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Abstract
Chemicals such as metals and organics (polychlorinated
biphenyl [PCBs], polybrominated diphenyl ethers [PBDEs],
polycyclic aromatic hydrocarbons [PAHs], and phthalates)
continue to enter Puget Sound, western Washington, from
point sources (such as industrial and municipal outfalls)
and combined sewer outfalls and non-point sources (such
as stormwater runoff). Runoff during storm events has been
identified as a major source of contamination entering Puget
Sound and has been implicated in the degradation of nearshore
habitats and biota. Metals, organic chemicals, and other
pollutants are known to accumulate in sediments such as
those present along the shoreline of Puget Sound. In addition
to chemical contaminants, small plastic particles (known
as microplastics), found in marine waters of Puget Sound
and suspected of being in aquatic sediments, are a potential
concern because they can be ingested by animals and are
suspected of transporting sorbed chemicals such as PCBs and
metals.
The Stormwater Work Group of Puget Sound (SWG)
(composed of State and municipal stormwater permittees,
and other stakeholders) developed a strategy to address
sediment conditions in the nearshore environment of Puget
Sound. As part of this strategy, the SWG developed a
regional stormwater monitoring strategy designed to inform
monitoring requirements in National Pollutant Discharge
Elimination System (NPDES) stormwater permits issued by
the Washington State Department of Ecology (Ecology). The
monitoring program is referred to as the Stormwater Action
Monitoring (SAM).

U.S. Geological Survey.

1

Washington State Department of Natural Resources.

2

King County Environmental Laboratory.

3

Washington State Department of Fish and Wildlife.

4

The overall focus of the work described in this report is
to address one of the goals of SAM, which is to characterize
the status, spatial extent, and quality of Puget Sound sediment
chemicals in the nearshore urban areas. The nearshore urban
areas are defined as areas parallel to established Urban
Growth Areas (UGAs) using a spatially balanced probabilistic
Generalized Random Tessellation Stratified (GRTS) sampling
design. One of the benefits of the GRTS sampling design used
for this study is that it allows one to efficiently extrapolate
from a relatively small number of sampled nearshore sites to
the entire nearshore shoreline within the 2011 defined UGA
boundaries of Puget Sound. In addition to characterizing
nearshore sediment chemical concentrations, this study also
characterized the abundance of microplastics in the nearshore
sediment.
A total of 41 randomly selected sites were sampled
throughout Puget Sound in summer and early autumn of
2016. All sampling sites were located at 6 feet below the
Mean Lower Low Water line. The top 2–3 centimeters of
sediment were collected using a boat-mounted, pre-cleaned
stainless-steel box corer. All chemical samples were sieved
to 2 millimeters and placed in appropriate containers for
chemical analysis for PCBs, PBDEs, PAHs, phthalates, metals,
total organic carbon, and grain size. Pre-sieved sediment
samples were stored in glass containers for microplastic
analysis. Nearshore sediment chemical concentrations were
summarized using numerous statistical approaches to examine
the minimum, mean, and maximum concentrations for each
of the compounds analyzed and to compare the results to
criteria and other nearshore and marine sediment studies.
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The GRTS sampling design also allowed the authors to
assess the percentage of the UGA nearshore environment
that did not meet established standards or criteria for each
chemical analyzed. Additionally, regression and machine
learning statistical analyses were used to examine relations
between measured chemical concentrations, and land
cover and geologic features at multiple scales within the
watersheds adjacent to sampling sites. The influence of
marine hydrodynamic factors on nearshore sediment chemical
concentrations was statistically evaluated with nonparametric
methods by assigning each sampling site to one of five
nearshore drift cell types based on its location. The Puget
Sound shoreline can be divided into segments, referred to
as drift cells, based on the movement of sediment along the
shore by waves. Each drift cell type has a unique influence on
nearshore sediment transport.
The nearshore sediment chemical concentrations for
organics and metals generally were low, and in most cases
less than Washington State criteria. The concentrations
of some PAHs were greater than the criteria, but these
exceedances were limited to one or two sites. The results of
the probabilistic study design determined that, for the PAHs
examined, 96 percent or more of the 1,344 km of shoreline
represented by this study had concentrations less than any
established criteria. For the remaining organics (PCBs and
PBDEs), the probabilistic study design indicates that more
than 98 percent of shoreline examined had concentrations
less than criteria or proposed standards. For the metals, the
results of the study indicate that 100 percent of the nearshore
sediment had concentrations less than the criteria. The
relations between sediment organic and metal concentrations,
and adjacent watershed land cover and the particle size
of the samples, were determined to be weakly related.
Although weakly related, the particle size of the sediment in
a sample typically explained more of the variation in metal
concentrations than organics. While the measured watershed
attributes adjacent to the sampling sites and sediment size of
the samples were weakly related to chemical concentrations,
they were significantly related to unique drift cells along the
shoreline of Puget Sound known as drift cells. Each drift
cell represents a long-term directional transport of sediment
from its source to its depositional zone. Sediment chemical
concentrations were significantly higher in drift cells with
limited sediment movement compared to those with higher
sediment transport energy.
Microplastics in the nearshore sediment ranged from
0.02 to 0.65 pieces per gram of sediment, with a mean of 0.19
pieces per gram of sediment, and were dominated by small
fibers (355–1,000 micrometers). Like chemical concentrations,
microplastics concentrations in the nearshore sediment
were poorly related to watershed land cover. Although not
significantly different, microplastics concentrations generally
were higher in the low energy drift cells compared to the high
energy drift cells.

The results of this study provide a statistically valid
status assessment of current nearshore sediment chemical
conditions throughout Puget Sound in those areas adjacent to
defined UGAs. In addition to the study findings of relatively
low concentrations of PCBs, PBDEs, PAHs, phthalates, and
metals, the study design provides a statistically valid tool for
evaluating changes in these compounds over time if future
nearshore sediment assessments are done. Furthermore, the
assessment of microplastic abundance represents the first
study of its kind that can be used as a benchmark for future
evaluations. The results of this study will help inform Ecology
in the implementation of monitoring requirements as part of its
NPDES stormwater permitting process.

Introduction
The Puget Sound in western Washington represents a
substantial economic, cultural, recreational, and aesthetic
resource that has become the focus of a large-scale effort
designed to restore biological resources and reduce levels of
sediment and water contamination. The widespread use of
many of the contaminants present in Puget Sound has been
discontinued (that is, polychlorinated biphenyls [PCBs]);
these contaminants are persistent and remain in the sediments
and biota (Ross and others, 2000; West and others, 2001,
2008; Long and others, 2005; O’Neill and West, 2009; West,
Lanksbury, and O’Neill, 2011; West and others, 2011).
Chemicals such as metals and organics (polycyclic aromatic
hydrocarbons [PAHs], polybrominated diphenyl ethers
[PBDEs], phthalates, and PCBs) continue to enter Puget
Sound from point sources (such as industrial and municipal
outfalls) and combined sewer outfalls and non-point sources
(such as air deposition, groundwater releases, and stormwater
runoff) (Herrera Environmental Consultants, Inc., 2011;
Hobbs and others, 2015; Milesi, 2015). PCBs are an organic
chlorine compound that once was widely used as an insulator
and coolant in electrical equipment such as transformers.
When it was determined that PCBs were toxic and persistent
in the environment, their use declined substantially. However,
PCBs are still present in many fixtures and structures, and
are still used in some sealants, caulks, adhesives, and other
industrial products. PCBs are still of concern, given their
persistence, and their reduced but continued use. PBDEs, are
organobromine compounds used as flame retardants, but also
are present in numerous industrial and building products.
Like PCBs, PBDE also have toxic properties, and may have
toxic effects on the liver, thyroid, and neurodevelopment, and
the ability to disrupt hormone processes. PAHs are organic
compounds present in coal and tar deposits, and also are
produced by incomplete combustion of organic matter and
fuels. They are associated with geographic areas with heavy
use of creosote-treated wood, as well as with areas with
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extensive motor vehicle traffic. Although known to occur
naturally (for example, as the result of forest fires), they
typically are associated with anthropogenic activity. They
are known to bioaccumulate in the tissues of algae, some
invertebrates, and mollusks. They have been linked to different
types of cancer, cardiovascular disease, and developmental
effects. Phthalates are an organic compound primarily used
as a plasticizer. Although used extensively in the past, they
rapidly are being removed from products because of toxicity
concerns. Some of these health concerns are related to
endocrine disruption, endocannabinoid system disruption,
and increased rates of obesity. Unlike PCBs, phthalates tend
to rapidly degrade in the environment. Metals in marine
sediment originate from multiple natural and anthropogenic
sources. Excessive concentrations of each of these compounds
can have toxic effects on plants and animals. The modes of
toxicity vary for each compound.
Runoff during storm events has been identified as a major
source of contamination entering Puget Sound, and has been
implicated in the degradation of nearshore habitats and biota
(Puget Sound Action Team, 2005). Many metals, organic
chemicals, and other pollutants are known to preferentially
partition in sediments such as those present along the shoreline
of Puget Sound. More recently, small plastic particles, known
as microplastics, also have been present in aquatic sediments
(Andrady, 2011; Cole and others, 2011). Microplastics
represent a potential concern because they can be ingested by
animals (such as plankton, invertebrates, and fish) at many
trophic levels and they affect feeding and digestive systems
(Tourinho and others, 2010; Sussarellu and others, 2016) and
transport sorbed chemicals such as PCBs and metals (Rios and
others, 2007; Ashton and others, 2010). Systematic monitoring
of nearshore sediments is needed to assess the status of
nearshore sediment chemicals and pollutants and its relation to
development, stormwater management, and related regulations
(Hamel and others, 2015).
The Stormwater Work Group of Puget Sound (SWG) is
a coalition of Federal, Tribal, State, and local governments;
business, environmental, and agricultural entities; and
academic researchers. All SWG members have interests
and a stake in the Puget Sound watershed. The SWG was
convened by Puget Sound municipal stormwater permittees,
other stakeholders, and the Washington State Department of
Ecology (Ecology) in October 2008 to develop a regional
stormwater monitoring strategy and to recommend monitoring
requirements in National Pollutant Discharge Elimination
System (NPDES) stormwater permits issued by Ecology. In
2012, the SWG became the first “topical workgroup” included
in the Puget Sound Ecosystem Monitoring Program (PSEMP),
an organization that coordinates regional monitoring efforts to
provide information supporting Puget Sound recovery efforts.
An overall strategy for monitoring and assessing the
Puget Sound region was developed by the SWG in 2010
(Stormwater Work Group of Puget Sound, 2010). Based on
discussions and recommendations of the working groups

within the SWG, the stormwater effects on nearshore sediment
study questions were identified (Stormwater Work Group of
Puget Sound, 2010). By 2012, a monitoring program was
framed with three categories for monitoring—(1) status
and trends of receiving waters, (2) effectiveness monitoring
of stormwater management practices, and (3) source
identification studies. Sampling and studies in each of these
categories occurred at set intervals based on the results
from baseline studies such as the one presented here. As of
July 1, 2017, this program is referred to as the Stormwater
Action Monitoring (SAM; formally known as the Regional
Stormwater Monitoring Program [RSMP]). This study
was funded by pooled funds from municipal stormwater
permittees to evaluate the status of nearshore sediments in
urban areas of Puget Sound as one of several SAM receiving
water studies. Additional information about other monitoring
studies in the SAM is available at the SAM web page (https://
ecology.wa.gov/Regulations-Permits/Reporting-requirements/
Stormwater-monitoring/Stormwater-Action-Monitoring).

Purpose and Scope
The overall goal of the work described in this report
is to characterize the status, spatial extent, and quality of
Puget Sound sediment quality in the nearshore urban areas,
defined as areas parallel to established Urban Growth Areas
(UGAs). The U.S. Geological Survey (USGS), with help from
the Washington State Department of Natural Resources and
King County, conducted sampling and led the data analysis
and report writing for this first round of nearshore sediment
monitoring. SAM leveraged USGS expertise and a new
microplastics laboratory to help refine the monitoring for
subsequent monitoring rounds. The goals of this effort include:
• Assessment of the health of Puget Sound sediments
in the nearshore urban areas, defined as areas inside
nearshore areas parallel to established Urban Growth
Areas (UGAs), as defined by the counties under
Washington State law (Revised Code of Washington,
section 36.70a.110);
• Identification of existing nearshore sediment quality
problems and, where possible, provision of data to help
target sources or sediment transport processes;
• Help in establishing protocols to document natural
and human-caused changes over time in Puget Sound
nearshore sediments;
• Support of nearshore research activities by making
available uniformly collected, high-quality data; and
• Provision of nearshore data to assist the regulatory
agencies in measuring the success of stormwater and
other environmental management programs.
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The specific objectives of this nearshore sediment
sampling are as follows:
• Collection of sediment data at randomly selected sites
within the UGA sampling framework to evaluate the
status of sediment chemistry,
• Quantitative assessment of the role of natural and
anthropogenic factors in determining sediment quality,
and
• Provision of scientifically based modification or
updates to the sampling protocol and design for future
monitoring activities.
This report does not include any results from
unincorporated Pierce County. Pierce County chose to do their
own monitoring as part of the SAM program.
A SAM study concurrent with this study was led by the
Washington State Department of Fish and Wildlife to examine
contamination concentrations in mussel tissue at most of the
same sites (Lanksbury and others, 2017). The results from the
mussel study are examined in collaboration with the sediment
work to help address the goals described in this report.

Methods
A Quality Assurance Project Plan (QAPP) for this
work was prepared and approved, and is available from
the SAM web page (https://ecology.wa.gov/RegulationsPermits/Reporting-requirements/Stormwater-monitoring/
Stormwater-Action-Monitoring).

Study Area
The Puget Sound urban nearshore study area is part of
the larger Salish Sea and covers a fjord-like marine estuary
connected to the Pacific Ocean by the Strait of Juan de
Fuca. Puget Sound geology and freshwater inputs from the
many streams and rivers have a substantial influence on
Puget Sound physical, chemical, and biological conditions.
Monitoring for this nearshore sediment survey focused on a
single management-related scale—the shoreline parallel to
cities and established UGAs of Puget Sound. A shorelinesampling frame was defined to include the basins, channels,
and embayments of Puget Sound, (1) from the United StatesCanada border to the southernmost bays and inlets near

Olympia and Shelton; (2) to Hood Canal; and (3) to parts of
Admiralty Inlet, the San Juan Islands, and the eastern part of
the Strait of Juan de Fuca (fig. 1).

Site Selection
The locations of the 2016 SAM nearshore sediment
monitoring sites were selected using a probabilistic random
stratified sampling design that targeted the land-based UGA
boundaries of Puget Sound. This sampling framework
was based on the spatially balanced, Generalized Random
Tessellation Stratified (GRTS) multi-density survey design
of the U.S. Environmental Protection Agency (EPA), and is
described by Stevens (1997) and Stevens and Olsen (1999,
2003, 2004). One of the benefits of the GRTS method used
for this study is that it allows one to efficiently extrapolate
from a relatively small number of sampled nearshore sites or
shoreline segments to the entire nearshore shoreline within
the UGA boundaries (defined in 2011) of Puget Sound. Sitka
Technology Group, LLC, using the GRTS design, generated
a linear Puget Sound shoreline-sampling frame, and the result
was 2,048 possible nearshore sites or shoreline segments
in Puget Sound, each representing about 800 m of UGA
shoreline. An identical approach was used to select sites for
the SAM Status and Trends Mussel Monitoring study done
at many of the same sites used for this study (Lanksbury and
others, 2017).
The first 49 of the 2,048 possible sites were evaluated
in two steps. First, a desktop analysis was done to see if any
of the first 49 sites were unsuitable for sampling because of
safety concerns, overrepresentation of a particular location,
or locations heavily influenced by shipping and port
activities. This analysis resulted in five sites (9, 32, 34, 39,
and 41) being eliminated from this study (table 1). Second,
in summer 2016, field teams (consisting of USGS, King
County, and Washington Department of Natural Resources)
visited each site and sampled the site if it was suitable for
sampling. If a site could not be sampled, owing to safety,
sampling equipment limitations, and (or) the lack of sediment
smaller than 2 mm in diameter, an attempt was made to
sample the next randomly selected site. During summer 2016
sampling activities, three additional sites (5, 8, and 10) where
determined to be unsuitable for sampling owing to the lack
of sediment smaller than 2 mm in diameter (table 1). This
process was done until a total of 41 sites were sampled (fig. 2).
Of these 41 sites, 31 sites also were mussel sampling sites
(Lanksbury and others, 2017) (table 1).
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Table 1. Sites sampled as part of the Stormwater Action Monitoring Nearshore Sediment Status and Trends sampling, Puget Sound,
western Washington.
[See figure 2 for locations of non-excluded sites sampled. Site No: Represents the order in which the site was selected from all possible sites. SAM mussel
sampling site: Stormwater Action Monitoring mussel sampling site. Within incorporated UGA?: Within incorporated Urban Growth Area? Reason for
exclusion: RSMP, Regional Stormwater Monitoring Program; –, no data]

SAM
mussel
sampling
site

Within
incorporated
UGA?

Site
No.

Latitude

Longitude

1
2
3
4
1
5
6
7
1
8
1
9

47.048
47.501
47.682
48.857
47.292
47.619
47.647
48.049
47.255

-122.907
-122.386
-122.504
-122.739
-122.528
-122.525
-122.426
-122.777
-122.376

Thurston
King
Kitsap
Whatcom
Pierce
Kitsap
King
Jefferson
Pierce

No
Yes
Yes
Yes
Yes
Yes
No
Yes
No

Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
1
32
33
1
34

47.645
48.725
48.296
47.293
47.571
48.494
47.854
47.069
47.463
47.661
48.118
47.305
47.559
47.621
48.031
47.276
47.603
48.697
48.269
47.734
47.541
48.693
47.975
47.111
47.587

-122.578
-122.507
-122.580
-122.494
-122.606
-122.679
-122.337
-122.919
-122.371
-122.497
-123.417
-122.513
-122.598
-122.496
-122.747
-122.418
-122.597
-122.508
-122.637
-122.654
-122.641
-122.907
-122.227
-122.707
-122.353

Kitsap
Whatcom
Island
Pierce
Kitsap
Skagit
Snohomish
Thurston
King
Kitsap
Clallam
Pierce
Kitsap
Kitsap
Jefferson
Pierce
Kitsap
Whatcom
Island
Kitsap
Kitsap
San Juan
Snohomish
Pierce
King

Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes

35
36
37
38
1
39

47.665
48.142
47.170
47.598
47.631

-122.568
-123.427
-122.612
-122.671
-122.381

Kitsap
Clallam
Pierce
Kitsap
King

Yes
No
Yes
Yes
Yes

Yes
Yes
Yes
No
Yes

County

Reason for exclusion
–
–
–
–
Sediment too rocky to allow sampler to penetrate the sediment.
–
–
Sample damaged.
Site excluded after discussion with RSMP manger owing to
oversampling of the Blair Waterway. Three sites in close
proximity in the Blair Waterway do not align with the intent of
the study design.
Sediment too rocky to allow sampler to penetrate the sediment.
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
Port of Everett remediaton activity.
–
Located well within Port of Seattle shipping activity. Rejected
owing to safety and heavily altered environment.
–
–
–
–
Located well within Port of Seattle shipping activity. Rejected
owing to safety and heavily altered environment.
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Table 1. Sites sampled as part of the Stormwater Action Monitoring Nearshore Sediment Status and Trends sampling, Puget Sound,
western Washington.—Continued
SAM
mussel
sampling
site

Within
incorporated
UGA?

Site
No.

Latitude

Longitude

40
1
41

48.133
47.269

-122.762
-122.402

Jefferson
Pierce

No
No

Yes
Yes

42
43
44
45
46
47
48
49

47.574
48.521
48.038
47.429
47.788
48.898
47.927
47.338

-122.626
-122.616
-122.398
-122.352
-122.493
-122.787
-122.310
-122.589

Kitsap
Skagit
Island
King
Kitsap
Whatcom
Snohomish
Pierce

Yes
Yes
No
No
No
Yes
Yes
Yes

Yes
Yes
Yes
Yes
No
No
Yes
Yes

County

Reason for exclusion
–
Site excluded after discussion with RSMP manger owing to
oversampling of the Blair Waterway. Three sites in close
proximity in the Blair Waterway do not align with the intent of
the study design.
–
–
–
–
–
–
–
–

Indicates a site excluded from the final list of sites and the reason for exclusion.

1

Sediment Collection

• 42 PAHs (appendix 1),

All sediment sampling was done from August 8 to
October 5, 2016. At each of the 41 locations sampled,
personnel on a research vessel collected nearshore marine
sediment 6 ft below the Mean Lower Low Water (MLLW) line
perpendicular to the shoreline using a pre-cleaned stainlesssteel box corer. All locations and depths were verified with a
Global Positioning System and depth sounding equipment,
respectively. The top 2–3 cm of material were removed
from the corer, sieved to less than 2 mm, and placed in
appropriate containers for chemical analysis. A more detailed
description of the sediment sampling methods is available
in the study QAPP (https://ecology.wa.gov/RegulationsPermits/Reporting-requirements/Stormwater-monitoring/
Stormwater-Action-Monitoring).

• 6 phthalates (appendix 1), and

Chemical Analyses
The sediment samples from each site were analyzed for
the following constituents:
• Grain size (on the <2-mm sample),
• Total organic carbon (TOC),
• 209 PCB congeners,
• 48 PBDE congeners (appendix 1),

• 11 metals (appendix 1).
Grain size, TOC, metals, PAHs, and phthalates were
analyzed at the Washington State Manchester Environmental
Laboratory (MEL) and King County Environmental
Laboratory (KCEL). The PCBs and PBDEs were analyzed at
SGS AXYS (Sidney, British Columbia). Many PCB congeners
cannot be analytically separated during laboratory analyses
and are reported as a mixture of specific congeners. This
resulted in a total of 159 unique individual PCB congeners
or congener mixtures. To measure the amount of variability
in the compositing of sediment in the field, field-splits were
collected for all constituents at four randomly selected sites
and submitted as blind replicates. In addition to the field-splits,
an inter-laboratory comparison between the MEL and KCEL
laboratories for PAH/phthalates and metals was done for
samples collected at 10 of the 41 sites. All laboratory results
used in the data analysis were reviewed by the EPA-approved
Washington State Manchester Environmental Laboratory, King
County Environmental Laboratory, and Washington Water
Science Center USGS scientists. Access to all laboratory
results and inter-laboratory results is available at https://
ecology.wa.gov/Regulations-Permits/Reporting-requirements/
Stormwater-monitoring/Stormwater-Action-Monitoring.
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Figure 2. Sampling site locations, Puget Sound urban nearshore study area, Puget Sound, western Washington. See table 1 for
more details on sites sampled.
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Microplastics Approach

Summary Statistics for Chemicals

USGS scientists collected additional sediment samples
while in the field at the SAM nearshore sediment sites to
pilot a microplastic extraction and enumeration method in
the USGS Washington Water Science Center laboratory. As
of 2018, field and laboratory protocols for characterizing
microplastics in sediment are experimental; State and federally
approved standard do not exist. USGS funded this pilot-like
microplastics analysis to help refine laboratory methods and
establish a preliminary status of plastics in the nearshore
environment of Puget Sound.
All sediment samples were collected at the same time and
used the same collection methods as those used for chemical
analyses, and are described in the project QAPP. Samples
were placed in glass jars with foil-lined lids. Prior to removing
plastics from the sediment, each sample was homogenized
with a clean stainless-steel spoon, and a weighed portion
of the sample was removed for analysis. Each sample was
processed using the extraction method described in National
Oceanic and Atmospheric Administration (2016). During the
extraction process, retained plastics were sieved into particles
larger than 1,000 μm, and those from 355 to 1,000 μm. For
each sample, plastics were counted in each size class and
characterized as either a fiber or non-fiber (beads, films, foam,
fragments, or line). Results were expressed as numbers of
plastic particles per gram of sediment.

The first approach was to provide a summary of the
range and mean concentrations of the chemicals analyzed,
as well as the percentage of sites in which a chemical was
detected. To calculate the summary statistics, the R statistical
system was used (R Development Core Team, 2006). Results
reported as not detected by the laboratories, often referred
to as censored data, are contained in the datasets used in this
study and are reported as a value less than the detection limit
at which they were assessed. These values do not indicate a
concentration of zero, but have unknown concentrations less
than the detection limit. These values present a problem when
summarizing a series of data for a particular chemical that
contains censored values. Historically, these values either were
excluded during data analysis or were assigned a value, often
one-half of the detection limit. As noted in Helsel (2005),
excluding or using an assigned value often can generate
invalid or misleading summaries of data. In this study, for
chemicals with censored values, the nonparametric KaplanMeier method was used to generate summary statistics when
less than one-half of the values were censored and the robust
Regression on Order Statistics was used if 50–80 percent of
the values were censored. Both methods effectively generate
summary statistics that minimize the potential bias that can
be created by excluding or assigning a value to censored data
(Helsel, 2005).
In addition to the summary statistics for the original
chemical concentrations determined in the laboratory,
concentrations for total PCBs, PBDEs and PAHs also were
summarized. Total PCBs and PBDEs were determined
by the sum of all the detected PCB or PBDE congener
concentrations. Total PAHs was the sum of all the detected
PAH concentrations. TOC-normalized values of the organic
chemicals (PCBs, PBDEs, PAHs, and phthalates) also were
summarized. TOC-normalized concentrations of organic
pollutants often are presented because the toxicity of these
chemicals is well correlated with the percentage of organic
carbon in a sediment sample (Roy and Griffin, 1985; DiToro
and others, 1991). A similar correlation typically is not
observed with the original laboratory concentrations. Organic
chemicals are known to preferentially partition into the
organic material in sediment, whereas metals are not known
to do this. To create a TOC-normalized concentration, the
original concentration is divided by the percentage of TOC
expressed as a decimal. The TOC values by site are presented
in appendix 2. TOC values in the marine environment can

Analysis Approach
A series of analytical approaches were used to meet the
study objectives. The analytical approaches were designed to
summarize the following:
1.

The sediment bound chemical concentrations,

2.

The relation between chemical concentrations and
potential land-cover explanatory variables,

3.

The effects of nearshore hydrodynamic activity on
chemical concentrations,

4.

The abundance of microplastics in nearshore sediment,
and

5.

The extrapolation of the sediment chemical
concentrations from this study to the regional Puget
Sound urban nearshore scale.
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vary greatly and range from less than 0.1 percent to more
than 15 percent (Michelsen, 1992). For this study, sediment
TOC values ranged from a low of 0.05 percent to a high of
7.75 percent, with a mean of 0.68 percent. Because of the
wide range in TOC values from site to site, sediment chemical
concentrations normalized by very low or very high TOC
values can result in large changes in chemical concentrations
when compared to their original values.
When available, sediment chemical concentrations were
compared to established Washington State marine sediment
criteria or proposed target concentrations. Comparisons to
TOC-normalized criteria were avoided when possible given
the large range in the TOC percentages measured in this study,
which can substantially affect TOC-normalized data.

Extrapolating Sediment Chemical Concentration
Results to the Puget Sound Urban Nearshore Scale
To efficiently extrapolate from a relatively small number
of nearshore sites to the entire population of nearshore sample
sites, a statistically based spatially balanced study approach
known as the Generalized Random Tessellation Stratified
(GRTS) design was used (Stevens and Olsen, 2004; Cusimano
and others, 2006; Larsen and others, 2008; Roper and others,
2010; Olsen and others, 2012). Because the nearshore study
was spatially balanced and probabilistic, it is possible to
extrapolate the observed sediment chemical concentrations
at the sampling sites to the entire nearshore list of sampling
sites. Before this can be done, the spatial weight given to each
site must be adjusted based on the number of sites sampled
as well as the number of sites rejected. As noted in section,
“Site Selection,” each of the 2,048 potential nearshore sites
represented about 800 m of UGA shoreline. In accordance
with the probabilistic GRTS protocol, 49 sites were visited
in the random order in which they were identified, until 41
sites were sampled. Eight sites were removed from sampling
consideration (table 1). The final spatial weight for each site
was adjusted based on the total number of sites sampled and
the number of sites removed using the “spsurvey” analysis
package in the statistical package R (Kincaid and Olsen,
2013). The spatial weight adjustment resulted in each sample
site representing about 32 km of UGA shoreline (excluding
unincorporated Pierce County). The design of the GRTS
approach allows one to generate cumulative distribution
function (CDF) plots to evaluate the percentage of the target
population shoreline that is less than or equal to each possible
value of a particular chemical concentration (Stoddard and
others, 2005; Merritt and Hartman, 2012; Kincaid and Olsen,
2013). The R package “spsurvey” (Kincaid and Olsen,
2013) was used to generate CDF plots for all chemical
concentrations.

A CDF plot for a particular chemical sampled using a
GRTS design establishes a baseline with which future surveys
(using the same probabilistic design) can be compared as
a means of assessing trends. Such an approach represents
a potentially more accurate method for evaluating the
regional scale trend of sediment quality than using traditional
measures of central tendency such as the mean or median
value of a particular chemical concentration of sampled sites.
Depending on the expected response of a particular chemical
to environmental stressors or to restoration measures, the
CDF would be expected to shift to the left (that is, lower
concentrations dominate the distribution) or right (that is,
higher concentrations dominate the distribution). Confidence
intervals for each CDF provide a statistical basis for assessing
significant changes.

Effects of Land Cover and Geologic Features on
Sediment Quality
To evaluate the role of land-cover and geologic features
on nearshore sediment chemical concentrations, two different
scales were analyzed:
1.

Watershed land cover (that is, nearshore adjacent
watersheds), and

2.

Shoreline land cover (that is, within 200 m of the
shoreline).

These approaches are identical to those used by the SAM
Status and Trends Mussel Monitoring study (Lanksbury and
others, 2017).
Watershed Land Cover—To characterize land cover
on a watershed scale adjacent to each nearshore sediment
site, land-cover data from the National Land Cover Dataset
(Homer and others, 2015) were overlaid onto predefined,
watershed catchment areas adjacent to the Puget Sound
shoreline. These localized watershed catchment areas
originally were developed by Ecology for another purpose
(Stanley and others, 2016), but were determined to be of a size
and location appropriate for use in this study (median area of
8.8 km2) because of their proximity to and hypothesized direct
influence on the nearshore environment. For each watershed,
we characterized the percentage of land area covered by
urbanization, forest, agriculture, and wetlands; and the average
value (that is, intensity in percent) of impervious surfaces
and road density within each watershed to investigate the
influence of each of these attributes on nearshore sediment
contamination (appendix 3).
Shoreline Land Use and Geologic Classes—In contrast
to the analysis using the localized watersheds, the effect
of land use at a smaller nearshore scale also was used. The
percentage of land area covered by urbanization, forest, and
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agriculture within 200 m (656 ft) of the shoreline adjacent
to each sediment site was calculated, as well as the Geologic
Class using data from the National Oceanic and Atmospheric
Administration C-CAP Land Cover Atlas (https://coast.
noaa.gov/digitalcoast/tools/lca.html, accessed January 10,
2018), which reports land use related to discrete shoreline
segments (appendix 3). The C-CAP shoreline segments are a
modification of the Salmon and Steelhead Habitat Inventory
and Assessment Project “GeoUnit” attribute, which used the
Washington Department of Natural Resources ShoreZone and
various other sources and methods to develop the segments
(McBride and others, 2009).
Two statistical techniques were used to evaluate the
relation between these land-cover and geologic attributes on
sediment chemistry concentrations. These included linear
regression and an ensemble learning method known as
Random Forest (RF) regression. To determine if watershed
land-cover, shoreline land-cover, or geologic features of
the watershed adjacent to the nearshore sediment sampling
sites were statistically related to the concentrations of the
chemicals present at each site, stepwise linear regression
and RF analysis were used for each compound of interest
(Sokal and Rohlf, 1981; Prasad and others, 2006; Cutler and
others, 2007). A forward stepwise linear regression method
was used to fit regression models to each of the chemicals
without censored values, in which the selection of land-cover
and (or) geologic predictive variables was carried out by an
automatic procedure that resulted in significant overall models
(p=0.05) and significant parameter estimates for the selected
predictor variables. All concentration values were natural
log transformed prior to the regression analyses to meet the
normality assumption of regression (Sokal and Rohlf, 1981).
RF analysis is an alternative to multiple regression
that can be used to examine nonlinear relations between
a particular dependent variable (such as a chemical
concentration) and various explanatory variables (such as
various land-cover features within a watershed adjacent to a
sampling site). RF is a type of regression tree analysis that
does not rely on assumptions about the relation between
response and predictor variables and allows for interactions
and nonlinearities among variables. RF methods have
numerous benefits over other regression tree methods. First,
RF methods enhance predictive abilities while limiting
overfitting. Second, RF can model complex interactions
among predictor variables. For example, when predictor
variables are highly correlated but good predictors of response
variable, traditional stepwise and criterion-based variable
selection procedures typically will retain only one or two of
the correlated variables and discard the rest. RF procedures
distribute the importance of the correlated predictor variables
and guard against eliminating predictor variables that may
be important, but are correlated with other predictors (Cutler

and others, 2007). Finally, RF has a robust approach to
characterizing the relative importance of predictor variables;
the most important predictors will have the largest decrease
in model predictability (that is, explanation power) when they
are removed from the model. The RF method also identifies
the percentage of variance explained for each model. The RF
procedure was done using the R statistical system (Liaw and
Wiener, 2002; R Development Core Team, 2006).

Effects of Marine Hydrodynamics on Sediment Quality
The Puget Sound shoreline can be divided into segments,
referred to as drift cells, based on the movement of sediment
along the shore by waves, tides, and winds (Johannessen and
MacLennan, 2007; Simenstad and others, 2011). Drift cells
can range from 50–100 m to about 65 km in length, and are
essentially compartments within which sediment transport
is confined and that are relatively independent of each other.
Each cell includes three main parts:
1.

Source(s) of beach material,

2.

A transport zone, and

3.

Area(s) where materials are deposited.

Each of these drift cells has a substantial influence on the
formation and maintenance of shorelines throughout Puget
Sound. The Ecology Coastal Atlas Map (https://fortress.
wa.gov/ecy/coastalatlas/tools/Map.aspx) characterizes the
coast of Puget Sound in terms of one of five drift cell types:
1.

Divergence Zone—A segment of erosional shoreline
where net shore drift can be in either direction. A
divergent zone is the common origin of two drift cells
with net shore drift in opposite directions.

2.

Right to Left—The net shore drift moves from right to
left as you look at the shoreline from the water.

3.

Left to Right—The net shore drift moves from left to
right as you look at the shoreline from the water.

4.

No Appreciable Drift—No significant net shore drift
owing to limited sediment supply (a rocky shoreline, for
example), very low wave energy (in marshes or small
estuaries), or a shoreline where artificial fill and other
modifications extend into deep water.

5.

Undefined—No drift cell information available for this
location.

For this study, each SAM nearshore sediment site was defined
as being in one of these 5 drift cells (appendix 3). For each
chemical compound of interest, concentrations for sites within
each of these drift cells were statistically compared.

12  Nearshore Sediment Monitoring for the Stormwater Action Monitoring (SAM) Program, Puget Sound, Western Washington

The sediment concentrations of total PCBs, total of the 12
most toxic PCB congeners, total PBDEs, total PAHs, and those
PAHs and metals with State criteria were each individually
compared across each of the five drift cell categories using the
nonparametric Kruskal-Wallis test. If a statistically significant
difference between drift cells occurred for a particular
compound, a Conover-Inman post-hoc pairwise comparison
test was done to determine which of the five drift cells were
significantly different from one another. For those compounds
with censored values, a modified Kruskal-Wallis test as
described in Helsel (2005) was used. The R statistical system
was used for these analyses (R Development Core Team,
2006).

Results of Puget Sound Nearshore
Monitoring
The nearshore sediment chemical concentration results
summarized across the probabilistically selected sites to
describe the UGA shoreline identified for the SAM nearshore
study generally indicated low concentrations of organic
contaminants and moderate-to-low concentrations of metals.
Although concentrations of some of the PAHs were greater
than the Washington State marine sediment criterion, we
determined that, for all chemicals examined, 96 percent or
more of the 1, 344 km of shoreline represented by the study
were had concentrations less than any established criteria.

Comparison with Mussel and Other Sediment Results
Although the SAM 2015-16 Mussel Monitoring Survey
(Lanksbury and others, 2017) was not done at the same time
as the nearshore sediment sampling (6 months difference),
Thirty-one of the 41 sediment sites were collocated with the
mussel sampling sites. Chemical results for the collocated
sediment and mussel sites were graphically compared to
examine relations between the two media and to examine
the potential benefit of sampling both media simultaneously.
Additionally, the sediment samples collected as part of
this study were compared to all marine sediment sampling
results of the (PSEMP) during 2002–14 (Dutch and others,
2009; Environmental Information Management System
data, accessed August 2017, at https://fortress.wa.gov/
ecy/eimreporting/). To place the SAM nearshore sediment
results in context with another Washington State marine
sediment collection effort, with documented methods and data
contained in a publicly accessible database, simple tabular
and graphical comparisons were made between these two
study results for those compounds common to both programs.
Although both the SAM and PSEMP projects sampled Puget
Sound marine sediments, PSEMP used different collection
methods, locations, and sampling time of year. For example,
PSEMP collected samples primarily in June, did not field
sieve their samples, and collected deeper samples. Given
these differences, no effort was made to do any statistical
comparisons; instead, comparisons were limited to tabular and
graphical methods.

Microplastics
The analysis of the microplastics results used the
same statistical approaches described in section, “Summary
Statistics for Chemicals.” Analyses were done on total number
of plastic pieces per gram of dry sediment collected at each
site. These values also were characterized by their shape
(fibers or non-fibers) and size categories (355–1,000 µm and
>1,000 µm).

Polychlorinated Biphenyl Concentrations
and Extrapolation to the Stormwater Action
Monitoring Nearshore
For this study, each sample was analyzed for 209
PCB variations, known as congeners. At least 1 of the 209
potential PCB congeners was present at all sites sampled for
this study. The percentage of PCB congeners detected varied
from site to site (fig. 3A). For example, about 21 percent of
the 209 congeners were present at one site, whereas about
94 percent of the congeners were present at another site. The
mean number of congeners detected across all sites was about
67 percent.
The mean concentration of total PCBs for the nontransformed values was 11.4 ng/g, with a minimum
concentration of 0.016 ng/g and a maximum concentration
of 359.1 ng/g (fig. 3B). The mean TOC-normalized total
PCB concentration was 1,618 ng/g with a minimum of
10 ng/g and a maximum of 40,344 ng/g. As of 2018, there
are no Washington State criteria for total PCBs in marine
sediment based on summing congeners. However, the EPA
2014 Record of Decision for the Lower Duwamish Waterway
Superfund Site cleanup identified tidally influenced total PCB
sediment concentrations to achieve specific clean-up goals
(U.S. Environmental Protection Agency, 2014). Two of these
clean-up concentration goals are presented in figure 3B. The
first goal of 1,300 ng/g (human contact) is to reduce risks
from direct contact (skin contact and incidental ingestion) to
contaminated sediments during net fishing, clamming, and
beach play to protect human health. None of the nearshore
sediment samples exceeded this concentration. A second
concentration goal of 128 ng/g (river otter) is to reduce PCBs
to concentrations that primarily protect river otter that rely on
organisms that are exposed to contaminated sediment for food.
Only one site exceeded this concentration.
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Total PCB concentration, in nanograms per gram (ng/g) dry weight

Percentage of the 209 PCB congeners identified
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Figure 3. Percentage of the 209 polychlorinated biphenyl (PCB) congeners (A), and total and total organic
carbon-normalized total PCB concentrations (B), detected at the 41 nearshore sediment sites, Puget Sound,
western Washington. Only those congeners with concentrations greater than detection limits were included in
total concentrations.
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Of the 209 PCB congeners, 12 have been identified as
being the most toxic (Van den Berg and others, 2006)—77,
81, 105, 114, 118, 123, 126, 169, 156, 157, 167, and 189.
The percentage of these 12 toxic PCB congeners detected is
presented in figure 4A. Detections ranged from about 9 percent
(1 of the 12 congeners) at one of the sites to as high as about
91 percent (11 of the 12 congeners) at the other sites. The
mean detection rate was greater than 69 percent. The mean
concentration for the total of the 12 most toxic PCB congeners
was 0.8 ng/g for the non-normalized values, with a minimum
of less than 0.01 and a maximum of 23.2 ng/g (fig. 4B). The
mean TOC-normalized value was about 124 ng/g and ranged
from about 0.2 to 2,613 ng/g.
The 12 toxic PCB congeners can be mathematically
adjusted to represent their toxicity in terms of
2,3,7,8-tetrachorodibenzo-p-dioxin (2,3,7,8-TCDD). This
adjustment produces a value known as a Toxicity EQuivalent
concentration (TEQ) of 2,3,7,8-TCDD. The mean TEQ was
0.11 mg/kg, with a minimum of less than 0.01 and a maximum
of 1.74 mg/kg (fig. 5). The TEQ of 2,3,7,8-TCDD in SAM
urban nearshore sediments was much less than the proposed
standard of 6.7 mg/kg (Narquis and others, 2008).
The GRTS design used for this study allows one
to extrapolate from the measured sediment chemistry
concentrations to the entire SAM nearshore UGA shoreline
of about 1,344 km. CDF plots for each chemical describe
the percentage of nearshore UGA shoreline that is less than
or equal to a specific concentration. The CDF plots for the
totals of 209 PCB congeners and the 12 most toxics PCB
congeners are shown as a Toxicity EQuivalent concentration
(TEQ) in figure 6. The plot for total PCBs indicates that more
than 98 percent of the potential Puget Sound UGA nearshore
shoreline (1,344 km) has concentrations of less than 128 ng/g,
the proposed criterion suggested as a concentration suitable
for protecting organisms that feed on organisms living in
sediments. Based on the total PCB CDF plot, 100 percent
of the nearshore sediment has total PCB concentrations
less than any of the PCB criteria described earlier in this
section. The TEQ concentration of the 12 most toxic PCBs
suggests that 100 percent of the nearshore UGA shoreline
has concentrations equal to or less than the proposed 6.7 mg/
kg standard. There is no Washington State marine sediment
criterion for TEQ-PCBs. However, a standard of 6.7 mg/
kg has been suggested in the literature (Narquis and others,
2008). The CDF plot in figure 6 indicates that 100 percent of
the UGA nearshore sediment has TEQ-PCB concentrations
less than this proposed standard. The maximum concentrations
for total PCBs and TEQ-PCBs at 25, 50 and 75 percent of
1,344-km nearshore UGA shoreline examined in this study are
shown in table 2.

Polybrominated Diphenyl Ether Concentrations
and Extrapolation to the Stormwater Action
Monitoring Nearshore
PBDEs have 209 potential congeners. For this study,
48 of the 209 congeners were characterized. At least 1 of the
48 PBDE congeners was present at all the sites sampled. As
of 2018, Washington State does not have a total sediment
criterion for PBDEs. The detection percentages of the 48
PBDE congeners ranged from about 14 percent to more than
83 percent, with a mean of about 45 percent (fig. 7A). As with
PCBs, the concentrations of all PBDE congeners characterized
for this study were totaled for each site and also were TOCnormalized (appendix 2). The mean concentration for the nonnormalized or original values for total PBDEs was 0.69 ng/g,
with a minimum of 0.001 and a maximum of 4.28 ng/g
(fig. 7B). The mean TOC-normalized concentration for total
PBDEs was 118.5 ng/g, with a range of 1.30–1,156.6 ng/g.
A CDF plot of total PBDEs, showing the percentage of
the 1,344-km UGA nearshore less than or equal to specific
concentrations, is presented in figure 8. Unlike the PCB
curves, the total PBDE plot suggests a greater range in
potential concentrations with greater uncertainty, given the
wider 95-percent confidence intervals. There is no Washington
State marine sediment criterion for total PBDEs, but the CDF
plots can be used to examine the proportions of UGA shoreline
that currently are equal to or less than various concentrations
(table 2), and can be used to statistically evaluate changes in
concentration over time.

Polycyclic Aromatic Hydrocarbon
Concentrations and Extrapolation to the
Stormwater Action Monitoring Nearshore
Nearshore sediments were analyzed for 42 different
PAHs in this study. At least 1 of these 42 PAHs was detected
in all sediment samples. The mean detection of these 42
PAHs across the sampled sites was about 61 percent, with
minimum and maximum detection percentages of 29.3 and
85.4 percent, respectively (fig. 9A). Total non-normalized
PAH concentrations ranged from 0.007 to 37.34 mg/kg, with
a mean of 1.49 mg/kg (fig. 9B). TOC-normalized total PAH
concentrations ranged from 7.28 to 989.93 mg/kg, with a mean
of 109.25 mg/kg.
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Percentage of the 12 most toxic PCB congeners identified
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50th percentile
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Interquartile
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25th percentile
60
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40
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0

Total PCB concentration of the 12 most toxic PCB congeners,
in nanograms per gram (ng/g) dry weight

B
1,000.0
Min=0.0003 ng/g
Mean=0.8 ng/g

100.0

Max=23.2 ng/g

10.0

1.0

0.1
Min=0.22 ng/g

0.01

Mean=123.7 ng/g
Max=2,611.7 ng/g

0.001

0.0001
Original

TOC-normalized

Original concentration or total organic carbon (TOC)-normalized

Figure 4. Percentage of the 12 most toxic polychlorinated biphenyl (PCB) congeners (A), and total and total organic
carbon-normalized total of the 12 most toxic PCB congener concentrations (B), detected at the 41 nearshore sediment
sites, Puget Sound, western Washington. Only those congeners with concentrations greater than detection limits were
included in total concentrations.
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Twelve most toxic PCB congeners represented in Toxicity EQuivalent concentration (TEQ) of
2,3,7,8-tetrachorodibenzo-p-dioxin, in milligrams per kilogram (mg/kg) dry weight

10.000

EXPLANATION
Proposed TEQ standard of 6.7 mg/kg

Maximum
75th percentile

50th percentile
(median)

1.000

25th percentile

Minimum

0.100

Minimum=0.0003 mg/kg
Mean=0.11 mg/kg
Maximum=1.74 mg/kg

0.010

0.001

Figure 5. Twelve most toxic polychlorinated biphenyl (PCB) congeners represented as a Toxicity EQuivalent
concentration (TEQ) of 2,3,7,8-tetrachorodibenzo-p-dioxin at the 41 nearshore sediment sites, Puget Sound,
western Washington. Only those congeners with concentrations greater than detection limits were included in
total concentrations.
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Estimate of the cumulative distribution
function for the proportion of Urban
Growth Area (UGA) nearshore length
associated with the indicated chemical
concentrations
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interval of the estimate
50

Washington State standard or criterion
and the associated percentage of UGA
nearshore length less than this value
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Total PCBs, in nanograms per gram (ng/g) dry weight
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Percentage of UGA nearshore length

100
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Figure 6. Concentrations of total polychlorinated biphenyls (PCBs) of 209 congeners (A), and Toxicity EQuivalent
concentration (TEQ) of the 12 most toxic PCBs in sediment (B), from 41 study sites extrapolated to represent 1,344 kilometers
of shoreline of Puget Sound Urban Growth Area, western Washington.
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Table 2. Compound-specific maximum concentrations at various percentages of Urban Growth Area (UGA) nearshore shoreline
represented by the Stormwater Action Monitoring sediment study, Puget Sound, western Washington.
[Values in parentheses are 95-percent confidence intervals. All values are based on cumulative distribution function data output from the R statistical package
“spsurvey” (Kincaid and Olsen, 2013). Compound: PAH, polycyclic aromatic hydrocarbon; PBDE, polybrominated diphenyl ether; PCB, polychlorinated
biphenyl; TEQ, Toxicity EQuivalent concentration; mg/kg, milligram per kilogram; ng/g, nanogram per gram. Abbreviation: km, kilometer]

Compound
Total PCBs (ng/g)
TEQ-PCB (mg/kg)
Total PBDEs (ng/g)
Total PAHs (mg/g)
2-methylnaphthalene (mg/kg)
Acenaphthene (mg/kg)
Acenaphthylene (mg/kg)
Anthracene (mg/kg)
Benz[a]anthracene (mg/kg)
Benzo(a)pyrene (mg/kg)
Benzo(g,h,i)perylene (mg/kg)
Chrysene (mg/kg)
Dibenzo(a,h)anthracene (mg/kg)
Fluoranthene (mg/kg)
Fluorene (mg/kg)
Indeno(1,2,3-cd)pyrene (mg/kg)
Naphthalene (mg/kg)
Phenanthrene (mg/kg)
Pyrene (mg/kg)
Arsenic (mg/kg)
Cadmium (mg/kg)
Chromium (mg/kg)
Copper (mg/kg)
Lead (mg/kg)
Mercury (mg/kg)
Zinc (mg/kg)

Maximum concentration
at 25 percent (336 km) of
nearshore UGA shoreline

Maximum concentration at
50 percent (672 km) of
nearshore UGA shoreline

Maximum concentration at
75 percent (1,008 km) of
nearshore UGA shoreline

0.128 (0.105–0.334)
0.0013 (0.0009–0.0021)
0.03 (0.016–0.04)
0.038 (0.024–0.051)
0.0005 (0.0004–0.0005)
0.00099 (0.00097–0.001)
0.0005 (0.00049–0.00051)
0.0004 (0.0003–0.0008)
0.0006 (0.0004–0.0015)
0.0013 (0.001–0.0029)
0.0013 (0.0005–0.0017)
0.0018 (0.0006–0.0034)
0.0005 (0.0005–0.0006)
0.003 (0.001–0.004)
0.0005 (0.0003–0.0005)
0.0007 (0.0004–0.0014)
0.001 (0.00097–0.0012)
0.002 (0.001–0.003)
0.002 (0.001–0.005)
1.9 (1.7–2.1)
0.079 (0.073–0.089)
14.2 (13–15)
5 (4.5–5.6)
1.99 (1.66–2.55)
0.014 (0.011–0.017)
19.9 (19.5–22)

0.6 (0.39–1)
0.01 (0.003–0.03)
0.09 (0.05–0.17)
0.1 (0.06–0.24)
0.0006 (0.0005–0.001)
0.001 (0.001–0.0011)
0.0006 (0.0005–0.0021)
0.0014 (0.0008–0.006)
0.003 (0.002–0.011)
0.0048 (0.003–0.014)
0.005 (0.002–0.008)
0.006 (0.004–0.018)
0.001 (0.0006–0.0017)
0.009 (0.005–0.028)
0.0009 (0.0005–0.0018)
0.004 (0.002–0.006)
0.0015 (0.0012–0.0026)
0.005 (0.003–0.012)
0.01 (0.005–0.03)
2.5 (2.2–3.5)
0.116 (0.09–0.12)
16.7 (15–20.7)
7 (5.8–9)
4.25 (2.8–5.78)
0.026 (0.018–0.037)
24.1 (22–27.9)

2.6 (1.46–5.3)
0.1 (0.04–0.203)
0.42 (0.2–2.1)
0.5 (0.22–1.1)
0.003 (0.0015–0.0048)
0.0025 (0.001–0.004)
0.0047 (0.002–0.0078)
0.01 (0.0062–0.02577)
0.021 (0.012–0.04)
0.0238 (0.0138–0.04068)
0.018 (0.001–0.036)
0.034 (0.0201–0.09)
0.0047 (0.00295–0.011)
0.075 (0.03–0.14)
0.0055 (0.0019–0.0076)
0.014 (0.0069–0.028)
0.0056 (0.0028–0.009)
0.038 (0.012–0.052)
0.078 (0.036–0.13)
4.4 (3.8–5.7)
0.58 (0.22–0.83)
24 (19–28.3)
18.1 (10–29)
7.9 (5.9–13.5)
0.059 (0.046–0.074)
46.5 (30.1–67.2)

A CDF plot of total PAHs indicating the percentage of
the 1,344-km UGA nearshore less than or equal to specific
concentrations is presented in figure 10. Like the PCB curves,
the total PAH plot indicates that concentrations are very
low for a very high percentage of nearshore UGA sediment.
As with total PBDEs, there is no marine sediment criterion
for total PAHs. However, the data presented in figure 10
and table 2 also can be used in a similar manner to that of
total PBDEs to characterize current conditions as well as to
evaluate changes over time.
Although criteria for total PAH concentration in marine
sediments do not exist in Washington, criteria for select PAHs
do exist. The results for these individual PAH compounds and

the Washington State criteria are presented in table 3 for the
original and TOC-normalized concentrations. Site-specific
values are presented in appendix 4. Criteria for each of these
PAHs are for the original concentrations. Of the 15 PAHs
analyzed, concentrations of 9 of them were determined to be
greater than the criteria at one site, and concentrations of 1
of them were determined to be greater than the criteria at two
sites. Of the two sampled sites with concentrations greater
than criteria, both were in areas with minimal water movement
and were adjacent to areas with light industry and active rail
lines. The PAHs with the largest concentration exceedances of
criteria were fluoranthene and pyrene (table 3).
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Figure 7. Percentage of the 48 polybrominated diphenyl ether (PBDE) congeners (A), and total and total organic
carbon-normalized total PBDE concentrations (B), detected at the 41 nearshore sediment sites, Puget Sound,
western Washington. Only those congeners with concentrations greater than detection limits were included in total
concentrations.
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Figure 8. Concentrations of total polybrominated diphenyl ethers (PBDEs) (48 congeners) in sediment from 41 study
sites, representing 1,344 kilometers of shoreline of the Puget Sound Urban Growth Area, western Washington.

CDF plots for each of each of the individual PAHs
with criteria were generated to determine what percentage
of the SAM UGA nearshore environment exceeded specific
criteria. These plots are shown in figure 11. For many of the
PAHs with criteria (2-methylnaphthalene, acenaphthene,
acenaphthylene, fluorene, naphthalene), field sample
concentrations were all less than the criteria. This resulted in
CDF plots for these compounds that indicate 100 percent of
the UGA nearshore shoreline sediment has concentrations less
than the Washington State criteria. The remaining PAHs had
one or two samples with concentrations greater than the State
criteria. Based on these plots, more than 96 percent of the
UGA nearshore sediment has concentrations less than State
marine criteria. Like the PCB plots, the individual PAH plots
show a very rapid rise to 100 percent, suggesting a narrow
range in individual PAH concentrations across the nearshore

tac18-1217_fig08

UGA sediment shoreline. As with total PCBs, PBDEs and
PAHs, the maximum concentrations at 25, 50, and 75 percent
of the 1,344-km nearshore UGA shoreline examined in this
study are presented in table 2.

Phthalate Concentrations
For the nearshore sediment study, samples were analyzed
for six phthalates. Of these 6 compounds, diethyl phthalate
was the only compound detected in more than 5 percent
of the sites (table 4). Site-specific phthalate concentrations
are shown in appendix 5. CDF plots for the phthalates with
Washington State criteria were not produced, given that only
one or two sites had samples with concentrations greater than
the detection limits (making such plots of no practical value to
this study).
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Figure 9. Percentage of the 42 polycyclic aromatic hydrocarbon (PAH) compounds (A), and total and total organic
carbon-normalized total PAH concentrations (B), detected at the 41 nearshore sediment sites, Puget Sound, western
Washington. Only those PAH compounds with concentrations greater than detection limits were included in total
concentrations.
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Figure 10. Concentrations of total polycyclic aromatic hydrocarbons (PAHs; 42 compounds) in sediment from 41 study sites,
representing 1,344 kilometers of shoreline of the Puget Sound Urban Growth Area, western Washington.

Table 3. Summary statistics for concentrations of polycyclic aromatic hydrocarbon compounds, with corresponding Washington State
sediment criteria, collected at the 41 Stormwater Action Monitoring sampling sites, and sediment samples collected as part of the Puget
Sound Ecosystem and Monitoring Program (Dutch and others, 2009), Puget Sound, western Washington, 2002–14.
[Mean values were calculated using the approach outlined in Helsel (2005). Bold values indicate concentrations greater than the Washington State marine
sediment criteria. PAH compound: polycyclic aromatic hydrocarbon compound. Criteria: Washington State sediment concentration criteria for PAH
compounds. Sites > criteria: Sites with PAH concentrations greater than criteria; –, no sites for this PAH compound had concentrations greater than this criteria.
Min.: Minimum. Max.: Maximum. Abbreviations: mg/kg, milligram per kilogram; nd, less than detection limit]

PAH compound

2-Methylnaphthalene
Acenaphthene
Acenaphthylene
Anthracene
Benz[a]anthracene
Benzo(a)pyrene
Benzo(g,h,i)perylene
Chrysene
Dibenzo(a,h)anthracene
Fluoranthene
Fluorene
Indeno(1,2,3-cd)pyrene
Naphthalene
Phenanthrene
Pyrene
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Percent
detection

68
32
56
85
98
90
100
100
78
100
80
95
73
95
100

Original value
(mg/kg, dry weight)
Min.

Mean Max.

nd
nd
nd
nd
nd
nd
0.000
0.000
nd
0.000
nd
nd
nd
nd
0.000

0.01
0.01
0.01
0.04
0.06
0.06
0.05
0.10
0.01
0.22
0.01
0.04
0.03
0.12
0.30

0.26
0.28
0.30
1.03
1.63
1.70
1.38
2.42
0.32
6.32
0.38
1.09
0.94
3.71
6.47

Criteria
Sites
(mg/kg,
> criteria
dry weight)

Total organic carbonnormalized concentration
(mg/kg, dry weight)
Min.

0.67
0.50
1.30
0.96
1.30
1.60
0.67
1.40
0.23
1.70
0.54
0.60
2.10
1.50
2.60

–
–
–
11
11
11
11
11
11
11
–
11
–
11
11, 43

nd
nd
nd
nd
nd
nd
0.17
0.25
nd
0.31
nd
nd
nd
nd
0.31

Puget Sound Ecosystem
Monitoring Program
results, 2002–14
(mg/kg, dry weight)

Mean

Max.

Min.

Mean

Max.

0.65
0.58
0.91
2.33
4.23
4.88
3.70
7.96
1.07
13.33
0.90
2.84
1.83
6.12
21.27

3.40
3.66
6.58
16.85
39.44
31.35
25.69
68.20
7.12
100.90
5.66
19.23
14.28
47.87
441.57

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

0.03
0.01
0.01
0.03
0.03
0.04
0.03
0.06
0.01
0.12
0.02
0.03
0.07
0.09
0.08

0.26
0.27
0.32
0.89
1.22
1.02
0.51
1.91
0.18
4.30
0.44
0.68
1.48
1.46
2.15

Percentage of UGA nearshore length

Percentage of UGA nearshore length
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length associated with the indicated chemical
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percentage of UGA nearshore length less than this value

Figure 11. Concentrations of 15 polycyclic aromatic hydrocarbons with Washington State marine sediment criteria in
sediment from 41 study sites representing 1,344 kilometers (km) of shoreline of the Puget Sound Urban Growth Area (UGA),
western Washington. Phthalate sediment concentrations in 100 percent of the 1,344 km of Puget Sound UGA shoreline were
less than the Washington State criteria, unless noted otherwise. To effectively generate the cumulative distribution functions,
one-half of the detection limit was used for all non-detects.
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Figure 11. Continued.
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Figure 11. Continued.
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Figure 11. Continued.

Table 4. Summary statistics for phthalate concentrations with Washington State sediment criteria from 41 Stormwater Action
Monitoring sampling sites, Puget Sound, western Washington.
[Mean values were calculated using the approach outlined in Helsel (2005) to account for those concentrations less than detection limits. Min.: Minimum; nd,
less than detection limit. Max.: Maximum. Criteria: Washington State sediment concentration criteria for phthalates. Abbreviation: mg/kg, milligram per
kilogram]

Phthalates
bis(2-ethylhexyl) phthalate
Butyl benzyl phthalate
Diethyl phthalate
Dimethyl phthalate
Di-n-butyl phthalate
Di-n-octyl phthalate
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Percent
detection
5
3
49
3
3
3

Original value
(mg/kg, dry weight)
Min.

Mean

Max.

nd
nd
nd
nd
nd
nd

0.05
0.03
0.02
0.06
0.03
0.03

0.61
0.03
0.14
0.06
0.03
0.03

Criteria
(mg/kg, dry weight)
1.300
0.063
0.200
0.071
1.400
6.200

Total organic carbon-normalized
concentration (mg/kg, dry weight)
Min.

Mean

Max.

nd
nd
nd
nd
nd
nd

34.96
26.80
6.40
0.81
28.10
30.36

56.85
26.80
61.10
0.80
28.10
30.40
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Metal Concentrations and Extrapolation to the
Stormwater Action Monitoring Nearshore

Sediment Chemistry Concentrations in Relation
to Land-Use and Geologic Features

For the 11 metals analyzed during this study, 8 metals
have marine sediment criteria (table 5). All the metals except
silver were present in greater than 90 percent of the sites.
However, concentrations of the eight metals were less than the
Washington State criteria. Site-specific metal concentrations
are shown in appendix 6.
Unlike the organic compounds, the metals had a much
greater diversity of concentrations across the population of
sampling sites (fig. 12). This increased diversity is represented
by CDF plots that do not rise as rapidly as those for the
organics and have much broader confidence intervals. None
of the metal samples collected as part of the 41 site sampling
activities had metal concentrations exceeding Washington
State criteria (table 5). The CDF plots for each of the metals
with criteria indicate that 100 percent of the UGA nearshore
shoreline have metal concentrations less than State marine
sediment criteria. As with the organics, the maximum
concentrations at 25, 50, and 75 percent of the 1,344-km
nearshore UGA shoreline examined in this study are presented
in table 2.

A stepwise linear regression analysis was done on
numerous chemical constituents with no censored values. The
results of these analyses are shown in table 6. Although all the
regression models and predictor variables were significant at
the p=0.05 level, the amount of the variation (r2) in each of the
chemical concentrations explained by the predictor variables
was very low, and ranging from a low of 13 percent for total
PCBs to a high of 58 percent for copper. In most cases, the
stepwise procedure identified only one significant predictor
variable, which often was the percentage of clay in each of
the samples. For total PCBs, a total of the 12 most toxic PCBs
and lead, the abundance of urban land cover in the adjacent
watershed was determined to be the most significant predictor
variable. However, these models explained only 13–14 percent
of the variation in PCB concentrations and 26 percent of the
variation in lead concentrations. In some cases, the stepwise
regression procedure identified significant two-predictor
variable models (table 6). For three of these chemicals,
the percentage of clay in the sample and the percentage of
shoreline urban land cover were the most significant predictor
variable. These models were for chromium, copper, and zinc.

Table 5. Summary statistics for metal concentrations for 41 Stormwater Action Monitoring sampling sites and sediment samples
collected as part of the Puget Sound Ecosystem and Monitoring Program (Dutch and others, 2009), Puget Sound, western Washington,
2002–14.
[Mean values were calculated using the approach outlined in Helsel (2005) to account for those concentrations less than detection limits. Min.: Minimum; nd,
less than detection limit. Max.: Maximum. Criteria: Washington State sediment concentration criteria for metals; –, No Washington State criteria exist for this
metal. Abbreviation: mg/kg, milligram per kilogram]

Metals
Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Silver
Tin
Zinc

Percent
detection
100
98
100
100
100
98
100
90
34
100
100

Nearshore sediment
(mg/kg, dry weight)
Min.
1.05
nd
6.79
3.00
0.99
nd
4.39
nd
nd
0.16
13.50

Mean
3.81
0.40
21.49
15.37
8.26
0.04
19.74
0.51
0.08
1.72
38.68

Max.

Criteria
(mg/kg, dry
weight)

13.50
2.23
90.60
82.20
54.90
0.22
76.70
2.25
0.32
34.10
208.00

57
5.1
260
390
450
0.41
–
–
6.1
–
410

Puget Sound Ecosystem Monitoring Program
results, 2002–14 (mg/kg, dry weight)
Min.

Mean

Max.

0.87
nd
8.86
3.09
1.40
nd
5.69
nd
nd
nd
16.10

6.04
0.48
36.34
24.36
10.60
0.08
31.70
0.72
0.14
0.92
63.03

31.20
3.78
127.00
195.00
66.40
0.80
142.00
11.20
1.15
5.66
492.00

Percentage of UGA nearshore length

Percentage of UGA nearshore length
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Figure 12. Concentrations of seven select metals in sediment from 41 study sites representing 1,344 kilometers (km) of
shoreline of the Puget Sound Urban Growth Area (UGA), western Washington. Metal concentrations in 100 percent of the
1,344 km of Puget Sound UGA shoreline were less than the Washington State criteria. To effectively generate the cumulative
distribution functions, one-half of the detection limit was used for all non-detects.
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Figure 12. Continued.

The copper and zinc models had r2 values of 0.58 and 0.52,
respectively. The most significant model for mercury included
the percentage of agricultural land cover in the watershed and
the percentage of clay in the sample, with an r2 value of 0.33.
A second statistical approach also was used to determine
if various land-use, geologic, and (or) physical characteristic
of the sediment present at each site were empirically related
to the concentrations of the chemicals at each site. The results
of the Random Forest analyses are shown in table 7, which
indicates the percentage of variation in chemical concentration
explained by the explanatory variables and the individual

tac18-1217_fig12b

importance of each explanatory variable. The importance
values indicate the degree to which the percentage of variance
explained is reduced if a particular explanatory variable
is removed from the statistical model. For example, the
percentage of clay in a sample was the most important (“Clay
% in the sample” in table 7; importance value of 31) variable
in explaining the concentration of zinc in the nearshore
sediment samples, but the percentage of shoreline urban land
use (“NOAA shoreline % urban” in table 7; importance value
of 28) was a close second.

30  Nearshore Sediment Monitoring for the Stormwater Action Monitoring (SAM) Program, Puget Sound, Western Washington

For all the organics, none of the explanatory
variables evaluated explained the variation in the chemical
concentrations. However, numerous land-use and physical
features of the sediment samples explained the variation in
the concentration of many metals (table 7). For example,
almost 54 percent of the variation in cadmium concentrations
could be explained by the percentages of clay, sand, silt, and
agriculture in the watershed (table 7). The lowest percentage
of variability explained was for nickel at 8.66 percent. For
cadmium, chromium, copper, lead, nickel and zinc, the
percentage of shoreline urban or forest land use and the

composition of the sediment sample (that is, percentage of
clay, sand and silt) generally were important predictors. The
stepwise regression (table 6) and Random Forest (table 7)
methods produce different results in terms of the percentage
of variability in metal concentrations explained by the
explanatory variables. These two methods use very different
statistical procedures and likely are responding to a relatively
small sample size of 41. Nevertheless, both modeling
approaches identified the importance of sediment size in
predicting metal concentrations.

Table 6. Stepwise linear regression results for relation between sediment chemical concentrations and
land-use and geologic features.
[All models and predictor variables are significant at the p=0.05 level. Chemical: PAHs, polycyclic aromatic hydrocarbons;
PBDEs, polybrominated diphenyl ethers; PCBs, polychlorinated biphenyls; TEQ, Toxicity EQuivalent]

Chemical

Percent variation explained Significant selected predictor variable (associated
(r2 ×100)
parameter estimate, in percent)
Total for organics

Total PCBs
Total of 12 most toxic PCBs
TEQ-PCB
Total PBDEs
Total PAHs

0.13
0.14
0.24
0.46
0.38

Benzo(g,h,i)perylene
Benz[a]anthracene
Chrysene
Fluoranthene
Pyrene

0.33
0.32
0.36
0.34
0.33

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Tin
Zinc

0.23
0.30
0.35
0.58
0.26
0.33
0.20
0.20
0.52

Urban in watershed (0.030)
Urban in watershed (0.035)
Sand (-0.05)
Clay (0.22)
Clay (0.21)
Specific PAHs
Clay (0.20)
Clay (0.27)
Clay (0.62)
Clay (0.055)
Clay (0.24)
Metals
Clay (0.052)
Sand (-0.027)
Clay (0.032), shoreline urban (-0.005)
Clay (0.074), shoreline urban (0.009)
Urban in watershed (0.021)
Clay (0.071), agriculture in watershed (-0.034)
Shoreline urban (-0.006)
Shoreline urban (0.015)
Clay (0.046), shoreline urban (0.007)

–
53.67
19.64
34.17
15.99
–
8.66
–
41.9

–

Insufficient numbers of detections

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Tin
Zinc

–
–
–
–
–
–

% variation in chemical
concentration explained by
the explanatory variables

Total PBDEs (48 congeners)
Total PCBs (209 congeners)
Total PCBs–12 most toxic congeners
TEQ-PCB (mg/kg)
Total PAHs (41 compounds)
Specific PAHs: Benzo(g,h,i)perylene, benz[a]
anthracene, chrysene, fluoranthene, pyrene

Chemical

Clay % in the sample
ns
34
19
19
17
ns
ns
ns
31

ns

ns
ns
ns
ns
ns
ns

Sand % in the sample
ns
38
ns
ns
ns
ns
ns
ns
21

ns

ns
ns
ns
ns
ns
ns

Silt % in the sample

ns
ns
ns
ns
ns
ns

ns
40
ns
ns
ns
ns
ns
ns
19

ns
ns
ns
ns
14
ns
ns
ns
ns
ns

Metals

ns

Phthalates

ns
ns
ns
ns
ns
ns

Incorporated or
unincorporated
Organics

Road density
ns
ns
ns
ns
ns
ns
18
ns
ns

ns

ns
ns
ns
ns
ns
ns

% urban (watershed)
ns
ns
ns
ns
15
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

% forest (watershed)
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

% agriculture
(watershed)
ns
14
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

% wetland (watershed)
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

% impervious
(watershed)
ns
ns
ns
ns
23
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

NOAA shoreline
geologic category

Explanatory land-use, geologic, or physical variables
NOAA shoreline % urban
ns
ns
17
17
17
ns
16
ns
28

ns

ns
ns
ns
ns
ns
ns

ns
ns
22
22
ns
ns
29
ns
14

ns

ns
ns
ns
ns
ns
ns

NOAA shoreline % forest

[Values beneath the explanatory variables are importance values and indicate the percentage of (%) change in the variation explained that would occur if that variable were removed. Chemical: PAHs,
polycyclic aromatic hydrocarbons; PBDEs, polybrominated diphenyl ethers; PCBs, polychlorinated biphenyls; TEQ, Toxicity EQuivalent; mg/kg, milligrams per kilogram. % variation in chemical
concentration explained by the explanatory variables: –, no statistically significant model could be generated. Explanatory land-use, geologic, or physical variables: NOAA, National Oceanic and
Atmospheric Administration; ns, variable was not a statistically significant contributor to the model]

ns
ns
ns
ns
ns
ns
ns
ns
ns

ns

ns
ns
ns
ns
ns
ns

NOAA shoreline %
agriculture

Table 7. Results of Random Forest analysis to determine if one or more land-use, geologic, or physical variables recorded at each of the 41 nearshore sediment sites were
related to each of the chemical concentrations in Puget Sound, western Washington.
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Effects of Marine Hydrodynamics on
Sediment Quality
Unlike the land-use and geologic variables examined, the
type of drift cell in which a site was located had a significant
effect on sediment chemical concentrations. The five drift cells
considered were (1) Divergence Zone (Divergent), (2) Right
to Left (Right), (3) Left to Right (Left), (4) No Appreciable
Drift (None), and (5) Undefined. Each of these drift cells are
uniquely characterized based on their transport of sediment.
For example, Right to Left and Left to Right drift cells have
greater and more consistent energy capable of moving and
re-sorting nearshore sediment than a No Appreciable Drift
(None) zone. A Divergence Zone has intermediate and less
consistent energy than either the Right to Left or Left to Right
drift cells.
For total PCBs, total PBDEs, and total PAHs, sites
located in drift cells characterized as None and Undefined had
significantly higher concentrations than those sites located in
drift cells characterized as Right or Left (fig. 13). The sites
characterized as Undefined included sites that were somewhat

confined by natural or man-made features. The sites located
in Divergent cells often had concentrations of intermediate
values. The 15 PAHs with Washington State sediment criteria
indicated a similar drift cell pattern as the totals presented in
figure 13. For all PAHs but acenaphthene, sediment chemical
concentrations were significantly higher at sites located within
drift cells characterized as None or Undefined. Drift cells
characterized as either Right or Left were never significantly
different from each other (table 8). In other words, drift cells
with defined directional flows and more constant transport
energy have lower organic chemical sediment concentrations
than drift cells with limited sediment transport.
Like the concentrations of organics, concentrations of
metals often were significantly higher at sites within the None
and Undefined drift cells when compared to Left or Right cells
(fig. 14). The exceptions were cadmium and chromium, which
showed no statistical difference between drift cells; however,
the highest concentrations for these compounds were present
at sites within the drift cells identified as None. The metals
also showed more variation in terms of drift cell differences
than the organics.

Table 8. Results of statistical tests to determine if sediment polycyclic aromatic hydrocarbon concentrations are significantly different
between drift cell types.
[A Kruskal-Wallis test was used to determine if there was a significant difference between drift cells for each PAH. For those PAH with censored values, the
modified Kruskal-Wallis test as described in Helsel (2005) was used. A Conover-Inman pairwise test was used to determine the significant difference between
each drift cell type for each PAH. For each PAH, drift cells are ordered from the highest to lowest mean concentration. Those drift cells with different letters are
significantly different at the p=0.05 level. PAH: polycyclic aromatic hydrocarbon. p-value: <, less than. Drift Cells ranked from highest to lowest mean
concentrations by chemical: None, No Appreciable Drift; Right, Right to Left; Left, Left to Right; Divergent, Divergence Zone; –, the Kruskal-Wallis test was
not significant]

PAH
2-methylnaphthalene
Acenaphthene
Acenaphthylene
Anthracene
Benz[a]anthracene
Benzo(a)pyrene
Benzo(g,h,i)perylene
Chrysene
Dibenzo(a,h)anthracene
Fluoranthene
Fluorene
Indeno(1,2,3-cd)pyrene
Naphthalene
Phenanthrene
Pyrene

Drift cells ranked from highest to lowest mean concentrations by chemical

Kruskal-Wallis
test statistic

p-value

Highest
concentration

17.3
8.8
18.6
17.4
15.4
16.1
16.8
16.6
20.0
15.4
15.9
18.2
14.6
15.7
15.5

0.002
0.070
0.001
0.002
0.004
0.003
0.002
0.002
<0.000
0.004
0.003
0.001
0.006
0.003
0.004

None-b
–
Undefined-c
None-b
Undefined-b
None-b
None-b
Undefined-b
None-b
None-b
None-b
None-b
None-b
None-b
Undefined -b

Lowest
concentration
Undefined-b
–
None-c
Undefined-b
None-b
Undefined-b
Undefined-b
None-b
Undefined-b
Undefined-b
Undefined-b
Undefined-b
Undefined-b
Undefined-b
None-b

Right-a
–
Right-ab
Right-a
Right-a
Right-a
Left-a
Right-a
Right-a
Right-a
Right-a
Right-a
Right-a
Right-a
Right-a

Left-a
–
Left-b
Left-a
Left-a
Left-a
Right-a
Left-a
Left-a
Left-a
Left-a
Left-a
Left-a
Left-a
Left-a

Divergent-a
–
Divergent-a
Divergent-ab
Divergent-ab
Divergent-ab
Divergent-ab
Divergent-ab
Divergent-a
Divergent-ab
Divergent-ab
Divergent-ab
Divergent-a
Divergent-ab
Divergent-ab
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Figure 13. Concentrations of total polychlorinated biphenyls (PCBs; 209 congeners) (A), total of the 12 most toxic PCB
congeners (B), total polybrominated diphenyl ethers (PBDEs; 48 congeners) (C), and total polycyclic aromatic hydrocarbons
(PAHs; 42 compounds) (D), compared to drift cell types, Puget Sound, western Washington. Left, Left to Right drift cell; Right,
Right to Left drift cell; KW, Kruskal-Wallis test statistic; p, p-value for the KW test statistic. For each compound, those drift cell
types with different letters are significantly different from each other based on Conover-Inman post-hoc pairwise comparison
tests.
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Figure 14. Concentrations of arsenic (A), cadmium (B), chromium (C), copper (D), lead (E), mercury (F), and zinc (G)
compared to drift cell types, Puget Sound, western Washington. Left, Left to Right drift cell; Right, Right to Left drift cell; KW,
Kruskal-Wallis test statistic; p, p-value for the KW test statistic. For each compound, those drift cell types with different
letters are significantly different from each other based on Conover-Inman post-hoc pairwise comparison tests.
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Sediment Compared to Mussel Tissue
Concentrations
As noted in section, “Comparison with Mussel and
Other Sediment Results,” 31 of the 41 nearshore sediment
sampling sites were collocated with SAM mussel sites in
which tissue samples were analyzed for many of the same
chemicals (Lanksbury and others, 2017). The sediment
and mussel chemical concentrations were graphically
compared for the collocated sites for total PCBs, total
PAHs, arsenic, cadmium, copper, lead, mercury, and zinc.
Graphs of total PCBs and total PAHs are shown in figure 15.
Although a preliminary examination of these graphs
suggests that elevated concentrations of total PCBs and
PAHs (both TOC‑normalized) may be related to elevated
concentrations of these compounds in mussel tissue,
mussel tissue concentrations varied greatly when sediment
concentrations were high. Traditional linear and nonlinear
statistical tests did not indicate any significant relation based
on the data presented in these figures. For metals, there
were no obvious relations between sediment and mussel
metal concentrations (fig. 16). Compared to sediment metal
concentrations, mussel metal concentrations generally were
lower and had smaller variation.

Nearshore Sediment Compared to Other
Sediment Sampling Programs
Although the SAM nearshore sediment sampling is
unique in its focus on the urban nearshore in Washington
State, Ecology has had a long-term marine sediment
monitoring program known as PSEMP. To place the SAM
nearshore sediment results in some context with the long-term
program, comparisons of the results of these two programs
are presented in tables 3 and 5, and in the figures and table
that follow. These two programs have different study goals,
methods, and sampling locations; their primary similarity
is the fact that they are sampling similar sediment chemical
concentrations in surficial marine sediments. However, the
PSEMP samples generally are collected from much deeper
locations than the SAM samples. Given the differences
between these two programs, much care was taken in
comparing results from these programs, and these results
should be viewed as exploratory.
It is well known that sediment grain size has an influence
on chemical concentrations (Ackermann and others, 1983;
Tetra Tech Inc., 1986; Shelton and Capel, 1994; Chapman
and Mann, 1999). Sediment that is finer than 2 mm in
diameter typically has higher chemical concentrations than
sediment with larger particle diameters. To address this
issue prior to examining sediment concentrations, sediment
sizes were compared between these two programs. For the
SAM nearshore sediment work, all samples were sieved in
the field to less than 2 mm in diameter, which removed all

particles greater than this prior to chemical analysis. Although
not sieved, most (94 percent) of the PSEMP samples were
each composed of grains more than 90 percent of which
were less than 2 mm in diameter. Although both sediment
sampling programs primarily were composed of sediment
less than 2 mm in diameter, the PSEMP samples were
composed of smaller particle sizes than the SAM nearshore
samples (fig. 17).
For total PCBs, PBDEs, and PAHs, the congeners and
chemicals analyzed for the two programs varied. Therefore,
before any comparisons were made, only those congeners
and compounds used in both programs were used to generate
total values for these three groups of chemicals. All chemical
comparisons were done for non-normalized values. The data
used for the PSEMP values included data from 2002 to 2014.

Organic Compound Comparisons
The concentrations for total PCBs, PBDEs, and PAHs are
compared in figure 18. For total PCBs, minimum and mean
values for the nearshore sites were lower than the PSEMP
sites. However, the maximum total PCB concentration at one
of the nearshore sites was greater than the highest PSEMP
concentration. For total PBDEs, the nearshore minimum, mean
and maximum concentrations were lower than those at the
PSEMP sites. The total PAH concentrations at the nearshore
sites were generally higher than the PSEMP sites for the
minimum, mean, and maximum values.

Individual Polycyclic Aromatic Hydrocarbons
Concentrations of individual PAH compounds, collected
as part of the SAM nearshore and PSEMP programs,
compared to Washington State sediment criteria PSEMP
are presented in table 3. As with the comparison with total
PAHs, many of the maximum values measured as part of
the nearshore study were greater than the maximum values
measured by the PSEMP study. Of the 15 individual PAH
compounds considered, 9 of the mean concentrations at
the nearshore sites were greater than the PSEMP mean
concentrations. Many of the minimum values for both
programs were less than detection limits.

Metals
A comparison of metal concentrations measured as part
of the SAM nearshore and PSEMP programs is presented in
table 5. The PSEMP concentrations generally were higher for
all the metals except tin, which had higher concentrations for
the minimum, mean, and maximum values. The minimum
arsenic concentration measured in the nearshore program was
slightly higher than the minimum arsenic concentration for the
PSEMP program.
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Figure 15. Concentrations of total polychlorinated biphenyls (PCBs) (A), and total polycyclic aromatic hydrocarbons
(PAHs) (B) in sediment compared to total PCBs and PAHs, respectively, in mussel tissue, Puget Sound, western
Washington. Mussel tissues were obtained from caged mussels deployed near the locations in which sediment was
collected. Mussel tissues were obtained about 6 months prior to the collection of nearshore sediment samples. All
concentrations were total carbon concentration (TOC)-normalized.
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Figure 16. Metal concentrations in sediment compared to metal concentrations in mussel tissue, Puget Sound,
western Washington. Mussel tissues were obtained from caged mussels deployed near the locations in which sediment
was collected. Mussel tissues were obtained about 6 months prior to the collection of nearshore sediment samples. All
concentrations were total carbon concentration-normalized.
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Figure 17. Percentage of sediment sample composed of small particles of clay (A), silt (B), and sand (C), and total organic
carbon (D) from the Stormwater Action Monitoring nearshore study, 2016, and the Puget Sound Ecosystem Monitoring
Program (PSEMP), Puget Sound, western Washington, 2002–14.
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Figure 18. Concentrations of total polychlorinated biphenyls (PCBs) (A), total polybrominated diphenyl ethers (PBDEs)
(B), and total polycyclic aromatic hydrocarbons (PAHs) (C) in sediment sampled for the Stormwater Action Monitoring
nearshore study, 2016, and the Puget Sound Ecosystem Monitoring Program (PSEMP), Puget Sound, western
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Microplastics in the Nearshore Sediment
Microplastics were detected in the nearshore sediments
collected as part of the SAM sediment sampling effort at 25 of
the 41 sites, representing a range of land cover and all the drift
cell types. Samples were characterized as either fiber or nonfiber within two size classes (>1,000 μm and 355–1,000 μm;
table 9). Total microplastic concentrations ranged from 0.022
to 0.654 pieces per gram of dry sediment, with a mean of
0.19 pieces per gram of dry sediment. The concentration of
all fibers ranged from about 0.02 to 0.48 pieces per gram,
with a mean of 0.15 pieces per gram, and was higher than
the range and mean for non-fiber pieces (about 0–0.38 pieces
per gram, mean 0.04 pieces per gram). The abundance of
all fibers was more than 270 percent higher than non-fibers.
Small microplastic pieces between 355 and 1,000 µm were
more than 300 percent more abundant than pieces greater
than 1,000 µm. For both the small and large size classes
evaluated, fibers dominated the microplastics sample by an
order of magnitude more than non-fiber plastics (table 9). The
microplastic results are presented in terms of drift cells in
figure 19. Although plastics were collected from all drift cell

types, the microplastics results in figure 19 combined Left
to Right and Right to Left drift cells into “Left” or “Right”
and Undefined and None into “None.” Although included
in figure 19, the Divergent drift cell results were excluded
from any statistical analysis because only two samples were
available. Although there were no significant differences
between microplastic densities at sites located in any of the
drift cells characterized, non-fiber pieces were higher in the
lower-energy drift cells characterized as None than those in
the higher energy drift cells characterized as Left or Right.
The median densities of small and large fibers also were
determined to be higher at sites in drift cells characterized
as None than those characterized as Left or Right, but the
variation and maximum densities of fibers generally were
higher at sites located in drift cell characterized as Left or
Right when compared to those characterized as None (fig. 19).
Like the chemical concentrations in sediment, the number of
plastic particles in sediment also was poorly related to land
cover. These findings should be evaluated with care, given
the preliminary nature of microplastic sample collection and
laboratory analysis methods.

Table 9. Number of plastic particles per gram of sediment by site, size category and type.
[See table 1 and figure 2 for locations of sites sampled. Size category and plastic type: >, greater than; μm, micrometer; –, no plastics detected in this size
category]

Size category and plastic type
Site
No.
1
11
13
14
15
17
20
21
22
24
25
26
27
29
30
31
33
35
36
37
38
40
42
43
49

355–1,000 μm

Plastic type
>1,000 μm

Fibers

Non-fibers

Fibers

Non-fibers

Total
fibers

Total
non-fibers

Total (fibers
and non-fibers)

0
0.371
0.022
0.020
0.125
0.479
0.020
0.084
0.237
0.228
0.097
0.144
0.016
0.127
0.180
0.147
0.098
0.021
0.018
0.077
0.321
0.026
0.009
0.011
0.084

0
0.202
0
0.002
0.068
0.067
0.004
0.070
0.025
0.021
0.012
0
0.024
0
0.368
0.017
0
0.003
0.018
0
0.026
0
0.007
0.004
0.016

0.039
0
0
0.049
0.073
–
0
0.042
0.010
0.024
0
0
0.043
0.057
0.098
0.008
0
0.070
0.018
0.016
0.005
0.206
0.013
0.074
0

0
0
0
0
0.010
–
0
0.009
0
0
0
0
0.003
0
0.008
0.004
0
0.003
0
0.008
0.003
0
0
0.022
0

0.039
0.371
0.022
0.069
0.198
0.479
0.020
0.126
0.247
0.251
0.097
0.144
0.060
0.185
0.278
0.155
0.098
0.091
0.036
0.093
0.326
0.233
0.022
0.085
0.084

0
0.202
0
0.002
0.078
0.067
0.004
0.079
0.025
0.021
0.012
0
0.027
0
0.376
0.021
0
0.005
0.018
0.008
0.028
0
0.007
0.026
0.016

0.039
0.573
0.022
0.071
0.276
0.546
0.025
0.205
0.271
0.272
0.109
0.144
0.087
0.185
0.654
0.176
0.098
0.097
0.053
0.101
0.354
0.233
0.029
0.110
0.099
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Figure 19. Density of microplastics in nearshore sediments by drift cell and fiber type, and size, Puget Sound, western
Washington. None, drift cell types None + Undefined; Left or Right, drift cell types Left to Right + Right to Left; Small fibers
and non-fibers, 355–1,000 micrometers; Large fibers and non-fibers, greater than 1,000 micrometers.
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Discussion of Results
Although the use of many anthropogenic chemicals
has been discontinued or is more actively controlled,
these chemicals still are present in Puget Sound nearshore
sediments. This has contributed to the EPA identifying
Puget Sound as an area of concern for adverse biological
and ecology effects owing to contaminated sediment
(U.S. Environmental Protection Agency, 1997). Organic
contaminants such as PCBs, banned since 1979 except for
some small allowable uses, are persistent and can remain in
sediment and biota (Ross and others, 2000; West and others,
2001, 2008; Long and others, 2005; O’Neill and West, 2009;
West, Lanksbury, and O’Neill, 2011; West and others, 2011).
Other compounds (such as PAHs, phthalates, PBDEs [recently
banned], and metals) continue to enter Puget Sound from
point sources, combined sewer outfalls, and non-point sources
(such as air deposition, groundwater releases, and stormwater
runoff) (Herrera Environmental Consultants, 2011; Hobbs
and others, 2015; Milesi, 2015). Many of these compounds
enter Puget Sound sorbed to sediments and are deposited in
the nearshore environment or are transported by currents in
Puget Sound. These compounds are known to have deleterious
effects on aquatic resources, and their control and reduction
in Puget Sound is the focus of many local, State, and Federal
agencies. The overall goal of the work described in this
report was to document the spatial extent of urban nearshore
sediment health indicated by sediment pollutants and chemical
concentrations. Findings from this study could assist the SWG
and Ecology in designing a trend study, and about which
locations and parameters may be the most useful to include in
that study. A nearshore trend study, if pursued further, would
support the SWG and Ecology in determining whether NPDES
permits issued by the State of Washington are protective of
nearshore sediment.
The results of the chemical sediment sampling at the
41 study sites indicated that many of the organic and metal
compounds analyzed for were detected at many of the
sites, but concentrations generally were low; in most cases,
concentrations in more than 96 percent of the UGA nearshore
examined were less than established Washington State criteria.
Although total PCBs, the sum of all 209 PCB congeners,
were detected at every site, 98 percent of the UGA nearshore
had concentrations less than a proposed standard (U.S.
Environmental Protection Agency, 2014). The single total
PCB sample with concentrations greater than the proposed
standard was in a depositional area surrounded by light
industry and evidence of collapsed piers and unmaintained
marine equipment. It had total PCB concentrations of 359.1
and 40,344.7 ng/g (TOC-normalized), which are much greater
than the proposed standard of 128 ng/g. Like total PCBs, total
PBDEs and PAHs also were detected at every site sampled.
However, all these concentrations were low, but could not be
compared to any Washington State criteria because none exist.

Individual PAH compounds were detected at all
41 sites, but not usually the same compound, except for
benzo(g,h,i) perylene, chrysene, fluoranthene and pyrene,
which were detected at all sites sampled. Of the 15 PAH
compounds with Washington State marine sediment criteria,
1 site had concentrations greater than the criteria for 10 of
the 15 compounds, and a second site had concentrations
greater than the criteria for 1 of the 15 compounds (table 2).
Although concentrations at some of these sites were greater
than Washington State criteria, concentrations at 96 percent
or more of the UGA nearshore were less than any established
State criteria for individual PAHs.
Most of the phthalates measured as part of this study
were rarely observed in the nearshore sediments except for
diethyl phthalate, which was measured at 49 percent of the
sites. Concentrations of all the phthalates detected were less
than the criteria.
Metals generally were detected in varying concentrations
at all sites sampled. The exception to this trend was silver,
which was only detected at 34 percent of the sampling
sites. Although metals were detected at most of the sites,
concentrations for all the various metals analyzed were less
than the Washington State marine sediment criteria. The
characterization of nearshore sediment metal concentrations
(such as organic chemicals), sampled in a probabilistic
sampling design, suggests that Puget Sound nearshore
sediments are relatively clean when compared to the
Washington State concentration criteria.
Previous work has identified stormwater as a potential
source of organics and metals entering the nearshore
environment from surrounding watersheds (Hobbs and others,
2015). A concurrent study examining the concentrations
of chemical compounds in introduced mussels reported
that organic compounds, PAHs, PCBs, and PBDEs were
significantly related to the abundance of urban land cover
or impervious surface percentages in the watershed adjacent
to the mussel sampling sites (Lanksbury and others, 2017).
This study examined similar potential linkages between the
concentrations of organics and metals measured in the UGA
nearshore sediments and various percentages of land-cover
types in the watersheds adjacent to the sampling sites. A
finding like the concurrent mussels study finding was not
reported for the sediments, even though the land-cover metrics
were identical. Organic chemicals in the nearshore sediment
generally were weakly related to or statistically unrelated to
any of the land-cover metrics examined. For the metals, some
of the land-cover metrics (that is, the percentage of shoreline
urban and forest land cover) were identified as predictors of
sediment concentrations. However, the land-cover metrics
explained very little of the variation in measured metal
concentrations. Instead, the particle sizes of the samples
explained most of the variation in metal concentrations
(table 6).
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The lack of or limited relation of the nearshore sediment
chemical concentration to the land-cover variables, especially
when compared to the results of the mussel study (Lanksbury
and others, 2017), can be explained by hydrodynamics and
sediment movement along the Puget Sound nearshore. As
of 2007, 860 drift cells have been identified throughout
Puget Sound (Johannessen and MacLennan, 2007). Each
drift cell represents a long-term directional transport of
sediment from its source to its depositional zone (Jacobsen
and Schwartz, 1981; Johannessen, 1992; Johannessen and
MacLennan, 2007). The results of this study indicated a
very strong statistical relation between drift cell type and the
concentrations of chemicals present in the nearshore sediment.
Samples collected within drift cells with documented right
to left or left to right transport indicated significantly lower
concentrations of total PCBs, PBDEs, PAHs, and most
metals as compared to samples collected within drift cells
with no transport. These findings suggest that active drift
cells are effectively redistributing potentially contaminated
sediments from multiple locations within the drift cells and
are transporting contaminated sediment offshore, where it is
further mixed with deeper marine sediments (Baker, 1984),
likely diluting land-use or urbanization effects on sediment
chemistry in this study. Drift cells with no transport typically
are associated with bays and estuaries where concentrations of
sediment contaminants often are elevated. In some cases, drifts
cells with no transport often are in areas with active or historic
shoreline industrial activities or development. Although some
nearshore studies have reported a strong relation between
sediment contamination and levels of shoreline urbanization
(Pinedo and others, 2014), the coastal currents in these studies
are substantially lower than those in Puget Sound. The Puget
Sound nearshore and its associated drift cells are largely
influenced by high energy conditions such as windstorms that
act on beaches and bluffs. As a result, during periods of low
wave energy (that is, late summer), nearshore sediment can
represent a storm artifact or state of partial recovery rather
than an equilibrium (Nordstrom, 1992; Finlayson, 2006).
The source of sediment for most of these drift cells is
dominated by bluffs of glacial drift. Puget Sound beaches
and nearshore sediment are composed primarily of sediment
derived from bluff erosion (Keuler, 1988). Therefore, the
chemical composition of the sediment in the bluffs themselves
is an important factor in the chemical characteristics of the
nearshore sediment; this may be particularly important in
terms of metal concentrations in bluffs. The bluff deposits are
transported along the drift cells where they are mixed with
stormwater-derived sediments and temporarily stored within
the drift cell, moved offshore, or deposited in a depositional
zone at the end of a drift cell (Wallace, 1988).
The presence of drift cells and the active transport of
nearshore sediment make source tracking of contaminated
sediment in Puget Sound a challenge. For example, efforts to
remediate nearshore sediment contamination in Ostrich Bay,
an arm of Dyes Inlet on Puget Sound, were hampered by the

movement and delivery of contaminated sediment throughout
the Inlet (Pascoe and others, 2002), making it difficult to
determine where the contaminated sediment was coming from.
Although this study documents a strong relation between drift
cells and sediment chemistry, additional unknowns add to
the complex dynamics influencing sediment movement and
sediment chemical concentrations. For example, detailed drift
cell analyses to determine rates of sediment movement and
quantitative sediment budgets are limited (Johannessen and
MacLennan, 2007). Furthermore, regions of Puget Sound have
different drift cell dynamics that are constantly changing as
the morphology of Puget Sound changes. The central Sound
has the most active drift cells in terms of sediment movement.
The south Sound is the least active, and the north Sound
is intermediate. All these dynamics are further altered by
shoreline activities such as armoring, bulkhead emplacement,
and other physical alterations of the shoreline. Although
tissue concentrations of organics in experimentally deployed
mussels at the same sites used for this study were determined
to be related to land cover (Lanksbury and others, 2017),
the dynamic nature of nearshore sediment transport and the
active re-sorting of sediment in these environments (Komar,
1976; Keuler, 1979) undoubtedly is diluting and redistributing
anthropogenic-derived chemicals throughout Puget Sound.
The stationary mussel samples described in Lanksbury and
others (2017) likely are integrating anthropogenic chemicals
and are representative of local conditions, whereas nearshore
sediment chemicals concentrations are more representative of
regional conditions.
The study also examined of the abundance of small
plastic particles, known as microplastics, at most of the
sampling sites that were sampled for chemical analyses. There
are no criteria related to microplastics because of their size,
abundance, ability to transport sorbed chemicals, potential
effects on marine resources, and known stormwater source
(Armitage and Rooseboom, 2000); thus, we determined
that a preliminary evaluation of microplastic concentrations
in the Puget Sound nearshore sediments was appropriate.
Like sediments, microplastics can be placed in different size
fractions. However, microplastics are composed of numerous
types of plastics that have different shapes and densities. These
features can have a profound effect on transport and deposition
in aquatic environments. Given the diversity in sizes and
densities of plastics, it was not surprising to find a wide
distribution of microplastic densities across the sites examined
in this study. Previous studies have shown that microplastics
in sediments tend to settle out more readily in areas of low
energy such as bays and harbors (Vianello and others, 2013).
Although the median densities of plastics, particularly nonfibers, at sites located in drift cells with no movement were
often slightly higher than at sites in actively moving drift
cells, the difference was not significant. Microplastic fibers
tended to have the greatest range in densities in drift cells
characterized as moving from Left to Right or Right to Left,
whereas non-fibers consistently had greater density variations
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in drift cells with no movement. These contradictory results
seem to highlight the potential variability in microplastic
transport based on the shape of microplastics in Puget Sound.
Although the study of microplastics in aquatic environments
has increased (Ballent and others, 2016), limited nearshore
sediment microplastic studies are available. Ballent and others
(2016) summarized a large range of microplastic densities in
lake and marine beach and nearshore sediments, with a range
of 0.0001–5.0 pieces per gram of sediment. The results of
this study indicated a range of 0.02–0.65 pieces per gram of
sediment.

Considerations for Future Nearshore
Sediment Work
The results of this study provide a statistically valid
assessment of nearshore sediment chemical conditions
throughout Puget Sound in those areas adjacent to the UGA,
as defined in 2018. Overall, chemical concentrations generally
were less than the Washington State marine sediment criteria
throughout the study area. Although the results provide a
status assessment of current conditions that can be used
to evaluate trends over time assuming the defined UGA
boundaries do not change, the use of nearshore sediment
sampling—as it was implemented in this study to evaluate
stormwater and stormwater management effects—may be
limited. The SAM team may want to consider the following
observations as they continue to evaluate stormwater
management in the Puget Sound Basin:
• A series of analyses was done as part of this study
to determine if any of the sediment chemical
concentrations were related to any land management,
land-use, or geologic designations at multiple scales
that are known to influence stormwater dynamics.
These analyses generally indicated weak or no
relation between any examined land-use designations
for any of the organic compounds and showed very
limited relation with metals. This was contrary to
findings in the SAM mussel study (Lanksbury and
others, 2017), which indicated a strong relation
between tissue organic concentrations and many
land-use features. The lack of or limited relation of
the nearshore sediment chemical concentration to the
land-use variables examined suggests that nearshore
hydrodynamics overwhelm any relation between
the land-cover metrics and sediment chemical
concentrations; therefore, the current study design is
not an appropriate indicator of nearshore sediment
chemical concentrations in the UGA. If the goal of
nearshore sediment monitoring is to evaluate the
status and trends of chemicals in sediment in Puget
Sound as a whole, the design used for this study

is likely to be appropriate and effective. However,
attributing current conditions or measured changes
over time to upland activities does not seem possible
without a more in-depth understanding of drift cell
dynamics.
• If nearshore sediment chemical concentrations are a
priority to the SWG, they may want to examine and
consider the development of a better characterization
of how sediment is transported in the nearshore
environment to help address the influence of
stormwater inputs on nearshore sediment conditions.
A more refined approach for characterizing
nearshore water and sediment movement throughout
the Sound could not only be helpful in evaluating
sediment conditions, but also in addressing effects
on water chemistry and biology. However, a Puget
Sound-wide nearshore sediment transport assessment
is likely to be challenging.
• If nearshore sediment sampling is continued as
part of SAM, the program should consider a more
stratified random sampling approach for selecting
sampling sites to help address the influence of
the drift cells on the redistribution of sediment
throughout Puget Sound. A more refined designation
of sites could reduce the large variability measured
in these data. For example, SAM could focus their
efforts on nearshore areas within UGA where there
are no active drift cells. The inclusion of reference
sites in the design also might be effective.
• If sediment sampling is continued, the program
should ensure that consistent methods and laboratory
procedures are used to facilitate comparisons within
and between sediment sampling activities.
• Although most organic contaminants had
concentrations less than the Washington State
criteria, if SAM continues to sample nearshore
sediments, these contaminants should remain on
the list of constituents sampled given their known
physical and toxicological properties. There are
numerous stormwater management-related activities
underway designed to reduce toxics in runoff, and
the continued sampling for these chemicals might
help determine the effectiveness of these activities.
• The phthalate analysis resulted in a large volume
of concentration results less than detection limits.
Given that phthalates degrade rapidly and their use is
rapidly being phased out, the future analysis of these
compounds may not be of the highest priority. Future
planning efforts may want to include an assessment
of the literature to determine the need to sample
phthalates in the future.
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Summary
Although the use of many anthropogenic chemicals
has been discontinued, or has been actively controlled, these
chemicals still are present in the nearshore sediments of Puget
Sound, western Washington. This has contributed to the U.S.
Environmental Protection Agency identifying Puget Sound as
an area of concern for adverse biological and ecology effects
owing to contaminated sediment. Some organic contaminants
are persistent and can remain in sediment and biota, while
other organics and metals continue to enter Puget Sound from
point sources, combined sewer outfalls, and non-point sources
such as air deposition, groundwater releases, and stormwater
runoff. Many of these compounds enter Puget Sound sorbed to
sediments and are deposited in the nearshore environment or
are transported by currents in Puget Sound. These compounds
are known to have deleterious effects on aquatic resources,
and their control and reduction in Puget Sound is the focus
of many local, State, and Federal agencies. The overall goal
of the work described in this report was to document the
spatial extent of urban nearshore sediment health indicated
by sediment pollutants and chemical concentrations. Findings
from this study could assist agencies and groups such as the
Washington State Department of Ecology (Ecology) and the
Stormwater Work Group of Puget Sound (SWG) in designing
monitoring studies and evaluating nearshore chemical
conditions to help evaluate the effectiveness of National
Pollutant Discharge Elimination System (NPDES) stormwater
permits issued by Ecology.
The results of the chemical sediment sampling at the 41
study sites examined as part of this study indicated that the
organic and metal compounds analyzed for were detected
at many of the sites, but concentrations generally were low;
in most cases, concentrations in more than 96 percent of
the Urban Growth Area (UGA) nearshore examined were
less than established Washington State criteria. Although at
least 1 of the 209 polychlorinated biphenyl (PCB) congeners
analyzed for was detected at every site, 98 percent of the
nearshore areas adjacent to UGA had concentrations less
than a proposed PCB standard. Like PCBs, at least 1 of
the 48 polybrominated diphenyl ether (PBDE) congeners
and 1 of the 42 polycyclic aromatic hydrocarbon (PAH)
compounds analyzed for were detected at every site sampled.
However, all these concentrations were low. Of the 15 PAH
compounds with Washington State marine sediment criteria,
one site had concentrations greater than the criteria for 10
of the 15 compounds, and a second site had concentrations
greater than the criteria for 1 of the 15 compounds. Although
concentrations at some of these sites were greater than
Washington State criteria, concentrations at 96 percent or
more of the UGA nearshore were less than any established
State criteria for individual PAHs. Most of the six phthalate
compounds analyzed for were rarely observed in the nearshore
sediments, except for diethyl phthalate, which was measured
at 49 percent of the sites. Concentrations of all the phthalates
detected were less than the Washington State criteria.

Metals generally were detected in varying concentrations
at all sites sampled. The exception to this trend was silver,
which was only detected at 34 percent of the sampling
sites. Although metals were detected at most of the sites,
concentrations for all the various metals analyzed were less
than the Washington State marine sediment criteria. The
characterization of nearshore sediment metal concentrations
(such as organic chemicals), sampled in a probabilistic
sampling design, suggests that Puget Sound nearshore
sediments are relatively clean when compared to the
Washington State concentration criteria.
Using several statistical methods, the results of this
study indicated no or very weak relations between nearshore
sediment chemical concentrations and various percentages
of land-cover types in the watersheds adjacent to the
sampling sites. The lack of or limited relation of the chemical
concentration to the land-cover variables examined can be
explained by hydrodynamics and sediment movement along
the Puget Sound nearshore. For each sediment sampling site,
the predominant movement of sediment was determined
based on published nearshore drift cell designation. Each
drift cell represents a segment of the Puget Sound nearshore
environment and its long-term directional transport of
sediment from its source to its depositional zone. The results
of this study indicated a very strong statistical relation between
drift cell type and the concentrations of chemicals present in
the nearshore sediment. Samples collected within drift cells
with active sediment movement characterized as being either
Right to Left or Left to Right transport had significantly
lower concentrations of total PCBs, PBDEs, PAHs, and most
metals as compared to samples collected within drift cells
with no transport. Drift cells with no transport typically are
associated with bays and estuaries where concentrations of
sediment contaminants often are elevated. These findings
suggest that active drift cells are effectively redistributing
potentially contaminated sediments from multiple locations
within the drift cells, diluting land-use or urbanization effects
on sediment chemistry. The presence of drift cells and the
active transport of nearshore sediment make source tracking of
contaminated sediment in Puget Sound a challenge. Although
this study documents a strong relation between drift cells and
sediment chemistry, additional unknowns add to the complex
dynamics influencing sediment movement and sediment
chemical concentrations.
The study also examined the abundance of small plastic
particles, known as microplastics, at most of the nearshore
sediment sampling sites. Microplastics can be identified
by their shape and size. For this study, microplastics were
identified as being fibers or non-fibers (beads, films, foam,
fragments, or line) larger than 1,000 micrometer (μm) or from
355 to 1,000 μm. Results were expressed as numbers of plastic
particles per gram of sediment. These physical features can
have a profound effect on transport and deposition in aquatic
environments. Given the diversity in sizes and densities of
plastics, it was not surprising to find a wide distribution of
microplastic densities across the sites examined in this study.
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Although the median densities of plastics, particularly nonfibers, at sites located in drift cells with no transport often
were slightly higher than at sites in drift cells with active
transport, the difference was not significant. Microplastic
fibers tended to have the greatest range in densities in
drift cells characterized as moving from Left to Right or
Right to Left, whereas non-fibers consistently had greater
density variations in drift cells with no movement. These
contradictory results seem to highlight the potential variability
in microplastic transport based on the shape of microplastics
in Puget Sound. The results of this study indicated a range of
0.02–0.65 microplastic pieces per gram of sediment.
The results of this study provide a statistically valid
assessment of nearshore sediment chemical conditions
throughout Puget Sound in those areas adjacent to the UGA
as of 2018. Overall, chemical concentrations generally were
less than the Washington State marine sediment criteria
throughout the study area. Although the results provide a
status assessment of current conditions that can be used to
evaluate trends over time, the use of nearshore sediment
sampling—as it was implemented in this study to evaluate
stormwater and stormwater management effects—may be
limited. The Stormwater Action Monitoring (SAM) team may
want to consider the following observations as they continue
to evaluate stormwater management in the Puget Sound Basin:
1.

Nearshore sediment chemical concentrations show very
limited relation to land-use features;

2.

If nearshore sediment chemical concentrations are a
priority to the SAM team, they may want to examine and
consider the development of a better characterization
of how sediment is transported in the nearshore
environment to help address the influence of stormwater
inputs on nearshore sediment conditions;

3.

If nearshore sediment sampling is continued as part of
SAM, the program should consider a more stratified
random sampling approach for selecting sampling sites
to help address the influence of the drift cells on the
redistribution of sediment throughout Puget Sound.

4.

If sediment sampling is continued, the program should
ensure that consistent methods and laboratory procedures
are used to facilitate comparisons within and between
sediment sampling activities;

5.

Although most organic contaminants had concentrations
less than the Washington State criteria, if SAM continues
to sample nearshore sediments, these contaminants
should remain on the list of constituents sampled given
their known physical and toxicological properties; and

6.

Given that phthalates degrade rapidly and their use is
rapidly being phased out, the future analysis of these
compounds may not be of the highest priority.
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Appendixes 1–6 are sheets in a Microsoft Excel® file that is available for download at https://doi.org/10.3133/sir20185076.
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