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ABSTRACT 

The Ashland/NSP Superfund Site (Site), located on the shore of Lake Superior’s Chequamegon Bay, is the site of a 

former manufactured gas plant placed on the National Priorities List in 2002.  In 2009, a Record of Decision (ROD) 

was released by U.S. Environmental Protection Agency (USEPA).  The ROD presented an Alternative Remedy which, 

following a successful Wet Dredge Pilot Study removing contaminated sediment using mechanical and/or hydraulic 

dredging equipment, would allow the entire Site to have a full wet dredge remedy.  The Pilot Study was implemented 

in 2016, and utilized a complex and innovative water quality barrier system that included a breakwater and a series of 

carbon adsorption, full-depth and bed-load baffle curtains to manage suspended solids and associated contaminant of 

concern (COC) transport.  A vital component of the Pilot Study was to demonstrate that water quality standards were 

being met at the end of the project, in order to demobilize the barrier system before the onset of ice cover.  Although 

through natural processes water quality standards could be obtained, an accelerated approach was needed to allow a 

shorter demobilization schedule. 

To demobilize the barrier system, COC concentrations within the dredged area had to be below project specific 

turbidity levels and State of Wisconsin surface water concentrations for polycyclic aromatic hydrocarbons (PAHs). 

Since COC levels were commonly measured at levels 1 to 2 orders of magnitude above these standards, during active 

dredging operations, the short amount of time available at the end of the season and the fine-grained nature of the 

resuspended sediment particles would limit the ability to wait for natural settling processes to sufficiently reduce 

concentrations.  Therefore, an aggressive approach to encourage settling and accelerate the timeframe to achieve the 

turbidity levels and standards was needed.  When a literature search reveled no documentation of treating surface 

waters surrounding dredging activities, the project team researched alternatives to combat turbidity and elevated 
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dissolved COC concentrations.  Through bench scale testing, alum (aluminum sulfate) was found to reduce turbidity 

and decrease COC concentrations in an accelerated approach.  

This paper shares the results of bench-scale tests, column settling, and finally the field implementation of the selected 

plan.  The effectiveness of adding alum, powdered activated carbon, and granular activated carbon, alone and in 

various combinations to reduce COCs, will be presented.  Data on settling rates and water chemistry will be discussed. 

Keywords: Dredging, turbidity, settling, PAH, contaminated sediment. 

INTRODUCTION 

The Ashland/NSP Superfund Site (Site), located on the shore of Lake Superior’s Chequamegon Bay, is the site of a 

former manufactured gas plant placed on the National Priorities List in 2002.  In 2009, a Record of Decision (ROD) 

was released by U.S. Environmental Protection Agency (USEPA).  The ROD presented an Alternative Remedy which, 

following a successful Wet Dredge Pilot Study removing contaminated sediment using mechanical and/or hydraulic 

dredging equipment, would allow the entire Site to have a full wet dredge remedy.  On February 25, 2016, Foth 

Infrastructure & Environment/Envirocon Joint Venture (FE JV) submitted the Final Design for Phase 2 Wet Dredge 

Pilot Study (Final Design) (FE JV, 2016a).  The Final Design presents design details, plans and specifications, and 

accompanying support documents related to implementing the Wet Dredge Pilot Study (Pilot Study) at the Site.  The 

water quality barrier system deployed during the Pilot Study could not be demobilized until water quality met the 

requirements outlined in the Final Design.  While it was expected that the required water quality standards could 

eventually be attained through natural processes, the barrier system needed to be removed prior to winter to prevent 

severe damage/destruction from ice.  The Final Design recognized contingencies could be implemented to accelerate 

water quality improvement by actively managing total suspended solids (TSS) and concentrations of COCs that 

remained above the project standards and were preventing the timely removal of the barrier system. 

The Pilot Study Dredge Area focused on an approximate 40,000 square foot portion of the Phase 2 remedial area 

selected to provide a combination of elements and conditions to allow for a representative, meaningful, and 

implementable wet dredging program.  Water quality standards set for the project include the parameters in Table 1.   

The barrier systems were designed to contain dredging impacted water within the containment area.  Passive settling 

was the primary method used to improve water quality within the barrier systems after on-the-water activities were 

completed.  If passive settling was not sufficiently improving water quality, contingency measures would be utilized 

to actively improve water quality to allow barrier system removal. 

Dredge elutriate testing (DRET) tests, performed on sediment samples collected from the pilot area as a conservative 

predictor of water column concentrations that might be observed immediately following dredging in the Pilot Study 

area, indicated that additional measures beyond primary settling may be required to reduce turbidity and COC 

concentrations to levels below the project performance standards.  Various technologies that could be applied to 

achieve this reduction were identified through a literature review (FE JV, 2016b). 

During the review, no applications of in-situ water treatment processes, physical or chemical, to surface waters at 

dredging projects were identified.  The most similar applications dealt with treatment of small lakes for nutrient control 

(primarily through precipitation of phosphorus) and the clarification of dredged material carriage water as it entered 

an on-shore water treatment system.  Based on literature review results and experience at similar sites, alum, activated 

carbon and organoclay were the most promising candidates for application to the water column at the Site, allowing  

reduction in turbidity, and total and dissolved COC concentrations following dredging.  Activated carbon, a highly 

porous material having a large surface area, has been shown to remove dissolved oil-associated constituents including:  

benzene, phenols, toluene, and xylene.  Organoclays can remove 50% or more of their dry weight in oil, diesel fuel, 

PAHs, as well as other non-COCs and have been shown to remove seven times the amount of oil as activated carbon 

with adequate contact time.  Research has shown alum to be an effective and efficient coagulant to control suspended 

solids and turbidity.  In addition to use individually, combinations of alum and activated carbon or alum with 

organoclay were investigated to remove both turbidity and COCs. 
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Table 1. Surface Water Quality Sampling Laboratory Analyses and Standards. 

Analyte Unit Method 

Project Water Quality 

Standard 

General Chemistry 

  Total Suspended Solids mg/L SM 2540D  

 Dissolved Organic Carbon mg/L 9060A -- 

 Sulfide mg/L SM 4500S2D  

Volatile Organics 

  1,2,4-Trimethylbenzene µg/L 8260B 12.3 

  1,3,5-Trimethylbenzene µg/L 8260B 12.3 

  Benzene µg/L 8260B 0.34 

  Ethylbenzene µg/L 8260B 14 

  Toluene µg/L 8260B -- 

 m+p,xylene µg/L 8260B  

  Xylenes (Total) µg/L 8260B 27 

Polynuclear Aromatic Hydrocarbons (PAH) 

  1-Methylnaphthalene µg/L 8270D SIM  433 

  2-Methylnaphthalene µg/L 8270D SIM  24.3 

  Acenaphthene µg/L 8270D SIM  38 

 Acenaphthylene µg/L 8270D SIM  -- 

  Anthracene µg/L 8270D SIM  0.035 

 Fluorene µg/L 8270D SIM  -- 

  Naphthalene µg/L 8270D SIM  6.2 

  Phenanthrene µg/L 8270D SIM  3.6 

  Benzo[a]anthracene µg/L 8270D SIM  0.025 

  Benzo[a]pyrene µg/L 8270D SIM  0.003 

  Benzo[b]fluoranthene µg/L 8270D SIM  0.003 

  Benzo[e]pyrene µg/L 8270D SIM  -- 

  Benzo[g,h,i]perylene µg/L 8270D SIM  7.64 

  Benzo[k]fluoranthene µg/L 8270D SIM  0.14 

  Chrysene µg/L 8270D SIM  0.07 

  Dibenzo[a,h]anthracene µg/L 8270D SIM  0.003 

 Dibenzofuran a µg/L 8270D SIM -- 

  Fluoranthene µg/L 8270D SIM  1.9 

  Indeno[1,2,3-c,d]-pyrene µg/L 8270D SIM  0.03 

  Pyrene µg/L 8270D SIM  0.3 
 

mg/L = milligrams per liter 

µg/L = micrograms per liter 

 

METHODS 

Bench-Scale Testing Program 

The effectiveness of potential in-situ contingency measures were evaluated through bench-scale testing.  Bench-scale 

testing was conducted in two phases using impacted water generated during dredging activities.  The first phase 

consisted of a series of jar tests of a range of additive dosages and combinations.  The second phase focused on the 

most promising first phase test results and utilized 8-foot column settling tests with impacted water samples collected 

from the site during active dredging operations.   

First Phase Testing 

Initially, impacted water generated from active dredging operations was collected to perform bench scale “jar tests.”  

Jar testing was conducted at the Foth Infrastructure & Environment, LLC (Foth) laboratory located in Green Bay, 

Wisconsin, the week of July 4, 2016, to determine the removal efficiencies of activated carbon, organoclay, alum, and 
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combinations of these additives as well as approximate dosages required to achieve project water quality standards.  

Selected jar test samples were sent to TestAmerica for analysis of VOCs and PAHs to determine the effectiveness of 

the various additives and dosages.   

Settleability Testing 

Settleability testing was performed to determine the settleability of granular activated carbon (GAC), powdered 

activated carbon (PAC), granular organoclay (GOC), and powdered organoclay (POC).  The test consisted of adding 

a known weight of each material to a 1,000 milliliter (mL) graduated cylinder filled with deionized (DI) water.  

Following addition of the material, the time required for the material to settle to the graduated cylinder bottom was 

measured and recorded.  The settling test was performed to identify products having advantageous settling 

characteristics.  It was assumed material settling too quickly would limit the contact time between the selected 

adsorbent and the COCs dissolved in the water column.  The contact time was expected to have a direct effect on the 

removal rate of the COCs. 

The following summary provides the results of the settleability tests using GAC, PAC, POC, and GOC. 

Table 2. Settleability Testing of Selected Additives. 

Material 

Settle Time 

(second) 

Liquid Depth 

(feet) 

Settling Velocity 

(feet/second) 

GAC1 326 1.14 0.0035 

PAC2 720 1.14 0.0016 

GOC 5 1.14 0.23 

POC3 1,800 1.14 0.00063 

1. A small amount of residual carbon remained at the liquid surface at the end of the recorded settle time. 

2. The settling test was conducted on both wetted and non-wetted PAC.  The wetted PAC settling time is 

presented in the time above as the PAC would likely be spread a slurry.  An insignificant amount of PAC 

remained at the surface at the end of the settling test.  

3. The settling test was conducted on both wetted and non-wetted POC.  None of the non-wetted POC settled 

in the first 10 minutes of the test and the test was stopped.  Approximately 60% of the wetted POC settled 

within 30 minutes.  However, larger clumps of the wetted POC had settling characteristics similar to the 

GOC.  Approximately 40% of the material remained at the liquid surface at the end of 30 minutes.  

 

Based on the settling test results, jar tests were performed utilizing GAC, PAC, and POC.  No further testing of the 

GOC was conducted due to the high settling velocity observed. 

Jar Testing  

GAC, PAC, POC, and alum were jar tested at various doses to determine the effectiveness in reducing COCs to the 

required project water quality standards. Samples of dredging-impacted water were collected from the site and shipped 

to Foth’s Green Bay office for jar testing.  The composite sample was analyzed for the COCs and turbidity to serve as 

a base line in evaluating the jar tests.  The following summary provides the analytical base line sample result. 
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Table 3. Composite Sample Analytical Results. 

Contaminants of Concern 

Result 

(units) 

VOCs 1,2,4-Trimethylbenzene <0.17 

 1,3,5-Trimethylbenzene <0.17 

 Benzene <0.20 

 Ethylbenzene <0.19 

 Toluene <0.17 

 Xylene, m & p <0.38 

 Xylenes (Total) <0.58 

SVOCs 1-Methylnaphthalene <0.048 

 2-Methylnaphthalene <0.048 

 Acenaphthene 0.2 

 Acenaphthylene 0.19 

 Anthracene <0.048 

 Benzo(a)anthracene 0.52 

 Benzo(a)pyrene 0.53 

 Benzo(b)fluoranthene 0.51 

 Benzo(e) pyrene 0.47 

 Benzo(g,h,i)perylene 0.43 

 Benzo(k)fluoranthene 0.27 

 Chrysene 0.47 

 Dibenzo(a,h)anthracene <0.024 

 Dibenzofuran <0.019 

 Fluoranthene 1.0 

 Fluorene <0.048 

 Indeno(1,2,3-cd)pyrene 0.35 

 Naphthalene <0.048 

 Phenanthrene <0.048 

 Pyrene 0.86 

 Turbidity (NTU) 95.1 
 

 Value is above project water quality standards. 

 

GAC Jar Test 

1.5 liter (L) samples were collected from the composite sample and poured into one of six 2,000-mL Erlenmeyer 

flasks.  Each flask was dosed with a measured weight of GAC to achieve dose rates of 100 mg/L, 200 mg/L, 400 

mg/L, 800 mg/L, 1,200 mg/L, and 1,600 mg/L. The Erlenmeyer flasks were then placed on an orbital shaker table and 

allowed to mix with the granular activated carbon for 60 minutes.  The shaker table speed was set to 150 rotations per 

minute (rpm) for the duration of the test.  Following the 60-minute mix time, the Erlenmeyer flasks were removed 

from the table and allowed to settle for two hours.  Samples were then decanted and collected from each of the six 

flasks for laboratory analysis of the COCs.  One sample was also collected from each of the tests for on-site analysis 

of turbidity (as a surrogate for TSS).  The turbidity results of the GAC samples are included in the following summary: 
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Table 4. GAC Turbidity Results.1 

Sample No. Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) 

GC-0100-SW-N_20160706 GAC 100 66.1 

GC-0200-SW-N_20160706 GAC 200 65.2 

GC-0400-SW-N_20160706 GAC 400 69.9 

GC-0800-SW-N_20160706 GAC 800 61.5 

GC-1200-SW-N_20160706 GAC 1,200 70.9 

GC-1600-SW-N_20160706 GAC 1,600 66.3 
 

1. Results after two-hours settling.  Initial turbidity value at time “0” was 95.1 nephelometric turbidity 

unit (NTU). 

 

COC concentrations were reduced from 11 to >93%.  However, the analytical results indicated GAC was not effective 

in reducing COCs to meet the project water quality standards.  This was likely due to GAC settling rapidly to the 

bottom of the Erlenmeyer flask within a few minutes of mixing.  In addition, the orbital mixer was unable to keep the 

GAC in suspension throughout the mixing cycle limiting the GAC contact time with the entire water column.  No 

further testing with granular activated carbon was conducted. 

PAC Jar Tests 

The procedure described above was repeated utilizing PAC.  The following summary provides the results of the 

turbidity testing from the PAC. 

Table 5. PAC Turbidity Results.1 

Sample No. Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) 

PC-0100-SW-N_20160706 PAC 100 60.9 

PC-0200-SW-N_20160706 PAC 200 54.6 

PC-0400-SW-N_20160706 PAC 400 42.0 

PC-0800-SW-N_20160706 PAC 800 27.8 

PC-1200-SW-N_20160706 PAC 1,200 19.0 

PC-1600-SW-N_20160706 PAC 1,600 13.2 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

The analytical results indicated PAC had the potential to be effective in reducing the COCs to meet the project water 

quality standards at dosage of 800 mg/L or greater.  Unlike the GAC jar test, the PAC remained in suspension 

throughout the entire mixing cycle providing adequate contact time between the PAC and the liquid medium.  COC 

concentrations were reduced from 40 to 92% at PAC dosage rates of 100 and 200 mg/L to more than 95% for dosage 

rates above 800 mg/L.   

POC Jar Tests 

The procedure described above was repeated utilizing POC to determine the effectiveness of POC. The following 

summary provides the results of the turbidity testing from the POC. 
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Table 6. POC Turbidity Results.1 

Sample No. Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) 

OC-0100-SW-N_20160706 POC 100 83.9 

OC-0200-SW-N_20160706 POC 200 73.4 

OC-0400-SW-N_20160706 POC 400 86.6 

OC-0800-SW-N_20160706 POC 800 87.7 

OC-1200-SW-N_20160706 POC 1,200 71.3 

OC-1600-SW-N_20160706 POC 1,600 72.2 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

The analytical results indicated POC had the potential to be effective in reducing the COCs to meet the project water 

quality standards at dosage levels equal to or greater than 1,600 mg/L.  The dispersion of POC throughout the water 

column may have contributed to the lower removal rates when compared to the PAC.  The POC had the tendency to 

either remain at the surface of the flask or clump which limited the dispersion of the material evenly throughout the 

beaker thus potentially reducing contact between the POC and chemicals in the sample.  Larger clumps had the 

tendency to settle to the bottom of the flask while smaller clumps were able to remain in suspension during mixing.  

This may provide an explanation as to the higher dosage rates being required to meet the project water quality 

standards.  COC concentrations were reduced from less than 10% at POC dosage rates equal to and less than 1,200 

mg/L.  COC concentrations were reduced more than 76% at a dosage rates of 1,600 mg/L.   

 

Alum Jar Test 

1.0 L samples were collected from the composite sample and poured into one of three 2,000-mL graduated beakers.  

Alum was added to each of the three composite samples at dosages of 25 ppm, 50 ppm, and 100 ppm. 

The samples were then mixed for two minutes using a bench top four-station mechanical paddle mixer.  The samples 

were then allowed to settle for two hours.  Samples were then decanted and collected from each of the three beakers 

for off-site analytical analysis of the COCs.  Turbidity samples were also collected for on-site analysis. The following 

summary provides the results of the turbidity testing from the alum addition. 

Table 7. Alum Turbidity Results.1 

Sample No. Additive 

Dose 

(ppm) 

Turbidity 

(NTU) 

AL-25-SW-N_20160706 Alum 25 23.5 

AL-50-SW-N_20160706 Alum 50 18.9 

AL-100-SW-N_20160706 Alum 100 8.91 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

COC concentrations were reduced from 59 to over 95% at an alum dosage of 25 ppm.  The analytical results indicated 

alum had the potential to be effective in reducing the COCs to meet the project water quality standards at a dosage 

level of 25 ppm.  As the alum dose was increased to 50 ppm, the removal of rates of the COCs ranged from 38 to 93%.  

The analytical results indicate lower removal rates at increased alum dosage even as the turbidity improved at 

increased alum dosage levels.  However; in each of the three alum samples tested, alum was unable to remove pyrene 

to concentrations meeting the project water quality standards. 

 

Simultaneous PAC/Alum Addition Jar Tests 

Based on the turbidity reductions obtained during the alum testing, combinations of PAC and alum were tested to 

determine if there were dosage efficiencies that could be realized.  1.5 L samples were collected from the composite 
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sample and poured into one of six 2,000-mL Erlenmeyer flasks.  The flasks were dosed with a measured weight of 

PAC to achieve the following dose rates: 

 Two (2) flasks at 400 mg/L 

 Two (2) flasks at 800 mg/L 

 Two (2) flasks at 1,200 mg/L 

 

Alum was dosed at 25 ppm into one of the two flasks at the various concentrations of PAC.  The other three flasks 

were dosed at 50 ppm alum.  The Erlenmeyer flasks were then placed on an orbital shaker table and allowed to mix 

for 60 minutes.  The shaker table speed was set to 150 rpm for the duration of the test.  Following the 60-minute mix 

time, the Erlenmeyer flasks were removed from the table and allowed to settle for two hours.  Samples were then 

decanted and collected from each of the six flasks for off-site analytical analysis.  One sample was also collected from 

each of the jar tests for on-site analysis of turbidity. The following summary provides the results of the turbidity testing 

from the simultaneous addition of PAC and alum. 

Table 8. Simultaneous PAC/Alum Addition Turbidity Results.1 

Sample No. 

PAC/Dose 

(mg/L) 

Alum/Dose 

(ppm) 

Turbidity 

(NTU) 

CA-0425-SW-N_20160707 400 25 13.42 

CA-0825-SW-N_20160707 800 25 14.28 

CA-1225-SW-N_20160707 1,200 25 7.78 

CA-0450-SW-N_20160707 400 50 0.45 

CA-0850-SW-N_20160707 800 50 0.65 

CA-1250-SW-N_20160707 1,200 50 0.63 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

In each of the tests performed, the COC concentrations were reduced to levels less than the limit of detection.  The 

analytical results indicated combining PAC and alum can reduce the COCs to levels consistent with the project water 

quality standards at dosage levels lower than adding PAC or alum alone.  

 

PAC with Delayed Alum Addition Jar Tests 

A second round of testing was performed with the PAC and alum with the exception that the alum was dosed 

30 minutes following the PAC dose.  The delayed alum dose was performed to determine if there would be any 

observable difference in settling as well as COC reduction. 1.5 L samples were collected from the composite sample 

and poured into one of six 2,000-mL Erlenmeyer flasks.  The flasks were dosed with a measured weight of PAC to 

achieve the following dose rates: 

 Two (2) flasks at 400 mg/L 

 Two (2) flasks at 800 mg/L 

 Two (2) flasks at 1,200 mg/L 

 

The Erlenmeyer flasks dosed with PAC were then placed on an orbital shaker table and allowed to mix for 30 minutes.  

The shaker table speed was set to 150 rpm for the duration of the test.  After 30 minutes of mix time, alum was dosed 

at 25 ppm into one of the two flasks at the various concentrations of carbon with the other three flasks being dosed at 

50 ppm alum.  The flasks were then allowed to mix for an additional 30 minutes.  Following the final 30-minute mix 

time, the Erlenmeyer flasks were removed from the table and allowed to settle for two hours.  Samples were then 

decanted and collected from each of the six flasks for off-site analytical analysis of COCs.  One sample was also 

collected from each of the jar tests for on-site analysis of turbidity. The following summary provides the results of the 

turbidity testing from the addition of PAC with the delayed addition of alum. 
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Table 9. PAC with Delayed Alum Addition Turbidity Results.1 

Sample No. 

PAC/Dose 

(mg/L) 

Alum/Dose 

(ppm) 

Turbidity 

(NTU) 

C30A-0425-SW-N_20160707 400 25 0.75 

C30A-0825-SW-N_20160707 800 25 0.72 

C30A-1225-SW-N_20160707 1,200 25 3.83 

C30A-0450-SW-N_20160707 400 50 0.58 

C30A-0850-SW-N_20160707 800 50 1.40 

C30A-1250-SW-N_20160707 1,200 50 1.28 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

Similar to the simultaneous PAC and alum dosing tests, the COC concentrations were also reduced to levels less than 

the limit of detection with the delayed dosing of alum.  However, the turbidity results indicated delaying the dosing 

of alum into the sample improved the settling characteristics of the solids.  At a delayed alum addition of 25 ppm, the 

turbidity results improved by more than 85% compared to the same PAC and alum dosages added simultaneously.   

 

Simultaneous POC/Alum Addition Jar Tests 

For comparison, the simultaneous PAC/alum addition procedure was repeated utilizing POC and alum. The following 

summary provides the results of the turbidity testing from the simultaneous addition of POC and alum. 

Table 10. Simultaneous POC/Alum Addition Turbidity Results.1 

Sample No. 

POC/Dose 

(mg/L) 

Alum/Dose 

(ppm) 

Turbidity 

(NTU) 

OA-0425-SW-N_20160707 400 25 25.4 

OA-0825-SW-N_20160707 800 25 21.8 

OA-1225-SW-N_20160707 1,200 25 7.17 

OA-0450-SW-N_20160707 400 50 6.85 

OA-0850-SW-N_20160707 800 50 2.78 

OA-1250-SW-N_20160707 1,200 50 15.15 
 

1. Results after two hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

The analytical results indicated simultaneous addition of POC and alum would not consistently achieve the project 

water quality standards at the lower POC and alum dosages.  At POC dosages less than 800 mg/L and an alum dosage 

of 25 ppm, the COC concentrations were reduced from 55 to over 95%.  However, several of the COCs analyzed 

remained above the water quality standards.  At alum dosages of 50 ppm and similar POC dosages, COC 

concentrations were reduced to less than the limit of detection. The analytical results showed that increasing the dosage 

of alum in combination with POC addition could achieve the project water quality standards. 

 

POC with Delayed Alum Addition Jar Tests 

For comparison, the PAC with delayed alum addition procedure was repeated utilizing POC and alum.  The following 

summary provides the results of the turbidity testing from the combination POC with delayed alum addition. 
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Table 11. POC with Delayed Alum Addition Turbidity Results.1 

Sample No. 

POC/Dose 

(mg/L) 

Alum/Dose 

(ppm) 

Turbidity 

(NTU) 

O30A-0425-SW-N_20160707 400 25 11.94 

O30A-0825-SW-N_20160707 800 25 31.8 

O30A-1225-SW-N_20160707 1,200 25 27.1 

O30A-0450-SW-N_20160707 400 50 5.66 

O30A-0850-SW-N_20160707 800 50 9.09 

O30A-1250-SW-N_20160707 1,200 50 10.96 
 

1. Results after two-hours settling.  Initial turbidity value at time “0” was 95.1 NTU. 

 

Similar to the simultaneous POC and 25-ppm alum dosing tests, several COC concentrations remained above the 

water quality standards for the project.  At an alum dosage of 25 ppm and 1,200 mg of POC, the COC concentrations 

were reduced to below limits of detection.   

Second Phase Column Settling Tests  

Based on the results of the jar tests described above, 8-foot column settling tests were completed to further evaluate 

PAC and PAC with delayed addition of alum as viable water quality contingency measures.  Three column settling 

tests were conducted at the TestAmerica, Inc. (TestAmerica) laboratory (Pittsburgh, Pennsylvania) to further evaluate: 

 The effect and efficiency of the PAC and PAC/alum dosages; 
 Settling rates at expected lake water temperatures; and  
 The negative effect alum addition may have on the alkalinity of water quality. 

Three column settling tests were performed as part of this work.  Representative samples were collected approximately 

12 hours after cessation of dredging operations by pumping water from the Pilot Study Dredge Area into three 55-

gallon drums.  The drums were shipped via a refrigerated truck to TestAmerica’s facility for column testing.  An initial 

composite sample of the water was analyzed for the COCs and general chemistry parameters.  The results of this test 

were used as a baseline in evaluating all column tests. 

The COCs in the water collected from the column settling tests were compared to the COCs in the water collected 

from earlier bench testing to determine if any significant differences in initial water quality existed between the two 

tests.  Table 12 provides the water quality comparison using the bench and column test results. 

 

Both composite samples contained COCs above the project water quality standards.  The composite sample collected 

from the column test included several COCs that were not detected in the bench test composite sample.  These COCs 

included benzene, toluene, 1-methylnaphthalene, 2-methylnaphthalene, acenaphthene, acenaphthylene, anthracene, 

naphthalene, and phenanthrene.  Overall the results of the COCs observed in both composite samples compared well. 

Baseline Column Settling Test 

Composite samples were mixed initially by rolling each drum on its side followed by mechanical mixing with a paddle 

blade mixer.  Sixty eight (68) liters of sample were transferred from the mixed drum into an 8-foot column using a 5-

gallon bucket.  Coarse bubble air was introduced at the bottom of the column during the initial fill to prevent solids 

from settling prior to collecting the first set of samples (approximately one minute).  Once the column was filled, the 

air flow was stopped and the first set of samples were collected thus starting the testing period. 

Initial samples were collected from every 0.5 foot water depth interval for TSS and at the surface and one half water 

depth interval for COCs and general chemistry parameters.  This procedure was repeated every 24 hours until the 

conclusion of the testing period at 168 hours.  The overall water depth in the column decreased through the duration 

of the test as water samples were removed for analyses. 
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Table 12. Bench and Column Test Composite Sample Comparison. 

Contaminants of Concern Units 

Project Water 

Quality 

Standard 

(µg/L) 

Bench Test 

Composite 

Column Test 

Composite 

VOCs 

1,2,4-Trimethylbenzene µg/L 12.3 <0.17 <0.17 

1,3,5-Trimethylbenzene µg/L 12.3 <0.17 <0.17 

Benzene µg/L 0.34 <0.20 0.48 JB* 

Ethylbenzene µg/L 14 <0.19 <0.19 

Toluene µg/L N/A <0.17 0.31 JB 

Xylene, m & p µg/L N/A <0.38 <0.38 

Xylenes (Total) µg/L 27 <0.58 <0.58 

SVOCs  1-Methylnaphthalene µg/L 433 <0.048 0.048 J 

2-Methylnaphthalene µg/L 24.3 <0.048 0.90 J 

Acenaphthene µg/L 38 0.20 0.064 J 

Acenaphthylene µg/L N/A 0.19 0.16 

Anthracene µg/L 0.035 <0.048 0.14 

Benzo(a)anthracene µg/L 0.025 0.52 0.35 

Benzo(a)pyrene µg/L 0.003 0.53 0.49 

Benzo(b)fluoranthene µg/L 0.003 0.51 0.47 

Benzo(e) pyrene µg/L N/A 0.47 0.4 O 

Benzo(g,h,i)perylene µg/L 7.64 0.43 0.35 

Benzo(k)fluoranthene µg/L 0.14 0.27 0.22 

Chrysene µg/L 0.07 0.47 0.25 

Dibenzo(a,h)anthracene µg/L 0.003 <0.024 <0.019 

Dibenzofuran µg/L N/A <0.019 <0.048 

Fluoranthene µg/L 1.9 1.0 0.31 

Fluorene µg/L N/A <0.048 <0.019 

Indeno(1,2,3-cd)pyrene µg/L 0.03 0.35 0.24 

Naphthalene µg/L 6.2 <0.048 0.078 J 

Phenanthrene µg/L 3.6 <0.048 0.14 B 

Pyrene µg/L 0.3 0.86 0.55 
 

 Value is above water quality standards. 

 

µg/L = micrograms per liter 

J = Result is estimated. 

B = Compound was found in the blank and in sample. 

* = relative percent difference (RPD) of the laboratory control sample (LCS) and laboratory control sample 

duplicate (LCSD) exceeds the control limits. 
< = Analyte not detected above the method detection limit (MDL). 
N/A = Not applicable 

 

Lake water temperatures were expected to be approximately 10 degrees Celsius (°C) or less at the completion of the 

Pilot Study in late October.  Therefore, the column settling test was completed in a climate controlled environment to 

simulate the effect cold water temperatures may have on the settling rate of solids.  The baseline water temperature 

was maintained between 8.4 and 11.2°C through the test periods.  Turbidity results of the baseline samples are included 

in the following summary: 
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Table 13. Column Settling Test Turbidity Results – Baseline. 

Sample Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) – 

surface 

Turbidity 

(NTU) – 

½ water 

column 

WQC-0000-SW-N-20160802-0HR None None 91 72 

WQC-0000-SW-N-20160803-24HR None None 51 61 

WQC-0000-SW-N-20160804-48HR None None 54 55 

WQC-0000-SW-N-20160805-72HR None None 53 52 

WQC-0000-SW-N-20160807-120HR None None 39 39 

WQC-0000-SW-N-20160809-168HR None None 37 38 
 

mg/L = milligrams per liter 

NTU = Nephelometric Turbidity Units 

 

Turbidity of the column test baseline water samples were compared to the turbidity of bench test water to evaluate 

whether the water quality between the two tests were similar.  No significant difference in turbidity was observed 

between the water samples used during bench and column tests.  The initial turbidity reading from the bench test was 

95.1 NTU vs. 91 NTU for the column test. 

Turbidity samples were collected every 24 hours from the baseline column test throughout the duration of the testing 

period.  Following 168 hours of settling, the turbidity decreased by approximately 54%.  The observed reduction in 

turbidity was compared to the observed reduction of TSS.  Over the course of the settling test, the baseline column 

TSS was observed to be reduced by over 89%.    

Within 72 hours, COC concentrations in the baseline column were reduced from 76 to 83%.  At the completion of the 

testing period, COC reductions over 88% were observed in the baseline column.  A total of four COC compounds 

were detected in the 168-hour samples.  This indicates these compounds may be dissolved in solution or adsorbed on 

very fine particles which require longer periods in order to settle.  Benzo(a)pyrene and benzo(b)fluoranthene remained 

at levels above the project water quality standard throughout the entire test. 

The analytical results indicated settling times greater than 168 hours could be needed to settle very fine or colloidal 

solids without the addition of PAC or alum.  In addition, COCs that may be dissolved or associated with non-settleable 

solids could remain in the water column above the project water quality standards for an extended period of time 

without the addition of PAC or alum.   

PAC Column Settling Test 

The initial column fill procedure above was followed in preparing the PAC column test.  However, once the column 

was filled with water approximately 51 grams (equivalent to 750 ppm) of PAC was added to the column.  Following 

addition of PAC to the test column, the air used to maintain solids in suspension during the initial filling of the column 

was removed; and the first set of samples were collected starting the testing period. 

Initial samples were collected at every 0.5 foot water depth interval for TSS and at the surface and one half water 

depth interval for COCs and general chemistry parameters.  This procedure was repeated at 1, 3, 24, 48, and 168 hours. 

This column settling test was also completed in a climate controlled environment to simulate the effect cold water 

temperatures may have on the settling rate of solids.  The temperature of the PAC dosed column was maintained 

between 8.2 and 11.5°C throughout the test period.  The following summary provides the results of column water 

turbidity in the PAC dosed column throughout the testing period. 
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Table 14. Column Settling Test Turbidity Results – PAC. 

Sample  Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) – 

surface 

Turbidity 

(NTU) –  

½ water 

column 

WQC-PC-SW-N-20160802-0HR PAC 750 600 420 

WQC-PC-SW-N-20160802-1HR PAC 750 110 110 

WQC-PC-SW-N-20160802-3HR PAC 750 74 79 

WQC-PC-SW-N-20160803-24HR PAC 750 62 64 

WQC-PC-SW-N-20160804-48HR PAC 750 54 54 

WQC-PC-SW-N-20160809-168HR PAC 750 39 54 

 

The addition of PAC significantly increased the initial turbidity of the water when compared to the baseline sample.  

At test completion, the surface sample turbidity reading was similar to the surface sample turbidity reading of the 

baseline sample.  However, the turbidity reading collected at the 1-foot PAC column interval was approximately 1.4 

times higher when compared to the turbidity reading collected at 1 foot baseline column interval.  This observation is 

likely a result of entrainment of PAC settling in the column during collection of the 1-hour sample. 

Two initial samples for COC analysis were collected from the column including one sample from the sampling port 

closest to air/water interface and one sample from the sampling port closest to one half water column interval.  No 

COCs were detected in the initial surface sample after PAC addition; however, as the sample collection depth 

increased from the water surface the number and concentrations of COC’s detected increased.  This may be due to the 

PAC not having settled through the water column or having time to adsorb COC’s.  However, only benzo(a)pyrene 

and benzo(k)fluoranthene were detected at levels above the project water quality standards. 

After 48 hours settling time, benzo(k)fluoranthene was the only COC detected at levels above the project water quality 

standards.  No additional COC samples were analyzed until the completion of the 168-hour settling period.  At the 

end of the 168-hour settling period, no COCs were detected in the sample. The analytical results indicated the addition 

of 750-ppm PAC will reduce COCs to meet the project water quality standards within 168 hours settling time. 

PAC with Delayed Alum Column Settling Test 

The initial column fill procedure used in preparing the PAC column test above was followed when preparing the PAC 

with delayed alum addition column.  Approximately 26 grams (equivalent to 385 ppm) of PAC was added to the 

column.  Following PAC addition to the test column, the air used to maintain solids in suspension during the initial 

filling of the column was removed and the first set of TSS samples were collected starting the testing period.  A 10 

ppm dose of alum was added to the column 24 hours following the start of the test.  Prior to the addition of alum, air 

was added to the column for approximately 15 seconds to provide mixing of the alum and the column water sample. 

Initial samples were collected for TSS at the initial dose of PAC every 0.5 foot water depth interval.  Following alum 

addition, samples were collected at every 0.5 foot water depth interval for TSS and at the surface and one half water 

depth interval for COCs and general chemistry parameters.  This procedure was repeated at 0.5, 1, 3, and 48 hours 

after alum addition to the column. 

Similar to the previous column tests, the PAC with delayed alum addition column settling test was completed in a 

climate controlled environment to simulate the effect cold water temperatures may have on the settling rate of solids.  

The temperature of the PAC dosed column was maintained between 10 and 16.6°C throughout the test period.  The 

following summary provides the results of column water turbidity in the PAC with delayed alum dosed throughout 

the testing period. 
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Table 15. Column Settling Test Turbidity Results – PAC with Alum. 

Sample Additive 

Dose 

(mg/L) 

Turbidity 

(NTU) – 

surface 

Turbidity 

(NTU) –  

½ water 

column 

WQC-MX-4010-SW-N-20160812-24HR PAC 

Alum 

385 

10 

34 51 

WQC-MX-4010-SW-N-20160812-24.5HR PAC 

Alum 

385 

10 

17 23 

WQC-MX-4010-SW-N-20160812-25HR PAC 

Alum 

385 

10 

8.2 12 

WQC-MX-4010-SW-N-20160812-27HR PAC 

Alum 

385 

10 

5.9 7.3 

WQC-MX-4010-SW-N-20160812-48HR PAC 

Alum 

385 

10 

2.8 2.8 

 

Turbidity results collected during the 24-hour settling time for the PAC test were used as a baseline for turbidity prior 

to addition of alum, since it is expected that the initial turbidity results (prior to alum addition) would be similar to 

those observed during the first 24-hour PAC setting test.  Turbidity results, following addition of alum, were similar 

to the observed turbidity readings at the completion of both the baseline and PAC column test.  However, within 

1 hour of alum addition, turbidity readings averaged less than 10 NTU.  In comparison, the turbidity at the 168-hour 

settling time of the baseline and PAC settling tests were 37.5 NTU and 46.5 NTU, respectively.  1-methylnaphthalene, 

2-methylnaphthalene, benzo(a)anthracene, benzo(k)fluoranthene, chrysene, naphthalene, and phenanthrene were 

detected during only one of the 24.5-hour sampling events. Of these, benzo(k)fluoranthene and chrysene were above 

project water quality standards.  In all, ten samples were collected and analyzed for COCs over a 48-hour settling 

period.  Only one additional sample detected any COCs.  All COCs after the 24-hour sampling event were less than 

the level of detection or significantly below project water quality standards.  Alkalinity samples were collected at 24 

hours, 24.5 hours, 25 hours, 27 hours, and 48 hours.  The average alkalinity prior to the addition of alum was 51.5 

mg/L, similar to the other previously described column tests.  The addition of alum reduced the alkalinity to an average 

of 46 mg/L, or a reduction of only 10%. The analytical results indicated addition of 385-ppm PAC followed 24 hours 

later by addition of alum will reduce COCs to meet the project water quality standards within 48 hours settling time.   

CONCLUSIONS 

Based on bench tests and column settling tests, in-situ water quality improvement contingency measures were shown 

to be effective in achieving project water quality standards.  The recommended in-situ water quality improvement 

option was a combination addition of PAC followed by a delayed addition of alum.  Bench testing indicated a 400-

ppm dose of PAC followed by a delayed dose of 25-ppm alum would achieve the project water quality standards.  

This dosage was replicated in the subsequent column settling test with the addition of 385 ppm PAC followed 24 hours 

later with a 10 ppm dose of alum.  In both cases, COC levels were reduced to levels less than the level of detection, 

or significantly below project water quality standards, and turbidity readings were less than 2.8 NTU within 48 hours 

settling time. 

Bench and column settling tests indicated addition of PAC alone may achieve project water quality standards.  

However, it does appear cooler water temperatures could have some negative impact in the settling rate of solids.  The 

settling rate of the PAC dosed column was estimated by observing the amount of time the TSS concentrations 

exceeded the initial background TSS level (recorded in the baseline column settling test composite sample).  It was 

assumed the increase in TSS concentration was a result of the PAC addition to the column.  TSS concentrations were 

observed to equal the background concentrations following 24 hours of settling time.  The settling time was then 

divided by the initial height of liquid in the column to obtain a settling rate of 0.000069 feet per second (ft/sec).  This 

settling rate was compared to the settling results observed for PAC during bench testing.  Bench test observations 

recorded a PAC settling rate of 0.0016 ft/sec.  This would indicate a decrease in the rate of settling of over 95% due 
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to the cooler water temperatures.  A decreased settling rate could delay removal of the water quality barrier system 

installed to manage TSS and COC concentrations.   

The addition of alum was shown to enhance the settleability of solids during bench testing.  This observation was 

corroborated in the column tests by comparing the solids settling rates estimated from the PAC column test to the 

settling rates estimated following the delayed addition of alum in the PAC column test. The delayed addition of alum 

used the same method above to estimate the settling rate of solids from the PAC column test.  TSS concentrations 

were less than background TSS levels within 1 hour.  This resulted in an estimated settling rate of 0.0016 ft/sec which 

is a significant enhancement to PAC addition alone. 

Field conditions were not expected to directly mimic lab column settling conditions, so it was expected that some 

variability in results would be encountered.  Therefore, it was recommended that jar tests be performed at varying 

alum doses prior to alum contingency application.   

Field Application 

 At the conclusion of dredging operations, turbidity and COC levels remained elevated above project water quality 

standards and winter weather conditions were rapidly approaching. The decision was made to implement contingency 

measures by adding alum alone to the water column. Prior to alum addition, jar testing was performed using on-site 

water collected from the application area to refine the alum dosage range.  Five jar tests were performed using 0, 10, 

20, 30, and 40 mg/L dosages of alum.  The jar tests were allowed to settle for 1 hour and turbidity samples were taken 

from each test for field analysis.  The dose determined to be the most effective was 30 mg/L.   

Alum was applied using a standard herbicide field sprayer equipped with a 100 gallon tank.  The sprayer consisted of 

five fan-type sprayer nozzles which distributed the alum evenly across the application area.  The sprayer and tank 

were placed on a work boat, and the position and speed was tracked to assure alum was applied appropriately 

throughout the targeted area. The alum application was performed over an 8-hour period with turbidity levels 

achieving project performance standards immediately following completion of the application period. 

 

Figure 1. Pilot Study Dredge Area Before (left) and After (right) Alum Application 
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