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Abstract
The sediments in the Lower Duwamish Waterway 

Superfund site in Seattle, Washington, are contaminated with 
chemicals including metals such as arsenic, polychlorinated 
biphenyls (PCBs), carcinogenic polycyclic aromatic 
hydrocarbons (cPAHs), and dioxins/furans from decades 
of intense anthropogenic activities. In support of sediment 
remediation within the site (the final 8-kilometer reach of the 
Green/Duwamish River), the Washington State Department 
of Ecology is identifying and controlling ongoing sources of 
sediment and chemicals. The Green/Duwamish watershed 
upstream of the site was previously identified as the largest 
source of new sediment, transported by the river, to the 
Lower Duwamish Waterway. However, there was large 
uncertainty in the timing and magnitude of sediment and 
sediment-bound chemicals to the site. The U.S. Geological 
Survey collected new data from 2013 to 2017, including three 
complete calendar years (2014–16) to estimate sediment and 
chemical loads transported by the Green/Duwamish River to 
the Lower Duwamish Waterway Superfund site. Chemical 
loads were calculated as the product of river suspended-
sediment loads and suspended sediment-bound chemical 
concentrations measured at river kilometer 16.7. The site was 
selected because it was close to the upstream boundary of the 
Superfund site and incorporated most watershed inputs. The 
site was tidally influenced—the river reversed flow direction 
during high tides from June through October. However, it was 
upstream of the maximum extent of the tidal saltwater reach, 
which was measured as far upstream as river kilometer 12.7 
during summer high tide/low flow conditions. Therefore, the 
load estimates primarily represent watershed-derived sources 
of sediment-bound chemicals and are minimally affected 
by Superfund-derived sediment and chemicals that may be 
resuspended and transported upstream during high tides.

We identified four general river conditions during the 
current study: (1) low-flow baseline conditions (71 percent of 
the time), (2) storm events (17 percent of the time), (3) periods 
of high streamflow and sediment concentrations owing to 
large releases from the Howard A Hanson Dam in the upper 
watershed (7 percent of the time), and (4) periods when both 
storm events and large dam releases were occurring (4 percent 
of the time). Suspended-sediment concentration was measured 
using U.S. Geological Survey methods and suspended 
sediment-bound chemical concentrations were measured using 
a novel continuous-flow centrifugation field technique during 
42 events spanning the range of streamflow and sediment 
conditions.

Sediment loads were estimated from a regression between 
discrete measurements of suspended-sediment concentration 
and continuous measurements of turbidity and streamflow. 
Turbidity was a better sediment surrogate than streamflow, 
which was used in previous sediment load estimates for the 
Green/Duwamish River, because of the multiple sediment 
sources and transport mechanisms in the watershed. The 
average suspended-sediment load estimate for 2014–16 
was 117,000 U.S. tons per year (U.S. tons/yr). Most of the 
suspended-sediment load (73.5 percent) was fine sediment 
with a particle-size diameter of less than 0.0625 millimeter. 
Large dam releases, either with or without a coincident storm 
event, occurred infrequently—on a cumulative 32–50 days 
per year during the study period, or an average of 11 percent 
of the time—but accounted for a disproportionately large 
amount of the annual sediment load (79 percent). Sediment 
loads during these large dam releases averaged 2,220 U.S. tons 
per day (U.S. tons/d), with a maximum of 18,000 U.S. tons/d. 
In contrast, sediment loads averaged 212 U.S. tons/d during 
storm events without a coincident dam release, and 43 U.S. 
tons/d during baseline conditions.

Hydrology-Driven Chemical Loads Transported by the 
Green River to the Lower Duwamish Waterway near 
Seattle, Washington, 2013–17
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A suite of chemicals with site-specific cleanup goals 
(including arsenic, cPAHs, dioxins/furans, and PCBs) were 
detected on river suspended sediment at river kilometer 
16.7 during all river conditions. Suspended sediment-bound 
chemical concentrations generally were low, but high 
concentrations did occur, especially during short intense 
summer storms, “first flush” autumn runoff events, and 
prolonged precipitation events (greater than 2 inches of 
rainfall within 48 hours). Concentrations ranged from 6.6 
to 28 milligrams per kilogram (mg/kg; mean = 16 mg/kg) 
for arsenic, from 3.7 to 454 micrograms toxic equivalent 
per kilogram (µg TEQ/kg; mean = 100 µg TEQ/kg) for 
cPAHs, from 0.526 to 20.6 nanograms (ng) TEQ/kg (mean 
= 6.04 ng TEQ/kg) for dioxins/furans, and from 0.448 to 
83.9 micrograms (µg)/kg (mean = 14.5 µg/kg) for PCBs. 
Toxic equivalents often are required by regulatory agencies 
and express mass concentration as a weighted measure of the 
total toxicity of a group of chemicals, based on the toxicity of 
each individual chemical relative to the most toxic chemical of 
the group.

Median suspended sediment-bound concentrations 
were 2.5–3 times higher during storm events than baseline 
conditions, and 10–27 times higher during storm events than 
during dam releases for anthropogenic chemicals including 
cPAHs, dioxins/furans, and PCBs. One plausible explanation 
is that large dam releases mobilize relatively clean sediment 
impounded behind the dam from the upper forested watershed 
and scour and resuspend riverbed sediment, whereas storm 
events move sediment and associated contaminants from 
the more urban and industrial lower watershed into the river 
through the stormwater conveyance system. In contrast, 
median suspended sediment-bound arsenic concentrations 
were 2–3 times higher during baseline conditions as compared 
to storm events, dam releases, and storm-plus-dam releases, 
which may be owing to a lack of dilution of naturally 
occurring arsenic concentrations during low-flow baseline 
conditions.

Measured chemical concentrations in the 42 discrete 
samples were used to estimate a continuous record of 
suspended sediment-bound chemical concentrations using four 
different approaches, referred to as (1) summary statistics, (2) 
river condition bins, (3) linear regressions, and (4) non-linear 
regressions. Using the 2014–16 dataset, annual suspended 
sediment-bound chemical load estimates transported by the 
river to the Lower Duwamish Waterway were in the range of 
1,120–1,470 kg arsenic, 2,810–8,200 grams (g) TEQ cPAHs, 
205–407 mg TEQ dioxins/furans, and 340–1,180 g PCBs. 
As expected, storm events contributed a disproportionately 
large amount of the load of anthropogenic organic compounds 
such as cPAHs (54 percent), dioxins/furans (44 percent), and 
PCBs (52 percent) as compared to overall time (17 percent). 
Chemical loads of cPAHs during storm events, with or 
without a coincident dam release, averaged 27.6 g TEQ/d, 
with a maximum of 280 g TEQ/d. In contrast, cPAH loads 
averaged three times lower (9.24 g TEQ/d) during dry-weather 

dam releases, and 17 times lower (1.60 g TEQ/d) during 
baseline conditions. Chemical loads of dioxins/furans during 
storm events averaged 2.21 mg TEQ/d, with a maximum of 
25.9 mg TEQ/d. Dioxin/furan loads averaged two times lower 
(1.19 mg TEQ/d) during dry-weather dam releases and 20 
times lower (0.112 mg TEQ/d) during baseline conditions. 
Chemical loads of PCBs during storm events averaged 
3.79 g/d, with a maximum of 37.7 g/d. PCB loads averaged 
four times lower (0.952 g/d) during dry-weather dam releases, 
and 14 times lower (0.272 g/d) during baseline conditions. 
Arsenic loads were distributed more evenly between the four 
conditions. This is partially because arsenic concentrations 
were highest during baseline conditions (compared to storms 
for the organic chemicals) and also likely owing to source 
differences—arsenic occurs naturally in watershed soils and 
river sediments, whereas cPAHs, dioxins/ furans, and PCBs 
have anthropogenic land and atmospheric sources.

Chemical concentrations and load estimates often were 
underestimated using results from unfiltered water analysis 
only, especially in samples with high suspended-sediment 
concentrations and for hydrophobic organic chemicals such 
as cPAHs that prefer to sorb to particulates and are at low 
concentrations near or below the analytical limits of water 
methods. For metals and PCBs, the dissolved concentration 
was relatively low and consistent between sampling 
events, whereas the suspended sediment-bound chemical 
concentrations contributed most of the chemical concentration 
in the water column during periods of high river suspended-
sediment concentrations. However, the dissolved fraction, on 
average, contributed more than one-third of the estimated total 
chemical load in the river system for arsenic and PCBs, even 
given the hydrophobic nature of the chemicals. These results 
suggest that the sum of the chemical concentrations measured 
on two separate fractions— the particulate fraction and the 
dissolved fraction—more fully represents the total chemical 
concentration as compared to analysis of an unfiltered water 
sample, especially in samples with high suspended-sediment 
concentrations.

Most of the suspended sediment load (97 percent) and 
sediment-bound chemical load (92–94 percent) occurred 
during the wet winter half of the year from October 15 to 
April 14. However, the highest sediment-bound chemical 
concentrations often occurred during short intense storms or 
“first flush” autumn runoff events during the dry summer half 
of the year from April 15 to October 14. Because of the highly 
variable and dynamic river system characteristics (including 
precipitation, discharge, sediment concentration, and tidal 
fluctuations), it is critical to characterize the occurrence, 
frequency, concentrations, and loads during extreme 
conditions (for example, when the river is affected by storm-
derived runoff) rather than time-averaged conditions. These 
short extreme events have a high potential for acute effects on 
ecological and human health, and may have a great influence 
on the effectiveness of the sediment remediation activities that 
are underway in the Lower Duwamish Waterway. 
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Introduction
The Lower Duwamish Waterway (LDW) is the final 

8-km-long reach of the Green/Duwamish River. The LDW 
enters the Puget Sound Elliott Bay in Seattle, Washington 
(fig. 1), and is the site of intense current and historical 
anthropogenic influence that has resulted in contaminated 
sediments. In 2001–02, the U.S. Environmental Protection 
Agency (EPA) and the Washington State Department of 
Ecology (Ecology) required remedial investigations and 
feasibility studies on the 1.8-km2 LDW pursuant to the Federal 
Superfund law and the Washington Model Toxics Control Act 
because of concerns about human health risks from exposure 
to contaminated sediments. The main contaminants of concern 
for human health include polychlorinated biphenyls (PCBs), 
dioxins/furans, carcinogenic polycyclic aromatic hydrocarbons 
(cPAHs), and arsenic. Additionally, about 41 compounds 
(including individual metals, PCBs, polycyclic aromatic 
hydrocarbons [PAHs], phthalates, and other semivolatile 
organic compounds) have been identified as contaminants of 
concern for protection of the benthic community (Washington 
State Department of Ecology, 2013). The EPA final cleanup 
plan was released in November 2014 and included using 
combinations of dredging, capping, natural sedimentation, and 
enhanced natural recovery (U.S. Environmental Protection 
Agency, 2014).

To support the implementation of a cleanup plan of 
contaminated sediments in the LDW, Ecology is leading 
source control activities and a watershed-scale pollutant 
loading assessment to identify sources of sediment 
recontamination adjacent to and upstream of the LDW. The 
Green/Duwamish River originates in the Central Cascade 
Mountains north of Mount Rainier at an elevation of about 
1,290 m above North American Datum of 1983 and flows 
150 river kilometers (RKM) northwest to Elliott Bay, Puget 
Sound, Washington, in downtown Seattle. The river drains 
an approximately 1,200-km2 watershed (fig. 2), divided 
into four subwatersheds of varying land cover (Homer 
and others, 2015). The Upper Green subwatershed in the 
Cascade Mountains is 95-percent forested. The Howard A 
Hanson Dam was built in 1961 at RKM 103 to regulate flows 
between minimum summer flows of 300 ft3/s and maximum 
winter flows of 12,000 ft3/s primarily for flood control. 
Below the dam, the Middle Green subwatershed includes 
increasing amounts of developed (33 percent) and agricultural 
(9.9 percent) land uses. The Lower Green subwatershed 
is highly developed (83 percent) with some agriculture 
(4.3 percent). The Duwamish estuary is heavily urbanized 
(91 percent developed) and is an important commercial and 
industrial corridor. A large and complex series of storm drain 
networks throughout the watershed below the Howard A 
Hanson Dam transport overland runoff of water, particulates, 
and chemicals to the river.

Average annual precipitation is about 85 in. in the upper 
watershed, and falls primarily as snow in winter, with spring 
snowmelt generally from April to June. Average annual 
precipitation is about 40 in. in the lower watershed, and falls 
primarily as rain from October to March, with some large late-
spring storms. Precipitation totals and types transition between 
these two conditions in the middle watershed. Summer months 
from July through September are very dry, with generally trace 
amounts of precipitation. 

The river changes name from the Green River to the 
Duwamish River at RKM 18. The Duwamish River is a highly 
stratified estuary with a distinct saltwater wedge that intrudes 
beneath a surface freshwater lens. The saltwater wedge can 
extend nearly 14 km inland from the river mouth during high 
tide/low flow conditions (Stoner, 1967; Santos and Stoner, 
1972), which complicates modeling of hydrodynamics, 
sediment, and chemical transport and settling behavior within 
the LDW.

The Sediment Transport Model (STM) developed 
by a consulting group for the LDW during the Remedial 
Investigation/Feasibility Study phase (Lower Duwamish 
Waterway Group, 2008) predicted that greater than 99 percent 
of the sediment that enters the LDW each year originates from 
upstream sources that are transported by the Green River. 
The STM estimated suspended- and bed-sediment loading to 
the LDW from upstream sources. That physical model was 
then coupled with contaminant concentration data to create 
a Bed Composition Model (BCM) for the final feasibility 
study (AECOM, 2012). This model has several limitations. 
First, the sediment loading estimates were based on a flow-
rating curve for the Green River using historical discharge 
data and sediment samples from 1960 to 1980 (Santos and 
Stoner, 1972) and from 1996 to 1998 (Embrey and Frans, 
2003). Methods for representative sampling of discharge and 
sediment have improved since then. Second, the discharge 
data were from a U.S. Geological Survey (USGS) streamgage 
in Auburn, Washington (USGS streamgage 12113000, 
Green River near Auburn, Washington), more than 40 RKM 
upstream of the LDW. Inputs from tributaries and storm drains 
downstream of the streamgage and the tidal influence in the 
river were not represented. Third, the upstream contaminant 
data that were used in the BCM primarily originated from 
surface bed-sediment data, and it was acknowledged 
that those values were estimates of actual contaminant 
concentrations because the suspended-sediment fraction was 
not fully represented. Additionally, suspended sediment-
associated chemical concentrations and loadings likely are 
temporally variable—affected by sediment source, antecedent 
precipitation, streamflow, seasonality, sediment organic carbon 
content, and particle-size distribution—and are not well-
represented with average values. 
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Figure 1. Locations of U.S. Geological Survey (USGS) measurement sites relative to the Lower Duwamish 
Waterway, Seattle, Washington. Modified from Hydrology and Hydraulics Committee (1969) and Conn and Black 
(2014).
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To address the data gap of measured chemical 
concentrations on suspended sediment, Gries and Sloan (2009) 
collected seven samples using continuous-flow centrifuges at 
RKM 11, and King County (2016) collected as many as six 
samples as pumped, filtered samples and five sediment trap 
samples at multiple locations within the watershed including 
at RKM 16.7. Gries and Sloan (2009) identified a need for 
additional suspended-sediment chemistry sampling, especially 
at the beginning of storm-induced runoff in the river. The 
objective of the King County (2016) study was to report 
suspended sediment-bound chemical concentrations, and 
loading estimates were outside the scope of the project. Better 
estimates of annual and event suspended-sediment loading and 
toxic chemical loading in the Green/Duwamish River to the 
LDW are needed to improve our understanding of the potential 
for recontamination following remediation of sediment within 
the LDW.

From 2013 to 2017, the USGS, in cooperation with 
Ecology, collected new data to address three objectives. 
The first and primary objective was to provide improved 
estimates of suspended-sediment loads and toxic chemical 
loads transported by the Green/Duwamish River to the LDW. 
The data included concurrent, representative measurements 
of water chemistry, suspended-sediment concentration (SSC), 
particle-size distribution (PSD), and suspended-sediment 
chemistry using a novel field centrifuge method (Conn 
and others, 2016) collected over a range of conditions at a 
location close to the LDW upper boundary but upstream of 
the saltwater extent (USGS streamgage 12113390, Duwamish 
River at Golf Course at Tukwila, Washington, located at 
RKM 16.7). Results from the first (pilot) phase (2013), second 
phase (2013–15), and third phase (2016–17) of chemistry data 
collection are available (Conn and Black, 2014; Conn and 
others, 2015, 2018, respectively). A modern sediment rating 
curve using turbidity as a suspended-sediment surrogate was 
developed to estimate continuous (15-min) SSC at USGS 
streamgage 12113390 (Senter and others, 2018). This report 
integrates the discrete chemistry data from the three phases 
with the continuous record of river discharge and SSC at 
USGS streamgage 12113390 to estimate chemical loads 
transported from upstream sources by the Green/Duwamish 
River to the LDW.

One identified data gap in LDW remediation and 
source-control activities is a site-specific understanding of 
PCB partition behavior between suspended sediment and 
the dissolved water phase. During the third phase of USGS 
data collection, PCB congeners were analyzed on suspended 
colloidal material and in the dissolved phase in addition to 
suspended sediment and unfiltered water to address the second 
project objective of providing data to support the development 
of a site-specific PCB partition coefficient. 

The transport, fate, and deposition of river sediment and 
associated chemicals in the Duwamish River once they enter 
the LDW is complicated, owing to (1) the dynamic estuary 

system; (2) ongoing adjacent inputs of water, sediment, and 
contaminants; and (3) recurrent dredging and removal of 
sediment for navigational purposes. The toe of the saltwater 
wedge ranges from about RKM 3 during high flows or ebb 
tides to about RKM 14 during high tide, low-flow conditions 
(Stoner, 1967; Santos and Stoner, 1972). It is unknown 
how downstream surface freshwater flows carrying river 
sediment and contaminants interact with bottom bi-directional 
saltwater flows that may be resuspending LDW sediment 
and contaminants. The discrete sediment and chemistry 
sampling was done upstream of the saltwater extent to avoid 
complications by the estuarine influences. To inform these 
unknowns for future modeling efforts within the estuary, 
continuous data on gage height, salinity, turbidity, and water 
temperature were collected beginning in February 2015 from a 
new USGS streamgage near the LDW upper boundary (USGS 
streamgage 12113415, Duwamish River at East Marginal Way 
Bridge at Duwamish, Washington, located at RKM 10.9). 
Additionally, three single-day tidal studies were completed 
during August 2016–June 2017 from multiple bridges within 
the salt wedge during the third phase of this USGS data 
collection to address the third objective of describing the 
extent, duration, and shape of the salt wedge under varying 
flow, tide, and seasonal conditions.

Methods

Continuous Real-Time Monitoring

The USGS operates and maintains two streamgages in 
the tidally influenced segment of the Duwamish River (fig. 1). 
The streamgage at RKM 16.7 (USGS streamgage 12113390, 
Duwamish River at Golf Course at Tukwila, Washington) 
was installed in November 2013 (Conn and others, 2015), 
and continuous 15-min data for bi-directional discharge, gage 
height, turbidity, and water temperature is publicly available 
(http://waterdata.usgs.gov/nwis/uv?site_no=12113390). The 
streamgage is upstream of the estuarine environment but still 
within the tidally influenced segment of the river. 

The streamgage at RKM 10.9 (USGS streamgage 
12113415, Duwamish River at East Marginal Way Bridge at 
Duwamish, Washington) was installed in February 2015, and 
continuous 15-min data for gage height, water temperature, 
and salinity are publicly available (https://waterdata.usgs.gov/
nwis/uv?site_no=12113415). The streamgage is within the 
estuarine segment of the river and has daily salinity intrusions 
under certain flow conditions. The data records for both 
streamgages are compiled, reviewed, and approved by the 
USGS in a timely manner consistent with USGS protocols 
(Levesque and Oberg, 2012).

http://waterdata.usgs.gov/nwis/uv?site_no=12113390
https://waterdata.usgs.gov/nwis/uv?site_no=12113415
https://waterdata.usgs.gov/nwis/uv?site_no=12113415
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Tidal Studies

To help describe the extent, shape, and mixing dynamics 
of saltwater intrusion in the Duwamish estuary under low-flow 
or mid-flow conditions, vertical and cross-sectional profiles of 
water-quality field parameters were collected simultaneously 
from multiple bridges within the estuary over three tidal cycles 
at different times of the year. The first study on August 2, 
2016, targeted a maximum flooding tide (from a -0.5-m lower-
low tide to a 3.4-m higher-high tide) during summer low-flow 
conditions (discharge at USGS streamgage 12113000, Green 
River near Auburn, Washington, was about 350 ft3/s) to 
document the farthest upstream extent of the salt wedge. The 
second study on January 17, 2017, targeted a winter high tide 
as it began to recede (from a 3.6-m higher-high tide to a 1.3-m 
higher-low tide) at winter low-flow conditions (discharge at 
USGS streamgage 12113000 was about 600 ft3/s). The third 
study on June 22, 2017, targeted the seaward extent of the 
salt wedge and its shape during a flooding tide (from a -0.7-m 
lower-low tide to a 3.3-m lower-high tide at spring mid-flow 
conditions (discharge at USGS streamgage 12113000 was 
about 1,000 ft3/s).

During each study, USGS teams were located on 2–4 
bridges (fig. 1) from RKMs 8.9 to RKM 15.0. Each team 
recorded hourly measurements over 4–9 hours of water 
temperature, pH, dissolved oxygen, specific conductance, and 
turbidity using a calibrated sonde (6920 V2-2, YSI Inc.™, 
Yellow Springs, Ohio) at as much as five depths at three equal-
width cross-sectional stations (left, center, and right, looking 
downstream). The data were reviewed and approved, and 
are stored in the USGS National Water Information System 
(U.S. Geological Survey, 2018) under station IDs 12113425 
(RKM 8.9), 12113415 (RKM 10.9), 12113406 (RKM 12.7), 
and 12113400 (RKM 15.0).

Field Sampling and Processing

Discrete samples of water and suspended-sediment 
were collected for chemical analysis by the USGS from the 
Duwamish River at RKM 16.7 (USGS streamgage 12113390) 
over a 4-year period from February 2013 to March 2017 
(Conn and Black, 2014; Conn and others, 2015, 2018). All 
discrete sediment and chemistry sampling was done at the 
upstream site, which is upstream of the saltwater influence 
but within the influence of tidal backwaters. There were 
42 discrete sampling periods resulting in the collection of 
39 unfiltered water samples, 32 filtered water samples, 39 
suspended sediment samples, 12 colloidal samples, and 12 
dissolved samples. Samples were collected during periods 
of differing hydrological conditions representing seasonal, 
storm-, and dam-related variations in flow and turbidity. The 
methods and study design have been described previously 
(Conn and Black, 2014; Conn and others, 2015, 2016, 2018). 
Briefly, during each sampling period, multiple tasks were 
completed, including (1) monitoring of field parameters, (2) 
collection of a depth- and width-integrated water sample 

for chemical analysis (fig. 3A), (3) collection of a depth- 
and width-integrated water sample for SSC and PSD, and 
(4) collection of a point sample of suspended sediment by 
centrifugation for chemical analysis (fig. 3B). The point 
sample was collected from a location about 9 m from the 
left edge of water and 0.5 m above the bed at the sampling 
bridge. Large volumes of water—1,000–10,000 L per event—
were pumped from the point location over multiple hours to 
multiple days through continuous-flow centrifuges to collect 
suspended sediment of sufficient quality and quantity for 
chemical analysis (Conn and others, 2016). During Phase 3 
(2016–17), two additional types of samples were collected for 
PCB analysis—(1) a colloid sample on 0.45-µm filters from 
the water exiting the centrifuges, and (2) a dissolved sample 
on XAD-2 resin from the water exiting the filters (fig. 3C).

Analytical Methods

Unfiltered-water and suspended sediment samples were 
analyzed by Washington State-accredited laboratories for 
a large suite of chemical compounds using EPA-approved 
methods (table 1), including the 209 PCB congeners, dioxins 
and furans, PAHs and other semivolatile compounds, 
butyltins, trace elements including mercury, and total organic 
carbon. Filtered-water samples were analyzed for metals and 
dissolved organic carbon. Colloidal and dissolved samples 
were analyzed for PCBs only. Analytical parameter groups, 
methods, and analyzing laboratories are summarized in 
table 1. Method details and results for individual compounds 
have been published previously (Conn and Black, 2014; Conn 
and others 2015, 2018). Results are presented in this report 
only for frequently detected chemicals (detected in 50 percent 
or more of samples per matrix type), including: 

• Total PCBs (summed concentration of 209 congeners); 

• Low molecular-weight PAHs (LPAHs; summed 
concentration of naphthalene, acenaphthylene, 
acenaphthene, fluorene, phenanthrene, and anthracene);

• High molecular-weight PAHs (HPAHs; summed 
concentration of fluoranthene, pyrene, benz[a]
anthracene, chrysene, total benzofluoranthenes 
[sum of b-, j-, and k- isomers]), benzo[a]pyrene, 
indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, and 
benzo[ghi]perylene); 

• cPAHs (summed concentration of benz[a]anthracene, 
chrysene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenz[a,h]anthracene, and total benzofluoranthenes 
[sum of b-, j-, and k- isomers]); 

• Dioxins/furans (summed concentration of 17 
congeners); 

• Arsenic and other metals; 

• Phthalates; and 

• Total organic carbon.
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tac18-1245_fig 03

A

C

B

Figure 3. Field sampling activities including collection of a 
depth- and width-integrated sample for water chemistry (A), 
continuous-flow centrifugation through a collection bowl (inset) 
for suspended sediment chemistry (B), and pumping of centrifuge 
outflow through a filter for colloidal chemical analysis (inset) and 
XAD resin (back left) for dissolved chemical analysis (C) at U.S. 
Geological Survey streamgage 12113390, Duwamish River at Golf 
Course at Tukwila, Washington.
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Data Analysis

All analytical chemistry results were EPA Level 2 
validated and all high-resolution mass spectrometry data 
(PCBs and dioxins/furans) were EPA Level 4 validated. 
Estimated data (results between the reporting limit and 
detection limit) are included in the summed or calculated 
values. Toxic equivalent (TEQ) concentrations are reported 
for dioxins/furans and cPAHs for comparison with regulatory 
values and previous Duwamish datasets. Toxic equivalents 
express mass concentration as a weighted measure of the total 
toxicity of a group of chemicals, based on the toxicity of each 
individual chemical relative to the most toxic chemical of the 
group. Total dioxins/furans were reported as a TEQ according 
to the World Health Organization 2005 guidelines (Van den 
Berg and others, 2006). Total cPAHs were reported as a TEQ 
according to the potency equivalency factors adopted by the 
California Environmental Protection Agency (2005). For non-
detected compounds, one-half the detection limit was used. 

Organic carbon-normalized concentrations were 
calculated by dividing the dry weight concentration by the 
fraction of organic carbon in the sample. Summary statistics 
were computed for chemicals that were detected in 50 percent 
or more of the samples per matrix type. The Kaplan-Meier 
estimator was used for datasets with non-detects (Helsel and 
Hirsch, 2002).

A regression between discrete samples of SSC and 
continuous 15-min turbidity and discharge data was developed 
to estimate 15-min SSC at USGS streamgage 12113390 
(Senter and others, 2018). A suspended-sediment load (SSL; 
the mass of suspended sediment transported per unit time) 
was estimated by multiplying discharge by SSC at a 15-min 
resolution. Because many chemicals preferentially sorb to 
fine sediment (particle-size diameter less than 0.0625 mm), 
a second regression was developed to estimate 15-min 
SSLFINES, the fine suspended-sediment load (Senter and 
others, 2018). Daily SSL and daily SSLFINES were calculated 
as the sum of the 96 15-min values for each day of the study 
period.

Suspended sediment-bound chemical loads were 
estimated by multiplying SSL or SSLFINES by suspended 
sediment-bound chemical concentrations at a 15-min or daily 
resolution over the study period (2013–17). To compare 
approaches and avoid a seasonal bias, chemical loads for three 
complete calendar years are reported: 2014, 2015, and 2016. 
Four approaches were used to assign a chemical concentration 
to each 15-min or daily data point:

• Approach 1—Summary statistics

• Approach 2—River condition bins

• Approach 3—Linear regressions

• Approach 4—Non-linear regressions

For Approach 1, suspended sediment-bound chemical 
loads were estimated as the product of SSL or SSLFINES and 
three summary statistics—the 10th percentile, the median, and 
the 90th percentile—of the 39 measured suspended sediment-
bound chemical concentrations. A suspended sediment-bound 
chemical load was calculated for every 15-min data point 
during the sediment record (November 27, 2013–January 29, 
2017). The 15-min chemical loads were averaged for calendar 
years 2014, 2015, and 2016 to estimate annual chemical loads 
for the chemicals with LDW clean-up criteria (arsenic, cPAHs, 
dioxins/furans, and PCBs). Four values are reported for each 
chemical: 

• A low-end bound, based on the product of the 10th 
percentile chemical concentration and the SSLFINES, 
which assumes the chemical is only bound to fine 
particles;

• A median-SSLFINES value, based on the product of the 
median chemical concentration and the SSLFINES;

• A median-SSL value, based on the product of the 
median chemical concentration and the SSL; and

• A high-end bound, based on the product of the 90th 
percentile chemical concentration and the SSL, which 
assumes the chemical is bound to all particle sizes.

Statistical metrics (minimum, median, average, and 
maximum) of daily loads were estimated by multiplying the 
median chemical concentration by the SSL.

For Approach 2, the median chemical concentration of 
discrete samples collected during each of four river conditions 
was calculated. The river conditions were as follows: 

• Storm—Forty-eight-hour antecedent rainfall at the 
National Oceanic and Atmospheric Administration 
(NOAA) Seattle-Tacoma International Airport weather 
station (station ID WBAN:24233) was greater than or 
equal to 0.4 in. (1 cm),

• Dam release—Previous day mean river discharge at 
USGS streamgage 12105900 (Green River below 
Howard A Hanson Dam, Washington) was greater than 
or equal to 2,000 ft3/s,

• Storm-plus-Dam—Both of the above conditions were 
true, and

• Baseline—Neither of the above conditions were true.
The previous day mean daily river discharge at USGS 
streamgage 12105900 was used to account for the travel 
time between USGS streamgage 12105900 (Green River 
below Howard A Hanson Dam, Washington) and USGS 
streamgage 12113390 (Duwamish River at Golf Course at 
Tukwila, Washington) (about 15 hours). Each day of the 



Methods  11

1,160-day period of record was assigned a river condition. 
The daily SSL or SSLFINES was multiplied by the median 
chemical concentration for that river condition to estimate a 
daily chemical load. The daily chemical loads were summed 
over calendar years 2014, 2015, and 2016 to estimate annual 
chemical loads for the chemicals with LDW clean-up criteria 
(arsenic, cPAHs, dioxins/furans, and PCBs).

For Approach 3, linear regressions were developed 
between measured suspended sediment-bound chemical 
concentrations (and organic carbon [OC]-normalized 
concentrations for organic compounds) and time-varying 
hydrologic and climatic explanatory variables. The sediment 
chemistry parameters were arsenic, cadmium, chromium, 
copper, lead, mercury, zinc, cPAHs, cPAHs (OC normalized), 
dioxins/furans, dioxins/furans (OC normalized), PCBs, and 
PCBs (OC normalized). Explanatory variables included: 

• The previous day mean daily discharge from USGS 
streamgage 12105900 (Green River below Howard A 
Hanson Dam, Washington);

• The day-of sampling median discharge at USGS 
streamgage 12113390 (Duwamish River at Golf 
Course at Tukwila, Washington);

• The day-of sampling median turbidity at USGS 
streamgage 12113390 (Duwamish River at Golf 
Course at Tukwila, Washington);

• The day-of sampling precipitation total at—

 dThe NOAA Seattle-Tacoma International Airport 
weather station (station ID WBAN:24233),

 dKing County 11U station in Des Moines,

 dKing County Auburn City Hall station (“AUB_
RAIN”),

 dKing County 40U station in the Middle Green, and

 dKing County 44U station in Enumclaw;

• The day-before-sampling precipitation total at each of 
the above rain gages;

• The 2 days-before-sampling precipitation total at each 
of the above rain gages;

• The sum of the 2 days-before- and day-before sampling 
precipitation total at each of the above rain gages;

• The 3-day total (sample day plus previous 2 days) at 
each of the above rain gages;

• The 5-day total at each of the above rain gages;

• The 10-day total at each of the above rain gages;

• Number of days since at least 0.25 in. of rain was 
recorded at the NOAA Seattle-Tacoma International 
Airport weather station;

• Number of days since at least 0.5 in of rain was 
recorded at the NOAA Seattle-Tacoma International 
Airport weather station; and

• Number of days since at least 1 in. of rain was recorded 
at the NOAA Seattle-Tacoma International Airport 
weather station.

A chemical concentration was estimated for the most 
significant watershed variable using 15-min or daily data, 
which was then multiplied by a concurrent sediment load to 
estimate a chemical load. The 15-min or daily chemical loads 
were summed over calendar years 2014, 2015, and 2016 
to estimate annual chemical loads for the chemicals with 
LDW clean-up criteria (arsenic, cPAHs, dioxins/furans, and 
PCBs). Simple linear, rather than multi-linear, regressions 
were developed in this coarse first-cut exercise because the 
explanatory variables are highly correlated (for example, 
precipitation and discharge).

For Approach 4, a statistical technique known as random 
forests (RF) regression (Prasad and others, 2006; Cutler 
and others, 2007) was used to investigate relations between 
sediment-bound chemical concentrations and hydrologic 
and climatic factors. RF is a type of regression tree analysis 
that does not rely on inferred assumptions about the relation 
between response and predictor variables and allows for 
interactions and nonlinearities among variables. RF produces 
numerous regression trees from a bootstrapped sample of 
70 percent of the observations for each node or branch in the 
regression tree. The remaining 30 percent of the observations 
are used to evaluate each branch. With this approach, each 
observation is left out of about one-third of the tree, and the 
final prediction for each observation is obtained by averaging 
the predictions across all the trees where it was excluded. 

RF methods have a number of benefits over other 
regression tree methods. First, RF methods limit overfitting, 
which enhances its predictive capabilities. Second, the RF can 
model complex interactions among predictor variables. For 
example, when predictor variables are highly collinear but are 
good predictors of a response variable, traditional stepwise 
and criterion-based variable selection procedures typically 
will retain only one or two of the collinear variables and 
discard the rest. RF procedures distribute the importance of 
the collinear predictor variables and guard against eliminating 
predictor variables that may be mechanistically important, 
but are correlated with other predictors (Cutler and others, 
2007). Finally, RF has a robust approach to characterizing 
the importance of predictor variables. The most important 
predictors will have the largest decrease in model accuracy 
when they are removed from the model. The RF method also 
identifies the percent variance explained for each model, also 
referred to as a pseudo R2.

RF regressions were developed for the LDW chemicals 
with criteria (arsenic, cPAHs, dioxins/furans, and PCBs) using 
more than 40 discharge and precipitation explanatory variables 
from different locations in the watershed, including the ones 
described earlier in this section for Approach 3. The RF 
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procedure was completed using the R statistical system (Liaw 
and Wiener, 2002; R Development Core Team, 2006). A daily 
chemical concentration was predicted from the regression 
output and used with a daily sediment load to estimate daily 
chemical loads. The daily chemical loads were summed 
over calendar years 2014, 2015, and 2016 to estimate annual 
chemical loads for the chemicals with LDW clean-up criteria 
(arsenic, cPAHs, dioxins/furans, and PCBs).

For PCB partition estimates, concentrations of PCBs 
in suspended sediment were converted to per-volume 
concentrations (in picograms per liter [pg/L]) by multiplying 
the suspended sediment-bound PCB concentration by the 
SSC (the median 15-min value during suspended-sediment 
sampling derived from the regression with turbidity, as 
described in Senter and others, 2018).

Hydrology and River Condition

Streamflow and Suspended Sediment

During November 27, 2013–January 29, 2017, daily 
river discharge at USGS streamgage 12113390 ranged from 
-736 to 10,300 ft3/s (fig. 4), and 15-min river discharge ranged 
from -1,390 to 11,100 ft3/s, where a negative sign indicates 
an upstream flow direction. The median and average 15-min 
discharge was 1,190 and 1,640 ft3/s, respectively, during the 
three-calendar-year period from 2014 to 2016. The highest 
flows occurred during dam releases or mixed storm-plus-
dam releases, generally in the winter from October to April. 
During the study period (2013–17), there were 32–50 days 
of dam releases each year (when the mean daily discharge 
was greater than or equal to 2,000 ft3/s at USGS streamgage 
12105900 (Green River below Howard A Hanson Dam). Since 
the dam went into operation in 1961, the number of days of 
dam releases has ranged from 2 (2000) to 90 (1972), with a 
median of 37 days (fig. 5), suggesting that the 2013–17 study 
period did not include any extreme years and was relatively 
representative of typical dam operations. 
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12113390 (Duwamish River at Golf Course at Tukwila, Washington), 2013–17.



Hydrology and River Condition  13

During the study period, mean daily discharge at USGS 
streamgage 12113390 was about 15 percent higher than mean 
daily discharge at USGS streamgage 12113000 (Green River 
near Auburn, Washington) at RKM 51.5. This likely is owing 
to additional flow contributions between the two streamgages 
from sources such as the Black River and numerous 
stormwater outfalls. The Auburn streamgage historically has 
been used to estimate water, sediment, and chemical loads 
to the LDW; therefore, those previous estimates may have 
underrepresented actual loads.

For the entire period of the sediment record at USGS 
streamgage 12113390 (November 27, 2013–January 29, 
2017), the 15-min turbidity ranged from less than 1 to 
260 Formazin Nephelometric Units (FNU), with a median 
and average of 4.3 and 10 FNU, respectively. Similarly, 
during the study load calculation period of calendar years 
2014–16, turbidity ranged from less than 1 to 260 FNU, 
with a median and average 4.1 and 10 FNU, respectively. 
The highest turbidity values occurred during dam releases, 
when large amounts of suspended sediment were transported 
downstream with the increased river flows. The sediment 
may have originated from several different sources, including 
(1) lake sediment impounded behind the dam, (2) watershed 
sources transported to the river through overland runoff or 

wet deposition during mixed storm-plus-dam release events, 
(3) scour and resuspension of riverbed sediments, or (4) other 
unknown sources. River discharge and suspended sediment 
often remained elevated for days after the flows decreased 
below 2,000 ft3/s from the dam (fig. 6), likely from releases 
of stored water from tributaries and from river bank storage in 
the Middle and Lower Green River. 

Based on the regression between discrete measurements 
of SSC and continuous measurements of turbidity at USGS 
streamgage 12113390, 15-min SSC ranged from less than 
1 to 872 mg/L, with a median of 9.5 mg/L, during the 
1,160-day study period (Senter and others, 2018). The 
average annual SSL from 2014 to 2016 was 117,000 U.S. 
tons (106,000 metric tons), with large daily load variability 
depending on river condition. The daily SSL ranged from 
-0.98 U.S. tons/d during summer low-flow conditions to 
18,000 U.S. tons/d during a winter dam-release event. Large 
dam releases, either with or without a coincident storm event, 
occurred infrequently—on 32–50 days per year during the 
study period, or an average of 11 percent of the time—but 
accounted for a disproportionately large amount of the annual 
sediment load (79 percent). Sediment loads during large 
dam releases, with or without a coincident storm, averaged 
2,220 U.S. tons/d, with a maximum of 18,000 U.S. tons/d. 
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EXPLANATION

Figure 6. Example hydrographs showing river discharge measured at U.S. Geological Survey (USGS) streamgages 12113390, 
12113000, and 12105900 on the Duwamish and Green Rivers (A); and turbidity measured at USGS streamgage 12113390 on the 
Duwamish River (B) during and after a large release from the Howard A Hanson Dam, Washington, January 2–16, 2015.
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In contrast, sediment loads averaged 212 U.S. tons/d during 
storm events without a coincident dam release, and 43 U.S. 
tons/d during baseline conditions. Most of the suspended-
sediment load (73.5 percent) was fine sediment with less than 
0.0625 millimeter particle-size diameter, resulting in a fine 
sediment load of 86,200 U.S. tons/yr for 2014–16. During 
2014–16, 97 percent of the total annual SSL was contributed 
during the wet half of the year (October 15–April 14) when 
storms and dam releases were more prevalent, whereas only 
3 percent was contributed during April 15–October 14. Large 
inter-annual variability of sediment loads is expected in the 
Green/Duwamish River system, controlled by the frequency 
and intensity of precipitation events and the number and 
duration of dam releases. Peak flows at Auburn (USGS 
streamgage 12113000) during 2014–16 were 9,420, 8,810, 
and 10,900 ft3/s, which were slightly higher than the 55-year 
average (8,630 ft3/s). This, in addition to the near-average 
number of dam release days (fig. 5), suggests that the 2014–16 
sediment load may be indicative of near-average annual loads.

Each year during summer (approximately June–
October), there were frequent tidal reverse flows of as much 
as -1,390 ft3/s at RKM 16.7 (USGS streamgage 12113390). 
This resulted in upstream transport of suspended sediment, 
although during these low-flow, low-sediment conditions, the 
upstream sediment transport was negligible (0.001 percent 
of the downstream sediment load) at the streamgage. The 
streamgage is upstream of the salt wedge, so an upstream 
sediment load associated with the toe of the salt wedge 
(referred to as the estimated turbidity maximum) is not 
relevant at this streamgage. The upstream sediment load likely 
contributes more to the total sediment load farther downstream 
within the Duwamish estuary, where tidal resuspension is 
more prominent. 

River Condition during Chemistry Sampling

The 42 discrete sampling periods occurred from February 
2013 to March 2017 over a range of hydrologic conditions 
including the four previously defined river conditions: (1) 21 
storms, (2) 4 dam releases, (3) 5 storm-plus-dam releases, and 
(4) 12 baseline periods. There were more samples collected 
during the wet winter half of the year (29 samples from 
October 15 to April 14) than during dry summer half of the 
year (11 samples from April 15 to October 14) because the 
study design targeted high-flow and high-sediment events. 
Sampling captured a wide range of river and hydrologic 
conditions during the study period—48-hour antecedent 
precipitation ranged from 0 to 2.95 in.; water temperature 
ranged from 3.2 to 17.5 °C; specific conductance ranged 
from 37 to 159 µS/cm; discharge ranged from less than 10 to 
7,400 ft3/s; and SSC ranged from 6 to 555 mg/L. 

Chemical Concentrations

Summary Statistics of Water Samples

Parameters that were detected in 50 percent or more of 
the unfiltered water samples included total organic carbon 
(TOC), 11 inorganic species, total dioxins/furans, and 
total PCBs (table 2). Other compounds were detected less 
frequently, including PAHs, butyltins, phthalates, and other 
semi-volatile compounds. Results for individual compounds 
for each sampling event previously have been reported (Conn 
and Black, 2014; Conn and others, 2015, 2018). TOC ranged 
from 1.37 to 7.39 mg/L, with a median of 2.29 mg/L. At 
least one-half of the TOC was in the dissolved form (DOC) 
in every sample, and DOC contributed 80 percent or more of 
the TOC in 23 of 30 paired samples. Filtered water samples 
were only analyzed for metals and DOC (table 3). Chemical 
concentrations in unfiltered and filtered water samples 
generally were low. For example, median (and maximum) 
arsenic concentrations were 0.9 µg/L (2.9 µg/L) and 
0.50 µg/L (0.76 µg/L) in unfiltered and filtered water samples, 
respectively. The median concentration of total PCBs was 148 
pg/L, with a maximum of 6,790 pg/L. 

Summary Statistics of Suspended-Sediment 
Samples

A larger suite of chemicals was detected in suspended-
sediment samples than in corresponding water samples, 
including PAHs, phthalates and other semivolatile compounds, 
in addition to TOC, metals, dioxin/furans, and PCBs 
(table 4). The chemicals with LDW cleanup goals (arsenic, 
cPAHs, dioxins/furans, and PCBs) were detected in all 
suspended-sediment samples collected from the Duwamish 
River at RKM 16.7 regardless of river condition (baseline, 
storm, dam release, storm-plus-dam release), even when 
concentrations were less than detection thresholds in paired 
water samples. Arsenic concentrations on suspended sediment 
ranged from 6.6 to 28.0 mg/kg (median = 13.8 mg/kg). 
Concentrations of cPAHs ranged from 3.7 to 454 µg TEQ/ kg 
(median = 60.3 µg TEQ/kg). Concentrations of dioxins/
furans (sum of 17 congeners) ranged from 0.526 to 20.6 
ng TEQ/ kg (median = 3.83 ng TEQ/kg). Concentrations of 
PCBs (sum of 209 congeners) ranged from 0.448 to 83.9 
µg/kg (median = 11.1 µg/kg). Organic carbon-normalized 
concentrations (table 5) were low; for example, the maximum 
LPAH concentration was 9.05 mg/kg organic carbon and the 
maximum PCB concentration was 1,450 µg/kg organic carbon. 
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Duwamish River suspended sediment has a higher percentage 
of fine sediment, higher organic carbon content, and higher 
chemical concentrations than nearby bed-sediment samples 
(Conn and others, 2016). Transport, fate, and deposition of 
river suspended sediment within the LDW will depend on 
watershed and river conditions (flows, sediment sources, SSC 
and PSD, tidal stage), and the determination of the sources and 
dominant processes was outside the scope of this project.

The suspended sediment-bound chemical 
concentrations compare well (table 6) with other studies of 
suspended sediment-bound chemical concentrations in the 
Green/ Duwamish River (Gries and Sloan, 2009; King County, 
2016). As expected, the current study generally reported a 
wider range of measured concentrations as compared to the 
other studies, given the greater number of samples (about 
40 compared to less than 10) over a wide range of river 
conditions (including dam releases and rising limbs of storm 
hydrographs). However, the mean concentrations reported 
by the current study and Gries and Sloan (2009) are nearly 
identical: 16.0 compared to 16.6 mg/kg arsenic, 100 compared 
to 144 µg TEQ/kg cPAHs, 6.04 compared to 6.36 ng TEQ/ kg 
dioxins/furans, and 14.5 compared to 14.5 µg/kg PCBs. 
The measured suspended sediment-bound concentrations 
in this study and the other studies (Gries and Sloan, 2009; 
King County, 2016) generally have a wider range than 
concentrations in the range of BCM values used to estimate 
inputs from the watershed to the LDW (AECOM, 2012). For 
example, the measured range of suspended sediment-bound 
arsenic concentrations was 6.6–28.0 mg/kg in the current 
study, and the range of BCM input values was 7.0–10.0 mg/kg 
(table 6).

Measured concentrations of individual chemical 
parameters on suspended sediment could vary over orders 
of magnitude between sampling periods, likely owing to 
complex interactions between watershed variables such 
as season, antecedent dry period, precipitation amount, 
duration, intensity, location in the watershed, and operation 
of the Howard A Hanson Dam. Assuming a single sediment-
bound concentration (for example, an average value) 
for chemical loads will not fully represent this range of 
measured concentrations. For example, median suspended 
sediment-bound concentrations were 2.5–3 times higher 
during storm events than during baseline conditions, and 
10–27 times higher during storm events than during dam 
releases for anthropogenic, stormwater-transported chemicals 
including cPAHs, dioxins/furans, and PCBs (table 7). Median 
concentrations during storm-plus-dam events were slightly 
higher than median concentrations during dam releases, 

which may be explained using a simple mixing model of 
6–10 percent storm water contribution and 90–94 percent dam 
release water contribution to the total volume. In contrast, 
median suspended sediment-bound arsenic concentrations 
were highest during baseline conditions (26.2 mg/kg) as 
compared to storm conditions (14.3 mg/kg), storm-plus-dam 
release conditions (9.30 mg/kg) and dam release conditions 
(8.95 mg/kg). Arsenic occurs naturally in watershed soils and 
river sediments. Median suspended-bound concentrations of 
anthropogenic metals such as cadmium, lead, and zinc were 
highest in storm events and lowest during large dam releases. 
Other metals such as barium, cobalt, and nickel did not vary 
greatly between different sampling conditions.

During periods of high SSC, the suspended sediment-
bound concentrations of metals contributed most of the 
chemical concentration in the water column, whereas the 
dissolved concentration was relatively low and consistent 
between sampling events regardless of SSC. For example, 
arsenic concentrations in dissolved water samples ranged from 
0.3 to 0.76 µg/L, whereas particulate-bound concentrations 
ranged from 0.09 to 4.55 µg/L (fig. 7A). The dissolved 
fraction contributed most (65–82 percent) of the total arsenic 
concentration in the water column during low-sediment 
conditions (SSC <20 mg/L) and the least concentration 
(8–26 percent) during high-sediment conditions (SSC 
>100 mg/L). The dissolved fraction contributed less of the 
total water concentration (usually less than 10 percent) for 
other metals such as lead and copper (fig. 7B and 7C) as 
compared to arsenic. The sum of the dissolved and particulate-
bound concentrations were similar to the concentration 
measured in unfiltered water samples during low-sediment 
events. As the SSC increased, the concentration measured 
in unfiltered water samples was generally less than the sum 
of the dissolved and particulate-bound concentrations. This 
is particularly true for organic carbon (fig. 7D). This may 
be because the analytical methods used for unfiltered water 
samples underrepresent the chemical fraction bound to 
particulate material. A subsample of a small water sample 
volume, typically 100–1,000 mL, often is used for chemical 
analysis and, therefore, may not representatively sample the 
particulate material within the sample. The results from this 
study suggest that the sum of the chemical concentrations 
measured on two separate fractions—the particulate fraction 
and the dissolved fraction—may more fully represent the 
total chemical concentration in an unfiltered water sample as 
compared to analysis of an unfiltered water sample, especially 
in samples with high suspended-sediment concentrations. 
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Study
Statistic or 

value
Arsenic 
(mg/kg)

cPAHs 
(µg TEQ/kg)

Total dioxins/
furans (ng/kg)

Total dioxins/
furans (ng TEQ/kg)

Total PCBs 
(µg/kg)

Current study (RKM 16.7) Minimum 6.6 3.7 72.7 0.526 0.448
10 percent 8.4 12.9 156 0.980 1.60
Median 13.8 60.3 771 3.83 11.1
90 percent 26.0 184 3,220 13.4 32.1
Maximum 28.0 454 5,320 20.6 83.9
Mean 16.0 100 1,360 6.04 14.5

Gries and Sloan, 2009 (RKM 11) Minimum 9.2 13 – 0.83 <1.2
90 percent 23.9 372 – 15.3 34.3
Maximum 24.3 588 – 16.2 62.1
Mean 16.6 144 – 6.36 14.5

King County, 2016, sediment traps 
(RKM 16.7)

Minimum 4.95 – 81.5 – 0.70
Maximum 17.5 – 910 – 12.0
Mean 8.86 – 373 – 5.27

King County, 2016, filtered solids 
(RKM 16.7)

Baseflow 39.9 – 794 – 7.75
Storm minimum 8.7 – 284 – 2.20
Storm maximum 24.5 – 4,610 – 99.9
Storm mean 14.2 – 1,550 – 29.9

BCM input value Low 7.0 40 – 2.00 5.0
Mid 9.0 70 – 4.00 35.0
High 10.0 270 – 8.00 80.0

Table 6. Comparison of Bed Composition Model input values with measured suspended sediment-bound chemical concentrations 
from three studies, Duwamish River, Washington.

[Study: BCM, Bed Composition Model; RKM, river kilometer. cPAHs: Carcinogenic polycyclic aromatic hydrocarbons. Total PCBs: Total polychlorinated 
biphenyls. Abbreviations and symbols: µg/kg, microgram per kilogram; µg TEQ/kg, microgram toxic equivalent per kilogram; mg/kg, milligram per kilogram; 
ng/kg, nanogram per kilogram; ng TEQ/kg, nanogram toxic equivalent per kilogram; <, less than; –, not calculated]
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Parameter Unit
River condition

Baseline Storm Dam release Storm plus dam

Total organic carbon percent 5.99 5.41 2.27 2.63
Arsenic mg/kg 26.2 14.3 8.95 9.30
Barium mg/kg 153 167 140 132
Beryllium mg/kg 0.50 0.52 0.65 0.50
Cadmium mg/kg 0.37 0.47 0.15 0.37
Chromium mg/kg 27.0 31.2 20.0 24.2
Cobalt mg/kg 12.9 12.0 12.0 12.0
Copper mg/kg 38.5 48.0 36.0 34.0
Lead mg/kg 15.0 22.4 8.85 9.5
Manganese mg/kg 3,295 1,440 962 1,115
Mercury mg/kg 0.110 0.125 0.09 0.110
Molybdenum mg/kg 0.79 0.95 0.22 0.27
Nickel mg/kg 26.0 29.5 23.0 25.0
Selenium mg/kg 1.0 0.85 0.70 0.79
Vanadium mg/kg 70.6 66.5 59.6 63.0
Zinc mg/kg 121 198 80.0 85.0
LPAHs µg/kg 124 138 66.0 44.4
HPAHs µg/kg 439 1,121 89.0 146
cPAHs µg/kg 219 632 35.0 77.1
cPAHs µg TEQ/kg 40.9 126 6.09 14.5
Total dioxins/furans ng/kg 662 1,900 89.9 277
Total dioxins/furans ng TEQ/kg 2.85 8.49 0.783 1.58
Total PCBs µg/kg 6.94 17.0 0.627 2.07
4-Methylphenol µg/kg 47 100 – 47
Benzoic acid µg/kg 1,240 1,300 220 560
Benzyl alcohol µg/kg – 630 170 570
bis(2-ethylhexyl) phthalate µg/kg 490 2,400 710 1,104
Butyl benzyl phthalate µg/kg – 249 44 114
Di-n-octyl phthalate µg/kg – 120 – 30

Table 7.  Median concentration of select chemicals on suspended sediment during various river conditions, 
Duwamish River, Washington, 2013–17.

[Parameter: cPAHs, carcinogenic polycyclic aromatic hydrocarbons; HPAHs, high molecular-weight polycyclic aromatic hydrocarbons; 
LPAHs, low molecular-weight polycyclic aromatic hydrocarbons; Total PCBs, total polychlorinated biphenyls. Unit: μg/kg, microgram 
per kilogram; μg TEQ/kg, microgram toxic equivalent per kilogram; mg/kg, milligram per kilogram; ng/kg, nanogram per kilogram; ng 
TEQ/kg, nanogram toxic equivalent per kilogram. Symbol: –, detected in less than 50 percent of samples]
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Figure 7. Comparison of the sum of particulate-bound and dissolved concentrations to concentrations measured in unfiltered 
water samples for arsenic (A), lead (B), copper (C), and organic carbon (D), Duwamish River, Washington, 2013–17.
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Chemical Load Estimates

Approach 1—Summary Statistics

Average annual suspended sediment-bound arsenic 
loads to the LDW ranged from 654 to 2,760 kg (table 8), 
as estimated using three summary statistics—the 10th 
percentile, the median, and the 90th percentile—of suspended 
sediment-bound chemical concentrations (see table 4) and two 
sediment load estimates—SSL and SSLFINES. Average annual 
suspended sediment-bound loads of the other chemicals with 
LDW criteria are estimated to range from 1,010 to 19,500 g 
TEQ of cPAHs, from 77 to 1,430 mg TEQ of dioxins/furans, 
and from 125 to 3,420 g PCBs. The range of estimated arsenic 

loads is fairly small (maximum value is about four times larger 
than the minimum value), whereas the range of estimated 
loads for cPAHs, dioxins/furans and PCBs is wide (maximum 
value is 19–27 times larger than the minimum value), owing 
to large variations in suspended sediment-bound chemical 
concentrations measured during different sampling periods.

Daily loads were calculated by multiplying the median 
chemical concentration by the daily SSL for each day in 
2014–16. Daily chemical load estimates varied by orders of 
magnitude (table 9). For example, cPAHs daily loads ranged 
from -0.054 g TEQ during the 2015 summer drought to 988 g 
TEQ during a winter storm when large volumes of water also 
was being released from the Howard A Hanson Dam. 
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Approach
Chemical 

concentration 
estimator

Sediment 
load 

estimator

Arsenic  
(kg)

cPAHs 
(g TEQ)

Dioxins / 
furans  

(mg TEQ)

PCBs  
(g)

1 - Summary statistics 10 percent SSLFINES 654 1,010 77 125
Median SSLFINES 1,080 4,720 300 866
Median SSL 1,470 6,420 407 1,180
90 percent SSL 2,760 19,500 1,430 3,420

2 - River condition bins Median during river 
condition

SSLFINES 902 2,150 176 300
SSL 1,210 2,830 234 395

3 - Linear regressions  
(with discharge at USGS  
streamgage 12105900)

Predicted value SSLFINES 831 2,150 155 261
SSL 1,120 2,810 205 340

4 - Non-linear regressions 
(Random Forest)

Predicted value SSLFINES 913 6,030 295 593
SSL 1,230 8,200 399 797

Table 8. Estimates of annual suspended sediment-bound loads of arsenic, carcinogenic polycyclic aromatic hydrocarbons, dioxins/
furans, and polychlorinated biphenyls using various approaches, Duwamish River, Washington, 2014–16.

[Approach: USGS, U.S. Geological Survey. Sediment load estimator: SSL, suspended sediment load; SSLFINES, suspended sediment load of particles with 
less than 0.0625-millimeter particle size diameter. cPAHs: Carcinogenic polycyclic aromatic hydrocarbons. PCBs: Polychlorinated biphenyls. Abbreviations: 
g, gram; g TEQ, gram toxic equivalent; kg, kilogram; mg TEQ, milligram toxic equivalent]

Approach Statistic
Arsenic  

(kg)
cPAHs 
(g TEQ)

Dioxins / 
furans  

(mg TEQ)

PCBs  
(g)

1 - Summary statistics Minimum -0.012 -0.054 -0.003 -0.010
Median 0.36 1.57 0.100 0.289
Average 4.0 17.6 1.12 3.23
Maximum 226 988 62.8 182

2 - River condition bins Minimum -0.023 -0.036 -0.003 -0.006
Median 0.64 1.22 0.089 0.182
Average 3.3 7.74 0.638 1.08
Maximum 152 280 25.9 37.7

3 - Linear regressions  
(with discharge at USGS 
streamgage 12105900)

Minimum -0.031 -0.380 -0.016 -0.057
Median 0.53 2.82 0.162 0.372
Average 3.1 7.7 0.562 0.930
Maximum 135 189 17.8 20.3

4 - Non-linear regressions 
(Random Forest)

Minimum -0.025 -0.075 -0.008 -0.028
Median 0.49 1.70 0.144 0.288
Average 3.4 22.5 1.09 2.18
Maximum 168 2,043 116 157

Table 9. Statistical metrics of daily suspended sediment-bound load estimates of arsenic, carcinogenic 
polycyclic aromatic hydrocarbons, dioxins/furans, and polychlorinated biphenyls using various approaches, 
Duwamish River, Washington, 2014–16.

[Daily loads were calculated by multiplying the median chemical concentration (Approaches 1 and 2) or predicted value 
(Approaches 3 and 4) by the daily suspended sediment load. Approach: USGS, U.S. Geological Survey. cPAHs: Carcinogenic 
polycyclic aromatic hydrocarbons. PCBs: Polychlorinated biphenyls. Abbreviations: g, gram; g TEQ, gram toxic equivalent;  
kg, kilogram; mg TEQ, milligram toxic equivalent]
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Figure 8. Percentage of the 2014–16 calendar years in which each Duwamish River condition contributed to 
time, sediment load, and select chemical loads for arsenic, carcinogenic polycyclic aromatic hydrocarbons 
(cPAHs), dioxins/furans, and polychlorinated biphenyls (PCBs) using the river condition bins approach.

Approach 2—River Condition Bins

During the 2014–16 calendar years, the daily river 
condition was “baseline” most of the time (71 percent), with 
short cumulative time of storm conditions (17 percent), dam 
releases (7 percent), and mixed storm-plus-dam releases (4 
percent) (fig. 8). Using the river condition approach, average 
annual suspended sediment-bound chemical load estimates are 
1,210 kg arsenic; 2,830 g TEQ cPAHs; 234 mg TEQ dioxins/
furans; and 395 g PCBs (table 8). Chemical load estimates 
using Approach 2 were lower than median estimates using 
Approach 1 for arsenic, cPAHs, dioxins/furans, and PCBs.

As expected, storm events contributed a 
disproportionately large amount of the load of anthropogenic 
organic compounds such as cPAHs (54 percent), dioxins/
furans (44 percent), and PCBs (52 percent) as compared to 
time (17 percent) (fig. 8). Chemical loads of cPAHs during 
storm events, with or without a coincident dam release, 
averaged 27.6 g TEQ/d, with a maximum of 280 g TEQ/d. 
In contrast to storm events, cPAH loads averaged three times 
lower (9.24 g TEQ/d) during dry-weather dam releases, and 
17 times lower (1.6 g TEQ/d) during baseline conditions. 

Chemical loads of dioxins/furans during storm events, with 
or without a coincident dam release, averaged 2.21 mg 
TEQ/d, with a maximum of 25.9 mg TEQ/d. In contrast to 
storm events, dioxin/furan loads averaged two times lower 
(1.19 mg TEQ/d) during dry-weather dam releases, and 20 
times lower (0.112 mg TEQ/d) during baseline conditions. 
Chemical loads of PCBs during storm events, with or without 
a coincident dam release, averaged 3.79 g/d, with a maximum 
of 37.7 g/d. In contrast to storm events, PCB loads averaged 
four times lower (0.952 g/d) during dry-weather dam releases, 
and 14 times lower (0.272 g/d) during baseline conditions. 
Arsenic loads were distributed more evenly between the 
four conditions. This is partially because the highest arsenic 
concentrations were during baseline conditions (compared 
to storms for the organic chemicals) and also likely owing 
to source differences—arsenic occurs naturally in watershed 
soils and river sediments, whereas cPAHs, dioxins/furans, 
and PCBs have anthropogenic land and atmospheric sources. 
Average and maximum daily loads estimated using Approach 
2 were less than those using Approach 1, except for similar 
average arsenic load estimates (table 9).
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Chemical
Most significant

explanatory variable
R2 Second-most significant  

explanatory variable
R2

Arsenic  
(mg/kg)

Day-of sampling median discharge (ft3/s) at 
USGS streamgage 12113390 (Duwamish  
River at Golf Course at Tukwila, Washington)

0.75 Previous day’s mean daily discharge (ft3/s) at 
USGS streamgage 12105900 (Green River 
below Howard A Hanson Dam, Washington) 

0.67

cPAHs  
(µg TEQ/kg)

Five-day precipitation total (inches) at King 
County Auburn station

0.50 Previous day’s mean daily discharge (ft3/s) at 
USGS streamgage 12105900 (Green River 
below Howard A Hanson Dam, Washington) 

0.50

Dioxins/Furans  
(ng TEQ/kg)

Previous day’s mean daily discharge (ft3/s) at 
USGS streamgage 12105900 (Green River 
below Howard A Hanson Dam, Washington) 

0.45 Day-of sampling precipitation total (inches) at 
King County Tukwila station

0.44

PCBs  
(µg/kg)

Previous day’s mean daily discharge (ft3/s) at 
USGS streamgage 12105900 (Green River 
below Howard A Hanson Dam, Washington) 

0.54 Day-of sampling precipitation total (inches) at 
King County Tukwila station

0.37

Table 10. Two most significant (highest coefficient of determination [R2]) linear regressions between select suspended sediment-
bound chemical concentrations (y) and explanatory hydrologic or climatic variables (x).

[Chemical: cPAHs, carcinogenic polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls; μg/kg, microgram per kilogram; μg TEQ/kg, microgram 
toxic equivalent per kilogram; mg/kg, milligram per kilogram; ng TEQ/kg, nanogram toxic equivalent per kilogram. R2: Coefficient of determination, 
representing the two most significant (highest R2, as shown in each R2 column) linear regressions between select suspended sediment-bound chemical 
concentrations (y-axis) and explanatory hydrologic or climatic variables (x-axis). Abbreviations: USGS, U.S. Geological Survey; ft3/s, cubic foot per second]

Approach 3—Linear Regressions

Most suspended sediment-bound chemical concentrations 
were not well explained by a simple linear relation to a 
single hydrologic or climatic variable. Relations were poor 
(coefficient of determination [R2] <0.4) for chromium, 
copper, and mercury and any of the discharge, turbidity, 
or precipitation variables. Suspended sediment-bound 
concentrations of the chemicals with LDW cleanup goals 
(table 10) and cadmium, lead, and zinc were partially 
explained (R2≥0.4) by the previous-day mean daily discharge 
at USGS streamgage 12105900 (Green River below Howard 
A Hanson Dam, Washington). The most significant relation 
(R2=0.75) was between arsenic concentrations and the 
day-of-sampling discharge at USGS streamgage 12113390 
(Duwamish River at Golf Course at Tukwila, Washington) 
(table 10). The other chemicals with LDW cleanup goals 
also were partially explained by a precipitation variable. For 
consistency, a continuous record of chemical concentrations 
was estimated for chemicals with LDW cleanup criteria using 
the regression with the previous day mean daily discharge 
at USGS streamgage 12105900. That continuous record 
was then multiplied by the corresponding sediment load to 
estimate chemical loads. These coarse, first-cut regression-
based load estimates (Approach 3) were very similar to river 

condition-based load estimates (Approach 2) based on 2014–
16 daily values (table 8). The daily chemical load estimates 
using Approach 3 also were very similar to those estimated 
using Approach 2 (table 9).

Approach 4—Non-Linear Regressions

Like the results from the linear regressions developed in 
Approach 3, the RF regression output indicated that various 
river discharges were the most important hydrologic or 
climatic variables for predicting suspended sediment-bound 
arsenic concentrations (table 11). A combination of discharge 
and precipitation variables were important in describing 
concentrations of cPAHs, dioxins/furans, and PCBs. The 
2014–16 chemical loads estimated using Approach 4 
(table 8) were like estimates from Approaches 1–3 for arsenic 
(1,230 kg), higher than estimates from other approaches for 
cPAHs (8,200 g TEQ), like or higher than estimates from 
the other approaches for dioxins/furans (399 mg TEQ), and 
intermediate between estimates from approaches for PCBs 
(797 g). Average and maximum daily chemical load estimates 
using Approach 4 generally were higher than those calculated 
using Approaches 2 and 3, and more similar to those 
calculated using Approach 1 (table 9).
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Chemical
Pseudo 

R2
Explanatory variable

Most important Second-most important Third-most important

Arsenic  
(mg/kg)

0.73 Previous 5-day total of the mean 
daily discharge at USGS 
streamgage 12113000 (Green 
River near Auburn, Washington)

Previous 5-day total of the mean  
daily discharge at USGS 
streamgage 12112600 (Big  
Soos Creek above Hatchery  
near Auburn, Washington)

–

cPAHs  
(µg TEQ/kg)

0.58 Day-of sampling mean daily 
discharge (ft3/s) at USGS 
streamgage 12105900 (Green 
River below Howard A Hanson 
Dam, Washington)

Day-of sampling precipitation  
total (inches) at King County 
Tukwila station

Day-of sampling mean daily 
discharge (ft3/s) at USGS 
streamgage 12113349 (Mill Creek 
near mouth at Orillia, Washington)

Dioxins/Furans  
(ng TEQ/kg)

0.71 Day-of sampling precipitation  
total (inches) at King County  
Des Moines station

Day-of sampling mean daily  
discharge (ft3/s) at USGS 
streamgage 12105900 (Green 
River below Howard A Hanson  
Dam, Washington) 

Day-of sampling mean daily 
discharge (ft3/s) at USGS 
streamgage 12113349 (Mill Creek 
near mouth at Orillia, Washington)

PCBs  
(µg/kg)

0.52 Day-of sampling precipitation  
total (inches) at King County  
Des Moines station

Day-of sampling precipitation total 
(inches) at King County Tukwila 
station

Previous 3-day total of the mean  
daily discharge at USGS 
streamgage 12113000 (Green  
River near Auburn, Washington)

Table 11. Regression output from the most significant (highest pseudo coefficient of determination [R2]) Random Forest regressions 
between select suspended sediment-bound chemical concentrations (y) and explanatory hydrologic or climatic variables (x).

[Chemical: cPAHs, carcinogenic polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls; μg/kg, microgram per kilogram; μg TEQ/kg, microgram 
toxic equivalent per kilogram; mg/kg, milligram per kilogram; ng TEQ/kg, nanogram toxic equivalent per kilogram. Pseudo R2: Percent variance explained for 
each model, representing the most significant (highest R2) Random Forest regressions between select suspended sediment-bound chemical concentrations (y-axis) 
and explanatory hydrologic or climatic variables (x-axis). Abbreviations and Symbol: USGS, U.S. Geological Survey; ft3/s, cubic foot per second; –, not a 
significant explanatory variable]

Site-Specific Polychlorinated Biphenyl 
Partition Coefficient

Total PCB concentrations, calculated as the sum of 
PCBs on suspended sediment (captured by centrifuge), on 
colloidal material (measured on the post-centrifuge glass-fiber 
filters), and in the dissolved fraction (sorbed to post-filter 
XAD-2 resin), ranged from 195 to 4,350 pg/L during the 12 
2016–17 discrete sampling periods. The paired unfiltered-
water sample theoretically should include these three phases 
(suspended sediment, colloidal material, and in the dissolved 
fraction), and concentrations should be comparable. The 
summed concentration was higher than the concentration in 
the paired unfiltered-water sample for all but one sample with 
similar concentrations (fig. 9). These results are similar to 
those for arsenic, in which the summed concentration of the 
filtered sample and the particulate sample was greater than the 
concentration from the unfiltered water sample. Again, this 

may be due partly to analytical limitations of unfiltered water 
samples, especially at very low PCB concentrations near the 
reporting level. The unfiltered water concentrations were very 
low for eight of the sampling events—near the reporting level 
and similar to concentrations in the equipment blank sample 
(Conn and others, 2018). For example, losses of hydrophobic 
compounds in emulsions may lower extraction efficiency in 
unfiltered water samples. The difference in concentration also 
may be due partly to differences in field sample collection 
techniques. The unfiltered water sample was a depth- and 
width-integrated sample collected during a short period 
(typically 60 min or less), whereas the centrifuge sample was 
a time-integrated sample (typically 4–50 hours) from a point 
location in the thalweg near the riverbed. More studies are 
needed, but results from this study suggest that the summed 
concentration of particulate-bound chemicals captured 
using centrifugation in combination with dissolved analysis 
better represents total concentrations in water than would an 
unfiltered water sample.
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The dissolved PCB concentration was consistent between 
sampling events regardless of river condition (111–417 pg/L) 
and represented 33–65 percent of the total water column PCB 
concentration, with the following exception: The dissolved 
PCB concentration represented only 3–7 percent of the total 
PCB concentration during two large storm events (48-hour 
precipitation >2 in.) that had elevated particulate-bound PCB 
concentrations. The particulate-bound PCB concentration 
ranged from 68 to 4,210 pg/L (29–94 percent) and was 
composed primarily of suspended sediment-bound PCBs 
captured by the centrifuge, whereas PCBs bound to particles 
that escaped the centrifuge (generally <1 µm) but were greater 
than 0.45 µm (the colloidal fraction) represented 2–10 percent 
of the total water column concentration.

PCB load estimates from the river to the LDW were 
recalculated to include estimates of the colloid-bound and 
dissolved fractions. This was done by increasing the measured 
suspended sediment-bound PCB concentration by 5 percent 
to include an estimate of the colloid-bound contribution 
(representative of measured concentrations on the filter) 
and by assuming a constant dissolved PCB concentration of 
160 pg/L (the median of measured concentrations). Using 
Approach 2 (river condition bins), the revised 2014–16 
total PCB load estimate was 650 g, comprised of 395 g of 
suspended sediment-bound PCBs (table 8), 21 g of colloid-
bound PCBs, and 234 g of dissolved PCBs. The dissolved load 
contributed 36 percent of the total load.

Arsenic loads also were revised to include the 
dissolved fraction by assuming a constant dissolved 
arsenic concentration of 0.50 µg/L (median of measured 

concentrations, see table 3), although the colloid-bound 
contribution was not measured. Using Approach 2, the 
2014–16 total arsenic load estimate was 1,940 kg, composed 
of 1,210 kg of suspended sediment-bound arsenic (table 8) and 
730 kg of dissolved arsenic. The dissolved load contributed 
38 percent of the total load.

A two-phase site-specific PCB partition coefficient (KD) 
between the suspended particulate phase and the dissolved 
phase ranged from log(KD) = 4.07 to 5.56, with a median of 
5.08, calculated as:

 KD (L/kg) = CParticulate (ng/kg) / CDissolved (pg/L)  (1) 
× 1,000 pg/ng,

where 
 CParticulate  is the sum of polychlorinated biphenyl 

(PCB) concentrations on suspended 
sediment (captured in the centrifuge) and 
colloidal material (captured on the post-
centrifuge glass-fiber filters), and 

 CDissolved  is the PCB concentration in the dissolved 
phase and on particulates smaller than 0.45 
µm (sorbed to the post-filter XAD-2 resin).

The lowest measured KD value (4.07) was during a dam 
release. The highest KD values (5.41–5.56) were measured 
during the prolonged storm events with 48-hour antecedent 
rainfall greater than 2 in. Baseline conditions generally were 
intermediate between the dam release and storm events 
(4.82–5.08).

Figure 9. Polychlorinated biphenyl concentration on suspended sediment and colloidal 
material, and in the dissolved phase as compared to the corresponding unfiltered water sample 
during various river conditions, Duwamish River, Washington, 2016–17.
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Estuary Characteristics
The transport, fate, and deposition of river sediment and 

associated chemicals in the Duwamish River once it enters the 
LDW is complicated, owing primarily to the dynamic estuary 
system, and is beyond the scope of this project. Continuous 
data from the downstream streamgage (USGS streamgage 
12113415 at RKM 10.9) and the three single-day tidal studies 
completed within the Duwamish estuary from RKMs 8.9 to 
15.0 provided information on the extent, shape, and mixing 
dynamics of saltwater intrusion in the Duwamish estuary 
under low-flow or mid-flow conditions. The presence of the 
salt wedge, defined as salinity greater than 1 part per thousand, 
was measured at RKM 10.9 on more than one-half of the days 
of the year—every day during summer, with less-frequent 
occurrence during high-flow winter events. River discharge of 
about 800–1,000 ft3/s was sufficiently high to restrict the salt 
wedge downstream of RKM 10.9 under any tidal condition, 
which confirms previous USGS studies (Stoner, 1967). Even 
during peak flows, the salt wedge is always present in the 
LDW at least upstream to RKM 3.0 (Stoner, 1967; Santos 
and Stoner, 1972). The maximum upstream extent of the salt 
wedge was always downstream of the upstream streamgage 
and chemistry sampling location (USGS streamgage 12113390 
at RKM 16.7) from RKMs 12.7 to 15.0 during the summer 
high-tide/low-flow tidal study on August 2, 2016 (fig. 10). 
During the winter high tide study on January 17, 2017, the salt 
wedge appeared to terminate near RKM 12.7 (fig. 11). 

A highly stratified salt wedge was observed during each 
of the tidal studies, with the denser Puget Sound saltwater 
intruding beneath a surface layer of less-dense fresh river 
water (figs. 10–12), resulting in large spatial and temporal 
variability in salinity and water temperatures. During winter, 
the river water is colder than Puget Sound water, so when the 
salt wedge is present, the surface temperatures are lower than 
the bottom temperatures. For example, during the January 
2017 tidal study, the bottom seawater was about 7–8 °C 
and the surface freshwater was about 3–4 °C (fig 11). This 
pattern is reversed in the summer; river water is warmer than 
Puget Sound water, so that the intruding salt wedge results in 
surface temperatures that are higher than bottom temperatures. 
During the June 2017 tidal study, bottom water temperatures 
decreased from about 14–17 °C to as low as 11–12 °C 
as surface freshwater was replaced by the more dense, 
tidal seawater (fig. 12). These vertical gradients in water 

temperature and salinity (and therefore, density), and velocity 
(unpub. data, Ann Vanderpool-Kimura, U.S. Geological 
Survey, September 8, 2017) further complicate the ability to 
predict when river-transported sediment and chemicals drop 
out of suspension and settle in various parts of the LDW 
in contrast to being transported through the LDW to Elliott 
Bay in Puget Sound. This is a subject matter area requiring 
additional study.

During November 2013–January 2017, water temperature 
at USGS streamgage 12113390 ranged from a minimum of 
0.2 °C (December 8, 2013) to a maximum of 25.0 °C during 
the 2015 drought (July 3, 2015). During July 2015–January 
2017, water temperature at USGS streamgage 12113415 
ranged from a minimum 0.8 °C (January 5–6, 2017) to a 
maximum of 23.4 °C (July 19 and August 1, 2015). Daily 
water temperatures at the two Duwamish streamgages 
averaged within 0.5 °C of each other, except during periods 
of tidal influence at the lower streamgage, indicating that the 
tidal cycles introduce the largest variability in the river outside 
of high-flow events.

The river cross section at RKM 8.9, just upstream of 
the LDW, has distinct channels that become activated at 
different parts of the tidal cycle. The inundated width of the 
channel increased from 70 to 83 m wide over the June 22, 
2017 sampling window (fig. 12). During lower stages, flow 
was moving through only the left part of the cross section 
(looking downstream), and the other parts were exposed 
riverbed (0.2 m) on June 22, 2017. In contrast, water column 
depths at this location were 6.7 m during higher high (3.7 m) 
on January 17, 2017. Values of pH were neutral (6.5–7.5) 
in both saltwater and freshwater, with no obvious saltwater-
controlled differentials (U.S. Geological Survey, 2018). 
Dissolved oxygen concentrations were about 1–2 mg/L lower 
in bottom saltwater than in surface freshwater; for example, 
they ranged from 7 to 9 mg/L in bottom saltwater compared 
to 9 to 11 mg/L in surface freshwater, respectively, during 
the January 2017 tidal study. The lowest dissolved oxygen 
concentrations (6.7 mg/L) were measured in bottom saltwater 
during the August tidal study. Turbidity values were similar 
to or higher in bottom water as compared to surface water. 
The largest vertical differentials generally occurred between 
bottom saltwater and surface freshwater (as compared to a 
completely fresh or completely saline vertical). All turbidity 
values during the three tidal studies were low (<10 FNU), and 
varied by 3 FNU or less from surface to bottom.
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Sediment and Chemical Loading 
Dynamics in the Green/Duwamish 
Watershed

The average suspended-sediment load estimate for 
2014–16 was 117,000 U.S. tons/yr (Senter and others, 2018). 
Suspended-sediment concentrations and loads in the Green/
Duwamish River primarily are controlled by precipitation 
and the operation of the Howard A Hanson Dam. The dam 
generally operates in “run-of-the-river” conditions except 
when large volumes of water are quickly released in response 
to measured or predicted high flows to the dam—for 
example, in response to heavy precipitation or snowmelt 
in the upper watershed. In late spring, flows from the dam 
also are decreased to fill the reservoir to maintain minimum 
river flows for aquatic health throughout the dry summer. In 
2014–16, 79 percent of the sediment load occurred during 
dam releases (with or without a co-occurring storm), which 
represented only 11 percent of the days of the year. Sediment 
loads during large dam releases, with or without a coincident 
storm, averaged 2,220 U.S. tons/d, with a maximum of 
18,000 U.S. tons/d. In contrast, sediment loads averaged 
212 U.S. tons/d during storm events without a coincident dam 
release, and 43 U.S. tons/d during baseline conditions. Large 
releases of water from behind the dam occur during the wet 
winter. During the study period, 97 percent of the sediment 
load was contributed from October 15 through April 14, and 
the remaining 3 percent was contributed from April 15 through 
October 14.

It is unknown if and how chemicals partition to different 
particle sizes in the Green/Duwamish River system. Some 
studies elsewhere have shown that metals preferentially sorb 
to fine sediment (Förstner and Wittmann, 1981), whereas 
others have shown that sorption to sand is as important as 
fines regarding chemical loads (Horowitz, 2008). Organic 

chemicals such as cPAHs, dioxins/furans, and PCBs sorb 
to organic carbon on the sediment; partition theory then 
suggests preferential sorption to fine sediment, which has 
a higher organic carbon content than sands because of 
increased surface area. Most (73.5 percent) of the Green/
Duwamish River suspended-sediment load is composed of 
fine sediment—silts and clays with a particle diameter of less 
than 0.0625 mm (Senter and others, 2018). Particle size-
based chemical concentrations in the Duwamish River and 
LDW are a current data gap. In this study, we assessed two 
likely end-members—(1) a worst-case scenario that assumed 
the measured chemical concentrations were representative 
of all particle sizes (chemical loads using SSL), and (2) 
a conservative estimate that assumed that the measured 
chemical concentrations were representative of only the fine 
sediment (chemical loads using SSLFINES) and that there was 
no sorption to sands. Actual sorption behavior probably is 
somewhere between these two extremes; that is, that there is 
some sorption to particles larger than 0.0625 mm in diameter, 
and that sorption decreases with increasing particle size. The 
system also is likely in a non-equilibrium state, with chemicals 
moving between dissolved and particulate phases at different 
rates depending on conditions. For example, the system 
may be at or near equilibrium during baseline conditions. 
Non-equilibrium conditions may be more prevalent during 
runoff events, or when there is more biological carbon in 
the system during the late summer/early autumn season, or 
near the riverbed where the surface bed sediment may be 
resuspended and mixed with the overlying water during tidally 
influenced reverse flows. The partition of chemicals between 
dissolved and particulate phases, in turn, affects remediation 
success and potential biological exposure in the LDW. Denser 
particles or flocculates that settle out in the LDW may either 
hinder sediment cleanup efforts if the particles have high 
chemical concentrations, or may speed cleanup efforts if 
the particles have low chemical concentrations. Chemicals 
bound to fine sediment and in the dissolved form may pass 
through the LDW with little effect and be transported to 
Elliott Bay in Puget Sound. Incoming tides may transport 
sediment and chemicals in Elliott Bay back to the LDW, and 
may resuspend bed sediment and associated chemicals back 
in the water column. Fish, shellfish, and other aquatic biota 
may be exposed to chemicals through ingestion of water 
and chemical-laden suspended particles and absorption of 
dissolved chemicals through the gills.

The sediment load estimates to the LDW from the current 
study (117,000 U.S. tons, Senter and others, 2018) are based 
on a strong linear regression of SSC with turbidity, and using 
river discharge at the same location. The turbidity-based 
estimates of SSL presented here likely are more accurate than 
previous discharge-based estimates for many reasons. First, 
the field sampling methods for representative samples of SSC 
have improved from grab samples or single vertical samples 
used in previous studies to depth- and width-integrated 
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replicate samples used in the current study. Second, turbidity 
is a better sediment surrogate than discharge in this system, 
owing to differences in sources of water and sediment in the 
watershed under different storm events and dam operations. 
This is evidenced by the wide confidence intervals in the 
regression between SSC and discharge (Senter and others, 
2018). Third, previous sediment load estimates used discharge 
from USGS streamgage 12113000 (Green River near Auburn, 
Washington), more than 40 RKM upstream of the LDW 
and upstream of the tidal influence in the river. During the 
current study, tidally filtered discharge at the measurement 
site at RKM 16.7 (USGS streamgage 12113390, Duwamish 
River at Golf Course at Tukwila, Washington) typically was 
10–15 percent higher than discharge at the Auburn streamgage 
because it accounted for tributary inputs between the two 
streamgages. Discharge at USGS streamgage 12113390 also 
represented the frequency and extent of upstream flow that 
is not accounted for at the Auburn streamgage. The sediment 
load estimates from this study are suspended sediment load 
estimates, and do not include bedload.

Metals including arsenic and organic chemicals 
including cPAHs, dioxins/furans, PCBs, and phthalates 
were detected on Green River suspended sediment across 
all sampled conditions (storms, dam releases, and baseline 
conditions), although the concentration of those contaminants 
varied greatly throughout time. Suspended sediment-bound 
chemical concentrations were relatively low much of the time. 
However, high concentrations were measured during short 
periods; for example, during summer and early autumn storms 
and during large (greater than 2 in.) precipitation events. The 
summer and early autumn storms may wash out chemicals 
that have been accumulating on the land surface and in the 
storm drain system for multiple dry summer months. Winter 
storms of similar magnitude generally had lower chemical 
concentrations, likely because of the shorter antecedent dry 
period.

The highest suspended sediment-bound chemical 
concentrations for anthropogenic chemicals (such as cPAHs, 
dioxins/furans, and PCBs) generally were measured during 
storm events. In contrast, suspended sediment-bound arsenic 
concentrations were highest during baseline periods, likely 
owing to the natural source of arsenic in weathered rock 
and its limited dilution during low-flow baseline periods. 
Similarly, storm events contributed a disproportionately large 
amount of the load of anthropogenic organic compounds such 
as cPAHs (54 percent), dioxins/furans (44 percent), and PCBs 
(52 percent) as compared to time (17 percent) from 2014 to 
2016, whereas arsenic loads were more evenly distributed 
over all river conditions. For example, the average arsenic 
loads during dam releases was 13,600 g/d as compared to 
1,030 g/d during baseline conditions. However, there were 76 
cumulative dam releases days as compared to 783 cumulative 
baseline days, resulting in similar arsenic loads during the 
study period (28 percent of the total arsenic load contributed 
during dam releases and 22 percent contributed during 
baseline conditions).

The four approaches used in this study provide relatively 
well-constrained estimates of annual chemical loads from the 
Green/Duwamish River to the LDW. For a given suspended-
sediment load estimator and using the median chemical 
concentration estimator for the summary statistics approach, 
the four estimates of annual arsenic loads were within 
30 percent of each other, ranging from 1,120 to 1,470 kg. The 
estimate ranges were wider for the organic chemicals than 
for arsenic—as much as three times wider using the median 
predictors for each approach (2,810–8,200 g TEQ cPAHs, 
205–407 mg TEQ dioxins/furans, and 340–1,180 g PCBs). 
The first (summary statistics) and third (linear regressions) 
approaches were coarse, exploratory efforts. The second 
approach (river condition bins) was developed to describe 
observed differences in the river condition regarding flow, 
sediment, and chemicals during the study period. The 
fourth approach (non-linear regressions) provides the most 
quantitative and robust estimates, although it is constrained 
by the availability of continuous data—for example, at a daily 
time step, of watershed explanatory variables.

Although the annual chemical load estimates were well 
constrained, these averaged values may be of limited utility 
in a dynamic river system such as the Green/Duwamish 
River. It may be more important to ecological and human 
health to characterize the timing and contribution of daily 
or short-term (several-hour-long) spikes in concentration, 
typically associated with lowland storm events and overland 
runoff, because they may have an outsized (acute) effect on 
ecological health. Those spikes are averaged out in the multi-
day composite samples primarily used here, and so likely 
underestimate the highest concentrations that may occur over 
short time periods. Increasing the temporal resolution of SSC 
chemistry would improve our ability to characterize these 
short-term spikes and would provide information regarding 
how long it takes for this dynamic system to return to baseline 
conditions.

Summary
The U.S. Geological Survey collected new data from 

2013 to 2017, including three complete calendar years (2014–
2016) to estimate sediment and chemical loads transported by 
the Green River to the Lower Duwamish Waterway Superfund 
site in Seattle, Washington. Chemical loads were calculated as 
the product of river suspended-sediment loads and suspended 
sediment-bound chemical concentrations measured at U.S. 
Geological Survey streamgage 12113390 (Duwamish River 
at Golf Course at Tukwila, Washington, located at river 
kilometer 16.7). The site was close to the upstream boundary 
of the Superfund site and incorporated most watershed inputs. 
However, it was upstream of the maximum extent of the 
tidal saltwater reach, which was measured as far upstream 
as river kilometer 12.7 during summer high tide/low flow 
conditions. Therefore, the load estimates primarily represent 
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watershed-derived sources of sediment-bound chemicals and 
are minimally affected by Superfund-derived sediment and 
chemicals that may be resuspended and transported upstream 
during high tides.

We identified four general river conditions during the 
current study: (1) low-flow baseline conditions (71 percent 
of the time), (2) storm events (17 percent of the time), (3) 
periods of high streamflow and sediment concentrations 
owing to large releases from the Howard A Hanson Dam in 
the upper watershed (7 percent of the time), and (4) periods 
when both storm events and large dam releases were occurring 
(4 percent of the time). The average suspended-sediment load 
estimate for 2014–16 was 117,000 U.S. tons/yr. Most of the 
suspended-sediment load (73.5 percent) was fine sediment 
with a particle size diameter of less than 0.0625 millimeter. 
Large dam releases, either with or without a coincident storm 
event, occurred infrequently—on 30–50 days per year during 
the study period, or an average of 11 percent of the time—but 
accounted for a disproportionately large amount of the annual 
sediment load (79 percent). 

A suite of chemicals with site-specific cleanup goals 
(including arsenic, carcinogenic polycyclic aromatic 
hydrocarbons [cPAHs], dioxins/furans, and polychlorinated 
biphenyls [PCBs]) were detected on river suspended sediment 
at river kilometer 16.7 during all river conditions. Suspended 
sediment-bound chemical concentrations generally were low, 
but high concentrations did occur, especially during short 
intense summer storms, “first flush” autumn runoff events, 
and prolonged precipitation events (greater than 2 inches of 
rainfall within 48 hours). Concentrations ranged from 6.6 to 
28 milligrams per kilogram (mg/kg; mean = 16 mg/kg) for 
arsenic, from 3.7 to 454 micrograms toxic equivalent (µg 
TEQ)/kg (mean = 100 µg TEQ/kg) for cPAHs, from 0.526 
to 20.6 nanograms (ng) TEQ/kg (mean = 6.04 ng TEQ/kg) 
for dioxins/furans, and from 0.448 to 83.9 µg/kg (mean = 
14.5 µg/ kg) for PCBs. 

Median suspended sediment-bound concentrations 
were 2.5–3 times higher during storm events than baseline 
conditions, and 10–27 times higher during storm events than 
during dam releases for anthropogenic chemicals including 
cPAHs, dioxins/furans, and PCBs. One plausible explanation 
is that dam releases mobilize relatively clean sediment 
impounded behind the dam from the upper forested watershed 
and scour and resuspend riverbed sediment, whereas storm 
events move sediment and associated contaminants from 
the more urban and industrial lower watershed into the river 
through the stormwater conveyance system. In contrast, 
median suspended sediment-bound arsenic concentrations 
were 2–3 times higher during baseline conditions as compared 
to storm events, dam releases, and storm-plus-dam releases, 
which may be owing to a lack of dilution of naturally 
occurring arsenic concentrations during low-flow baseline 
conditions. 

Using the 2014–16 dataset and four different approaches, 
annual suspended sediment-bound chemical load estimates 
transported by the river to the Lower Duwamish Waterway 

were in the range of 1,120–1,470 kg arsenic; 2,810–8,200 g 
TEQ cPAHs; 205–407 mg TEQ dioxins/furans; and 340–
1,180 g PCBs. As expected, storm events contributed a 
disproportionately large amount of the load of anthropogenic 
organic compounds such as cPAHs (54 percent), 
dioxins/ furans (44 percent), and PCBs (52 percent) as 
compared to overall time (17 percent). Maximum estimated 
daily loads during storm events were 280 g TEQ cPAHs, 
25.9 mg TEQ dioxins/furans, and 37.7 g PCBs. The highest 
daily arsenic loads (152 kg) occurred during mixed storm-
plus-dam release conditions, likely because arsenic occurs 
naturally in watershed soils and river sediments.

Chemical concentrations and load estimates often were 
underestimated using results from unfiltered water analysis 
only, especially for hydrophobic organic chemicals such as 
polycyclic aromatic hydrocarbons, which prefer to sorb to 
particulates and are at low concentrations near or below the 
analytical limits of water methods. The sum of the chemical 
concentrations measured on two separate fractions—the 
particulate fraction and the dissolved fraction—may more 
fully represent the total chemical concentration in an unfiltered 
water sample as compared to analysis of an unfiltered water 
sample, especially in samples with high suspended-sediment 
concentrations. The dissolved fraction was estimated to 
contribute an additional 36 and 38 percent of the chemical 
load in the river system above the suspended sediment-bound 
load for arsenic and PCBs, respectively, even given the 
hydrophobic nature of the chemicals. 

Most of the suspended sediment load (97 percent) and 
sediment-bound chemical load (92–94 percent) occurred 
during the wet winter half of the year from October 15 to 
April 15. However, the highest sediment-bound chemical 
concentrations often occurred during short intense storms or 
“first flush” autumn runoff events during the dry summer half 
of the year from April 15 to October 14. Because of the highly 
variable and dynamic river system characteristics (including 
precipitation, discharge, sediment concentration, and tidal 
fluctuations), it is critical to characterize the occurrence, 
frequency, concentrations, and loads during extreme 
conditions (for example, when the river is affected by storm-
derived runoff), rather than time-averaged conditions. These 
short extreme events have higher potential for acute effects on 
ecological and human health, and may have greater influence 
on the effectiveness of the sediment remediation activities that 
are underway in the Lower Duwamish Waterway.
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