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BACKGROUND
The use of activated carbon (AC) as a standalone in situ 
treatment, or to augment enhanced natural recovery (ENR), is an 
increasingly recognized remedy alternative to reduce the 
bioavailability of hydrophobic, bioaccumulative compounds. 
Studies have shown that the application of AC in contaminated 
sediment can reduce the bioavailability of organic chemicals to 
benthic organisms and higher trophic receptors by an order of 
magnitude or more. A pilot program is underway on the Lower 
Duwamish Waterway (LDW) (Seattle, Washington, USA) to test 
the use of AC to augment an ENR layer of sand or gravelly sand 
materials. 

GOALS
•	 Verify that ENR amended with AC (ENR+AC) can be 

successfully applied in the LDW by monitoring physical 
placement success (uniformity of coverage and percent of 
carbon in a placed layer)

•	 Evaluate performance of ENR+AC compared to ENR alone in 
locations with a range of PCB concentrations

•	 Assess potential impacts to the benthic community in ENR+AC 
compared to ENR alone

•	 Assess changes in bioavailability in ENR+AC compared to ENR 
alone

•	 Assess the stability of ENR and ENR+AC in scour areas (such 
as berthing areas)

METHODS
This pilot project compares the effectiveness of ENR with 
ENR+AC in the Lower Duwamish Superfund Site, an active, 
urban, deep draft waterway subject to a range of flow conditions 
and sediment characteristics. Paired ENR and ENR+AC plots 
were placed in 3 separate 1-acre plots: one in the deeper 
navigation channel (subtidal plot), one in a berthing area subject 
to scour (scour plot) and one in an intertidal location subject to 
waves and wakes (intertidal plot). Construction took place 
November 2016 to February 2017, with oversight by USEPA 
Region 10 and USACE Seattle district.  

Figure 3. Study plots along the Lower Duwamish Waterway 

Each plot is composed of one ENR and one ENR+AC subplot.

CONCLUSIONS
•	 ENR and ENR+AC materials remain stable in 3 study plots 1 

year after placement

•	 PCB availability has decreased significantly 

•	 Monitoring will continue in Year 2 (2019) and Year 3 (2020)

RESULTS
Results presented here are the first annual results in a 3-year study. 

Figure 1. Total organic carbon results

Boxes show first quartile, median and third quartile. Dots show data points.

Carbon remains at levels of 1-3% in ENR+AC subplots in Year 0 (Y0) and  
Year 1 (Y1). Baseline was 2016, Year 0 was 2017, and Year 1 was 2018.
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Boxes show first quartile, median and third quartile. Dots show data points.

Bulk sediment total PCBs in all plots in Year 1 (2018). There was no 
significant difference in PCBs between ENR and ENR+AC plots.

Porewater PCBs decreased over 96% in the intertidal plot between 
baseline (2016) and year 1 (2018) as measured using SPMEs. Circles show 
raw data, boxes show the 25th and 75th percentiles, whiskers are the 10th 
and 90th percentiles, and the midline is the geometric mean.
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Intertidal plot

	 Baseline	 Year 1 	 Baseline	 Year 1

ENR ENR+AC

31 28

1.1

0.49

P = 0.0022
96% decrease from baseline
Can detect ≥ 74% decrease

P = 0.0006
98% decrease from baseline
Can detect ≥ 68% decrease

The ENR+AC subplot had statistically lower porewater PCBs than the ENR 
subplot only in the subtidal plot, as measured using SPMEs. The intertidal and 
scour plots had a non-significant trend for lower PCBs in the ENR+AC subplots. 
Circles show raw data, boxes show the 25th and 75th percentiles, whiskers are 
the 10th and 90th percentiles, and the midline is the geometric mean.
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Can detect ≥ 22%  

difference

LDW	 = Lower Duwamish 			     
	     Waterway
AC	 = Activated carbon
BC	 = Thermal black carbon	

NS 	= Native sediment
ENR	 = Enhanced natural recovery
TOC	 = Total organic carbon
TVS	 = Total volatile solids

LIST OF ACRONYMS/ABBREVIATIONS

Representative SPI indicated stability of ENR and ENR+AC materials, with 
recolonization of benthic organisms and minor (0.6–2.5 cm on average) silt 
deposition

A B

Boxes show first quartile, median and third quartile. Dots show data points.

Bulk sediment total PCB concentrations across all plots statistically 
significantly decreased from baseline (2016) to Year 1 (2018; p<0.001).
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Boxes show first quartile, median and third quartile. Dots show data points.

Bulk sediment total PCB concentrations across all plots significantly 
decreased from baseline (2016) to Year 1 (2018; p<0.001).
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In the subtidal plot, porewater PCBs decreased 96% in the ENR+AC 
subplot between baseline (2016) and Year 1 (2018) as measured using 
SPMEs. Over the same time frame, the ENR subplot decreased 72%. Circles 
show raw data, boxes show the 25th and 75th percentiles, whiskers are the 
10th and 90th percentiles, and the midline is the geometric mean.
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Intertidal plot Subtidal plot

Boxes show first quartile, median and third quartile. Dots show data points.

Bulk sediment total PCB concentrations across all plots statistically 
significantly decreased from baseline (2016) to Year 1 (2018; p<0.001).

50

40

30

20

To
ta

l P
C

B
s 

(µ
g/

kg
 d

w
)

Scour plot
	 Baseline	 Year 1	 Baseline	 Year 1

	 ENR	 ENR+AC

Scour plot All plots

Figure 2. Black carbon plus activated carbon results

Boxes show first quartile, median and third quartile. Dots show data points.

Black carbon (Baseline), total volatile solids (TVS) (Year 0) and AC/BC (Year 
1) results. Carbon remains at levels of 1-3% in ENR+AC subplots in Year 0 and 
Year 1. Baseline was 2016, Year 0 was 2017 and Year 1 was 2018.
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Monitoring is scheduled for 3 years to evaluate and compare 
ENR and ENR+AC performance in reducing the bioavailability of 
PCBs in the uppermost 10-cm surface layer. Monitoring events 
already completed include baseline sampling before 
construction, post-construction monitoring in January–February 
2017, and the Year 1 monitoring event completed March–June 
2018. Monitoring metrics include evaluation of ENR and ENR+AC 
stability, including the stability of AC in the ENR+AC layers, and 
PCB bioavailability using whole sediment and porewater (freely-
dissolved) analyses, as well as biological conditions using 
sediment profile imaging (SPI).

Figure 4. Sediment profile images before (A) and after (B) 
construction

Figure 5. Whole sediment and dissolved (Cfree) porewater PCB concentrations

Dissolved sediment PCB measurements Whole sediment PCB measurements Dissolved sediment PCB measurements

In the scour plot, porewater PCBs decreased 90% in the ENR+AC subplot 
between baseline (2016) and Year 1 (2018) as measured using SPMEs. 
However, the ENR subplot only decreased by 7% but the cfree PCB 
porewater concentrations were equivalent to cfree PCB surface water 
concentrations (~1 ng/L) as measured by baseline studies (Windward 2018).
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