.

PAH Analysis in Marine Sediment: Interlaboratory Precision: W.D. MacLeod, D.W.
Brown, S-L Chan, and U. Varanasi, Environmental Conservation Division, Northwest &
Alaska Fisheries Center - NOAA, Seattle, WA.

Toxic Chemicals: Biological Effects: Donald Norman, Institute of Wildlife Toxicology,
Huxley College, Bellingham, WA.

The Water Quality of Padilla Bay: Paul Cassidy, Shannon Point Marine Center,
Anacortes, WA.

Tidal Residual Eddies in the Strait of Juan de Fuca and Approaches: Comparison of a
Numerical Model with Field Observations: C.A. Coomes, C.C. Ebbesmeyer, P.B. Crean,
Evans-Hamilton, Inc., Seattle, WA.

Potential Transport of Near Surface Contaminants Between Canada and the U.S. Within
the Strait of Juan de Fuca: J. Cox, Evans-Hamilton, Inc., Seattle, WA.

The Puget Sound Environmental Atlas: Summary and Future Direction: G. Rosenthal,
Evans-Hamilton, Inc., Seattle, WA.

Water Quality Within and Near the John Wayne Marina, Sequim Bay, Washington: C.W.
Apts, Battelle Marine Research Laboratory, Sequim, WA.

Post-Glacial Sedimentation in Puget Sound (or the Container: History and Hazards):
ML. Holmes, U.S. Geological Survey, University of Washington; R.E. Sylvester,
Williamson and Associates, Inc., Seattle, WA; and R.E. BURNS, Seattle, WA.

Statistical and Experimental Design Issues for Water Quality Monitoring Studies in Puget
Sound: L.L. Conquest, KM. Lohman, Center for Quantative Science, University of
Washington, Seattle, WA.

Timelapse Photography in the World of the Geoduck: D. Jamison, R. Heggen, J. Lukes,
Marine Research & Development Center, Department of Natural Resources, Olympia, WA.

Public Understanding of Local Urban Wetlands: S. Schauman, M. Young, Department of
Landscape Architecture, University of Washington, Seattle, WA.

Remote Sensing Inventory of the Seagrass Meadow of the Padilla Bay National Estuarine
Research Reserve: H.H. Webber, Huxley College, Bellingham, WA.

Tr\ace Organic Chemical Phase Associations in Puget Sound Sediments: R. Carpenter, M.
Strom, S. Socha, School of Oceanography, University of Washington, Seattle, WA.

Ocean Data Evaluation System; Puget Sound Activities: Tetra Tech, Inc., Bellevue, WA.
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