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DESIGNING ASSESSMENTS FOR DECISION MAKING 
FOR REMEDIATION OF CONTAMINATED SEDIMENTS 

 
This paper describes innovative bench scale tests that were performed in combination with field 
testing and modeling to evaluate dredging and capping alternatives for remediation of PAH 
contaminated sediments at Stryker Bay.   
 
For dredging, bench tests were conducted to estimate naphthalene air emissions from dredging and 
disposal in an on-site contained aquatic disposal (CAD) area.  Dispersion of these emissions were 
modeled and showed that dredging certain hot spots (areas where sediment naphthalene 
concentrations exceeded 1,000 mg/kg) would exceed ambient air quality standards set for the site.  
Less contaminated sediments could be safely dredged. 
 
For capping, bench tests focused on the effects of long-term transport mechanisms such as 
groundwater advection and gas ebullition from sediment and the potential for short-term transport of 
dissolved PAHs into the cap during consolidation.  Based upon the results of this test, a layer of 
activated carbon mat was added beneath the bioactive zone in the surcharge cap area to prevent 
recontamination of the capping sand from the temporary flow of consolidation water. 
 
These studies played a significant role in the selection of a hybrid design remedy to 1) cap the hot 
spot areas of Stryker Bay with sand and an activated carbon Reactive Core MatTM and 2) dredge the 
other portion of the bay with disposal into on-site CAD.  
 
Reference: Huls, H. & Costello, M. “Designing Assessments for Decision-Making for Remediation of 
Contaminated Sediments” www.serviceenv.com/Web2007/rec-documents.htm. 
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ABSTRACT: Stryker Bay is part of the St. Louis River/Interlake/Duluth Tar (SLRIDT) 
contaminated sediment site in Duluth Minnesota.  Its sediment is contaminated with 
polycyclic aromatic hydrocarbons (PAHs) with some in the form of non-aqueous phase 
liquid (NAPL). Capping and dredging techniques needed to be evaluated for remediating 
the sediment.  The authors devised a series of innovative bench tests to evaluate potential 
remediation activities in combination with field testing and subsequent modeling.  
 For dredging, bench tests were conducted to estimate naphthalene air emissions 
from dredging and a potential on-site Contained Aquatic Disposal1 (CAD) area.  A bench 
test of a new tremie/diffuser method was conducted to determine if it could reduce dredge 
water treatment cost, reduce emissions and improve consolidation within the proposed 
CAD.  A Seepage Induced Consolidation Test was used in combination with a column 
settling test to characterize the consolidation properties of these soft, fine-grained, fresh-
water sediments. 
 For capping, bench flux meters were designed to measure the rate of discharge of 
groundwater, gas and entrained PAH-bearing material from capped sediment.  A bench 
assessment of porewater was conducted to evaluate the need for an active carbon layer in 
the cap to capture porewater expressed from contaminated sediment during capping.   
 The results were important in the subsequent modeling, alternative selection and 
design engineering, and illustrate the role that can be played by innovative bench testing.  
 
INTRODUCTION 

The SLRIDT site includes Stryker Bay, where PAH contamination occurred from 
the adjacent land activities that included the manufacture and refining of coal tar and the 
production of manufactured gas.  The bay contains about 128,000 m3 of fine-grained 
sediment contaminated with PAHs up to 35,000 mg/Kg.  In the mid-80s, oil “blooms” (a 
sheen on the water’s surface) appeared along the eastern shore of the bay.  Non-Aqueous 
Phase Liquid (NAPL) containing PAHs has been identified in that area.  Capping and 
dredging were the most viable techniques for remediating this site, but to maintain the 
depth of the shallow bay for habitat purposes, the cap must be surcharged with the weight 
of additional sand and pushed into the underlying soft sediments. 
 Dredging studies focused largely on the short term impacts of air emissions on 
nearby residents and businesses.  Soluble and volatile naphthalene is the primary 
hazardous air pollutant. The State agencies established acute (one-hour average) and 
chronic (7-month average) criteria for air quality in the surrounding community.  The 
dredged material is proposed to be disposed on site in a CAD to be located in the adjacent 
Slip 6.  Based on previous experience, this CAD is likely to be the larger source of 
naphthalene emissions.   

                                                
1  A Contained Aquatic Disposal facility provides lateral and vertical containment of contaminated 
sediment via a dike and subaqueous cap. 
 



 Bench tests for capping analysis focused on the effects of capping on long-term 
transport mechanisms like groundwater advection and ebullition of bubbles from 
sediment, and the potential for short term transport of dissolved PAHs into the new 
capping sand during consolidation.  Each is presented below.   
 
DREDGE STUDIES 
Bench Flux Tests.  To study the emissions from dredging contaminated sediment, bench 
tests were required because of the lack of available and scalable field measurements of 
this phenomenon.  With naphthalene concentrations as high as 11,000 mg/kg, the 
potential to emit this soluble and volatile PAH was high. To approximate emissions, a 
test chamber was devised to pass air 
over several sediment/water mixtures to 
measure emission flux rates at several 
sequential time intervals.  The 
sediment/water ratios were devised to 
represent conditions for active dredging, 
CAD, dewatering ponds, geofabric tubes 
and stockpiles. The apparatus is depicted 
in Figure 1. 
  

 Flux rates were calculated from 
the emission rates to represent emission 
sources associated with dredging and 
disposal. Dispersion of these emissions 
was modeled using the Industrial Source 
Complex (ISCST3) Model to predict 
ambient air concentrations and odors.  Meteorological data was examined along with 

issues of air-side resistance, source 
strength adjustments, source area 
assumptions, seasonal variations of 
temperature, use of one or two 
dredges, and potential source controls. 
The studies showed that dredging the 
hot spots (areas where sediment 
naphthalene concentrations exceeded 
1,000 mg/Kg) would almost always 
fail to achieve the ambient air quality 
standards set for the site. Yet the less 

contaminated sediment could be safely 
dredged as shown in Figure 2. 

 
Bench Tremie/Diffuser Tests. Traditional placement of contaminated sediment into the 
CAD would typically dissolve large amounts of naphthalene when the sediment mixes 
with the water in the isolated slip.  High concentrations of dissolved naphthalene in the 
CAD water would transfer a large mass to the air over this 5.7 hectare source. A tremie 
with a diffuser was recently proposed (Mastbergen, et. al., 2004) as a means of delivering 
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FIGURE 1  Emission testing tray with PAH 
absorbing resin at the exit. 

FIGURE 2  Days per month when acute air 
standards would be exceeded vs. 
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sediment hydraulically to a CAD without mixing with overlying water. Minimal mixing 
would mean minimal suspension of contaminated solids and minimal dissolution of 
PAHs (including naphthalene) thereby reducing carbon costs for treating this dredge 
water for discharge.  Minimal dissolution would also mean minimal emissions of 
naphthalene.  The device also holds promise 
for more compact placement of the sediment 
allowing for a deeper habitat on top of the 
completed CAD.  The test system is shown 
in Figure 3. 
 The tremie was sized so the results 
could be used for full scale design.  The 
tremie is shown in yellow, and the diffuser 
is shown at the bottom of the transparent 
tank.  The 4,000 liter tank was outfitted to 
decant water from the other end, measure 
pressures within the devices, and sample the 
overlying water and air for PAHs and 
turbidity.  An in-tank video camera was also 
installed to monitor the interaction of the 
sediment and the overlying water.  
 The test results of several tremie 
designs are still being analyzed at this time. 
Preliminary results indicate that a reduction 
in mixing during placement will 
significantly reduce the wastewater 
treatment costs and potential air emissions, 
and accelerate the consolidation of dredged 
sediments, resulting in lower disposal costs.  
 
Bench Settling and Consolidation Tests.  The selected CAD has a limited storage 

capacity that closely matches the 
amount of sediment to be 
dredged.  Flocculants are 
typically added to fine-grained, 
fresh water sediment to settle 
solids before water treatment.  A 
column settling test is typically 
conducted to evaluate the rate of 
settlement.  Because of the 
limited capacity here, column 
settling tests were conducted on 
slurries with and without 
flocculants.  The settled sediment 
was then further tested using a 
SIC test to further characterize 
the settling properties of the 

FIGURE 3  Tremie/diffuser bench test 
configuration 

Tremie 

Diffuser 

FIGURE 4  Seepage Induced Consolidation test 
apparatus 



sediment after settling.  The tests showed that while flocculating the incoming slurry 
removed solids from the water column, it also increased the bulking factor of the 
sediment in the CAD to a point where it might no longer fit, necessitating reevaluation of 
this approach to water treatment.   The tremie/diffuser approach now appears best, in part 
because flocculants in the slurry are no longer needed. 
 
CAPPING STUDIES 
   To be successful, capping of Stryker Bay sediment must meet the following goals: 

• Reduce groundwater flux to a rate of that allows biodegradation to protect aquatic 
plants and the benthic community within an overlying Bioactive Zone. 

• Prevent transport of contaminated sediment by ebullition into or through the 
Bioactive Zone. 

• Separate contaminated sediment or dredging residue 
from the Bioactive Zone so there is no physical 
contact between them,   

To address these site specific concerns, bench and field 
studies were conducted to (1) understand the transport 
mechanisms, (2) measure related fluxes, (3) determine how 
to prevent the transport, (4) assess the efficacy of capping, 
(5) establish performance requirements, and (6) facilitate 
design. 
 
Bench Flux Meter Design. Flux meters were designed 
using 20 cm-diameter columns to evaluate the effect of 
capping Stryker Bay sediment with sand. To evaluate the 
technology in terms of the required goals, the bench tests 
included an upward groundwater gradient through the 
contaminated sediment and the cap to the overlying water.  
Each had a constant head with oxygen-free water. Highly 
contaminated sediments were warmed to room temperature 
to assure ebullition.  Fluxes of water, gas and entrained 
material were measured under the following conditions.  A 
heat-accelerated test was conducted to demonstrate the flux 
measurements and compared to a room-temperature 
“standard” test.  Three types of capping materials were also 
used in this long-term (260 days) bench test.  The same 
approximate head was used for all flux columns.  To 
capture solids and NAPL entrained with the rising gas 
bubbles, glass wool was integrated into the dome of the 
flux meter.  It captured the entrained material as the gas 
bubbles moved through the glass wool to the collection 
bag.  The column configuration is shown in Figure 5. 
 
Gas Production.  The results of the gas production for the five bench columns are shown 
in Figure 6.  Gas was released from each capped column during consolidation (mid April-
July), then slowed to low levels except for the cap with carbon, which inexplicably 

FIGURE 5  Capped 
Column Flux Apparatus 



generated the most gas of all.  The accelerated column made more gas than “standard” 
existing conditions column due to its warmed condition. 
 
 Groundwater production was similarly reduced after capping.  The permeability 
of the contaminated 
sediment was reduced by 
more than an order of 
magnitude due to the 
consolidation of the 
contaminated layers 
beneath the weight of the 
cap within 100 days. 

 
PAH Migration from 
Consolidation.  Caps 
from each capped column 
were dissected after the 
test to measure the extent 
of PAH migration into the 
cap material from: (1) 
dispersion of excess pore 
water pressure during 
consolidation, (2) entrainment with gas bubbles rising from the sediment through the cap, 
and (3) advection of groundwater through the sediments and the cap.  The tests showed 
that with more than one pore volume of contaminated water movement through the cap 
during the 210-day test, no measurable PAHs migrated into the capping material as 
shown in Figure 7. 

 

FIGURE 6  Gas Production in test columns. 

FIGURE 7 No migration of PAHs into capping sand. 



Bubble Transport of PAHs to the Water Column.  An evaluation of bubble 
transported PAHs was conducted for each column by analyzing the content of the glass 
wool from the top of each flux meter at the 
conclusion of the test.  These flux rates are 
shown in Figure 8.  Each column had 
similar concentrations of PAHs in the 
source sediment (Layer 102). Where 
bubble production was high in the 
accelerated column, PAHs were also high 
in the glass wool.  PAHs were not 
detectable (values for the caps in Figure 8 
are half of the reporting limits) in the glass 
wool of the capped columns, representing 
at least a two order of magnitude reduction 
in PAH releases. 

Results showed that caps were successful in preventing migration of PAHs into 
the cap or water column by advection, consolidation or ebullition. 

Once demonstrated at the bench scale, larger scale units were deployed at five 
locations within Stryker Bay to account for field-scale influences and to determine spatial 

variability within the bay.  These 76 cm diameter 
devices were integrated with three temperature 
gauges, vibrating wire piezometers, water level 
data loggers and physical and chemical data on the 
sediment to construct a quantitative assessment of 
the contaminant transport mechanisms. Figure 9 
shows the field flux testing arrangement. 

Results from the field corroborated bench 
tests and provided important data on the 
consistency of the conditions.  
 
Gas Production.  The relationship between gas 
production and sediment temperature is 
demonstrated in the bench tests, with the field test 
providing information on a lower range of 
temperatures.  Combined, the data are shown in 
Figure 10. As expected, gas production is 
proportional to sediment temperature.  The data 
suggests that the threshold temperature for 
production is between 13 and 16 oC. The bench 
tests showed that the cap could strip contaminants 
from the migrating gas. Temperature data 
measured at different depths showed the insulating 
properties of the cap would prevent gas from 
being produced. 

FIGURE 8  No detectable PAHs migrated 
through the water column with escaping gas 

FIGURE 9  Field flux meter 
integrated with temperature and 

pore pressure sensors. 



Porewater Migration During Surcharging.  The cap in Stryker Bay will not only be 
permanently one meter thick, but it will also be surcharged with the weight of 2-2.5 
meters of additional sand.  This much load, and the larger amount of pore water that 
would be expressed through the 
cap during 1.3 meters of 
consolidation was not measured 
in the column tests.  Additional 
bench tests were conducted 
using jar tests for fine-grained 
sediment and a column flow test 
for the capping sand to evaluate 
the retardation capacity of post-
industrial sediment and the sand 
cap material.  The column test 
setup is shown in Figure 11. 
 Porewater was extracted 
from contaminated sediment and 
placed in carboys in a closed 
refrigerator.  Water from the 
reservoir was metered through a 
diffusing stone into a sand column.  The water flowed up through the column and was 
collected to determine the PAH breakthrough point.  Samples of the feed water were also 
repeatedly collected during the test.  The tests showed that while retardation capacity of 
sand was limited, the PAHs in the contaminated porewater quickly degraded, even in the 

cooled and dark storage environment.  
Because of the results of this test, a layer 
of activated carbon mat was added 
beneath the bioactive zone in the 
surcharge cap area to prevent 
recontamination of the capping sand 
from the temporary flow of 
consolidation water.  Long term flow 
rates were reduced by consolidation of 
underlying fine-grained sediment to the 
point that the carbon mat would no 
longer be required since the capping 
sand is an effective bioreactor for 
dissolved PAHs. 

 
 
CONCLUSIONS 

Bench air emissions tests and modeling have shown that for Stryker Bay the 
highest risk of air emissions exceeding State requirements will occur when dredging the 
hot spot areas.  This led to a remedy that left these contaminants to be capped in place.  
The use of a tremie/diffuser is expected to substantially reduce wastewater treatment 

FIGURE 10   Sediment gas production vs. sediment 
temperature 

FIGURE 11  PAH retardation testing apparatus. 



costs, eliminate the need for flocculants to clarify water, reduce emissions of naphthalene 
from the CAD and improve the storage efficiency of the sediment. 

The bench capping tests indicate that under existing conditions, PAH 
contaminants are transported to the water column via groundwater advection and en mass 
by ebullition bubbles.  A sand cap is an effective filter of material entrained with 
ebullition bubbles. The insulating ability of the cap prevents gas from forming, and if it 
formed, the sand in the cap would strip the entrained mass from the bubbles as they rise 
through the cap.  The cap also reduces contaminant flux from advection by more than an 
order of magnitude, which allows a thinner treatment zone at the base of the cap.  The 
advected groundwater biodegrades easily.  An activated carbon mat will be effective in 
adsorbing any dissolved PAHs that migrate into the cap during consolidation under the 
additional load of the surcharge on the Stryker Bay cap. 

Well designed and executed bench studies are useful tools to: 
• Evaluate the mechanisms of contaminant transport, 
• Quantitate input for modeling, 
• Test hypotheses on conditions that don’t yet exist, 
• Evaluate remedial technologies and assess potential new technologies, and  
• Scale design features such as activated carbon mats, bulking factors, 

changes in permeability, timing of consolidation, etc.  
Related studies were conducted Walther Van Kesteren at WL| Delft where 

theoretical and numerical modeling were used to refine the necessary cap thicknesses and 
project long-term performance based on calibration to these studies. 
 As a result of these bench studies, both capping and dredging can be combined, 
using the strengths of each to protect human health and restore the environment. The 
results are a hybrid remedy that caps the hot spot areas of Stryker Bay and dredges the 
other portion of the bay. These treatability studies have played a significant role in the 
selection and design of the remedy. 
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