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Indiana Harbor and Canal are part of a small, highly industrialized watershed in north- 
western Indiana. The Grand Calumet River discharges into Lake Michigan via the Indiana 
Harbor and Canal. These waterways have a history of water quality problems and have been 
identified by the International Joint Commission on the Great Lakes a6 a major area of con- 
CY?lZ". The Corps of Engineers is authorized to maintain a deep-draft navigation project at 
Indiana Harbor and Canal. Two reaches of the navigation channel 
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PREFACE 

The research studies described in this report were conducted tea evaluate 

the dredging and dredged material disposal requirements for the PCB- 

contaminated sediments in Indiana Harbor, Indiana. The research was conducted 

by laboratories of the US Army Engineer Waterways Experiment Station (WES). 

Funding was provided by the US Army Engineer District, Chicago, under Intra- 

Army Order for Reimbursable Services No. NCC-IA-85-11, dated 30 October 1984. 

The Chicago District Project Manager for the studies was Mr. Shame1 Abou-El- 

Seoud. 

The studies were conducted by researchers of the WES Environmental 

Laboratory (EL), Hydraulics Laboratory (HL), and Coastal Engineering Research 

center (CRRC). The main text (Parts I-VI) is included in Volume I. Appen- 

dixes A-J are presented ar23



This report should be 





APPENDIX I: FEASIBILITY STUDY OF CONTAINED AQUATIC DISPOSAL IN 
INDIANA HARBOR CANAL AND ENTRANCE CHANNEL ............... 

Background 



CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non-S1 units of measurement used in this report can be converted to 

SI (metric) units as follows: 

acrea 

Multiply 

acre-feet 

cubi.c feet 

cubic feet per second par foot 

cubic yards 0.7645549 

Fahrenheit degrees 519 

feet 

gallons 

horsepower (550 foot-pounds 
(force) par second) 

inches 

knots (international) 

miles (US statute) 

pounds (force) par square inch 

pounds (mass) 

pounds (mass) per cubic foot 

pounds (mass) par square foot 4.882428 

square inches 6.4516 

yards 0.9144 

By 

4,046.873 

1,233.489 

0.02831685 

0.093 

0.3048 

3.785412 

745.6999 

2.54 

0.5144444 

1.609347 

6.894757 

0.4535924 

16.01846 

To Obtain 

square metres 

cubic metres 

cubic metres 

cubic metres par 
second par metre 

cubic metres 

Celsius degrees or 
Kelvins* 

metres 

cubic decimetres 

watts 

centimetres 

metres par second 

kilometres 

kilopascals 

kilograms 

kilograms par cubic 
metre 

kilograms par square 
metre 

square centimetres 

metres 

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
use the following formula: C = (S/9) (F - 32). To obtain Kelvin (K) 
readings, use K = (5/9) (F - 32) + 273.15. 





DISPOSAL ALTERNATIVES FOR PCB-CONTAMINATED 

SEDIMENTS FROM INDIANA HARBOR, INDIANA 

APPENDIX A: SEDIMENTATION AND FILTRATION 

Settling Test Results 

1. A flocculent settling test and a 15-day initial storage test were per- 

formed on a 100-g/a suspension of the composited Indiana Harbor sediment. The 

suspension was not sieved or 



Table Al 

Solids Concentrations* During Flocculent Settling Test 

TillE Surf ace Sample Locations: Height Above Bottom of Settling Column, ft 
hr Height, ft 6.0 5.65 5.35 4.65 4.0 3.35 2.65 2.0 1.5 - - - __ - -- - z 

0.0 6.255 Initial Solids Concentration = 100 g/P. 

1.0 6.220 14.70 - 67.4 78.00 78.50 88.00 

2.0 6.185 10.60 - 10.70 70.40 80.90 84.80 

4.0 6.150 7.10 - 7.50 7.20 7.30 78.40 

12.0 6.110 4.40 - 4.30 4.20 4.20 4.80 

24.0 6.070 4.60 - 3.30 3.30 3.30 3.40 

48.2 6.010 1.60 - 2.50 2.50 2.50 2.50 

96.0 5.930 1.70 1.80 1.90 1.80 2.00 

167.5 5.856 1.20 1.40 1.50 1.50 1.60 

263.5 5.730 0.82 1.10 1.30 1.40 1.40 

335.0 5.648 0.91 1.20 1.30 1.30 

94.20 96.10 106 .O 

91.30 96.8 100.9 

92.70 111.9 140.7 

4.30 197.3 216.5 

3.40 190.0 231.9 

2.50 22.90 249.0 

1.90 1.90 254.7 

1.60 1.60 47.7 

1.40 1.40 6.80 

1.30 1.30 1.50 

110.3 

113.6 

187.6 

231.4 

* In grams per litre. 

A2 



Table A2 

15-Day Compression Settling 





p 1 FT WITHDRAWAL DEPTH 
q 2 FT WITHDRAWAL DEPTH 
0 3 FT WITHDRAWAL DEPTH 

Figure A2. Flocculent settling test results 
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(1985).* This analysis will be used to determine the settling requirements 

for the disposal of 5. For the disposal of mechanically dredged materials, the flow rate 

will be roughly equal to the production rate, which is assumed for this anal- 

ysis to be 200,000 cu yd per 2 month project duration (U.S. Army Engineer Dis- 

trfct, Chicago 1986). This corresponds to 3,700 cu ft/hr or approximately 

1.0 cfs. For hydraulic dredging the flow rate will be from four to six times 

as great but probably not more than 5 cfs on the average with a matchbox 

dredge. 

In 

situ concentration 

w i t h  in-situ void ratio of sediment 

w = water content of sediment, percent 

G s 
= specific gravity of sediment solids 

% 
= degree of saturation, percent 

The corresponding suspended solids concentration for this void ratio is 

* See References at the end of the main text (Vol I). 
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probably be greater than 600 g/L and the concentration of suspended solids in 

the supernatant near the influent may be less than 50 mg/P. if a sluice is used 

to deposit the material. The conditions resulting from mechanical placement 

are very favorable to producing a good effluent and the effluent quality would 

be very significantly better than the following estimates for hydraulic dis- 

posal. Settling tests and tests to predict effluent quality for mechanical 

dredging have not been developed, but it is apparent from observations made at 

the Calumet Harbor disposal operation that significantly less resuspension from the 15-day settling test using a design time of 30 days 

(one half of the project duration of 2 months) is 380 g/L based on the settling 

test conducted on the homogenized sample during December 1984. 

12. The homogenized sample was 33-percent sand and 67-percent fine-grained 

material. At the end of each disposal operation for 200,000 cu yd of sediment, 

the volume of the resulting lift will be 

"f = vi (C,/C,) + Vsd 

= (0.67) (200,000 cu yd) (798 g/a. / 380 g/,9.) 

+ (0.33) (200,000 cu yd) 

= 347,000 cu yd or 215 acre-ft 

(A3) 

where 

"f 
= volume of new lift at end of each disposal operation, cu yd 

"i 
= volume of in-situ sediment to be dredged, cu yd 

cf 
= concentration of newly settled material at end of each disposal 

operation, g/a 

V 
sd 

= 



based on storage cannot be determined. If the previously deposited material 

consolidated to the in-situ concentration, the minimum volume required for 

storage would be the sum of the volume of sediment previously dredged 

(l,ZOO,OOO cu yd) and the volume for new of volume new f o r o t a l i n g 1 1 9   T w  ( c u  )  4 9 . 8 2 6 8 r  1 9 3   3 4 0 7 2 m 8 T r  - 0 . 6 0 3 9   T c  0 3 6 0 . 5 7 1 4  1 , 5 5 0 )  n e w  



The solids loading rate determined graphically using the solids loading curve 

and the design concentration of 470 g/k is 3.8 lb/sq ft-hr. Since this is 

greater than S d(max) ’ the design loading rate is 2.8 lb/sq ft-hr. There- 

fore, the required surface area for zone settling is 

_ (3690 cu ft/hr) (9.36 lb/w ft) (800 g/ill 
2.8 lb/sq ft-hr (I50 g/2) 

- 6,580O sq ft or 1.5 acres 

where 

A = surface area 

Q, = discharge rate 

ci = influent concentration 

‘d = design solids loading rate 

Considering inefficiencies in basin hydraulics, the required area would be 

~~ = (FIEF) (A) 

= 2.25 (1.5 acres) 

= 3.4 acres 

(A61 

(A7) 

where 

Ad = design surface area for zone settling 

HEF = hydraulic efficiency correction factor 

Required area and detention for flocculent settling 

16. The 



suspended solids, an overall removal of 99.Gpercent of the influent solids. 

In the latter test a 96-hr detention was required to reduce the suspended 

the variability of the sediments. To be conservative in this evaluation, the 

latter test results will be used in this sedimentation analysis and the filter 

design evaluation for the alternatives using hydraulic disposal. The results 

of this analysis apply only to hydraulic disposal. 

17. A minimum detention of 96 hr is indicated as necessary from
0  Tr 68.5712 0  TD 3  Tr -0.2571  Tc 
s  Tc 0.0343tw (The ) Tj
0  Tr 26.7428 0  TD 3  Tr240.0322  T.673 Tc 069oc-of settling test. Since basins are not perfectly hydraulically efficient, 

the design theoretical detention time is computed as follows: 

T = (HEF)T~ 

= (2.25)(96 hr) 

= 216 br or 9 days 

Lw 

where 

T = design theoretical detention time 

HEF = hydraulic efficiency correction factor 

Td 
= laboratory detention time or field 



Assuming a minimum ponded depth of 2 ft, the maximum ponded surface area re- 

quired for flocculent settling is 

A 
pd 

=V /H 
pd pd 

= (97.6 acre-ft)/(Z ft) 

= 40.8 acres 

where 

A 
pd 

= ponded surface area 

H 
pd 

= ponded depth 

(AlO) 

Based on this analysis, clarification controls the required surface area if 

flocculent settling occurs; storage requirements control the required surface 

area if zone settling occurs. 

Supernatant suspended solids concentration 

18. Comparisons of the areas required for storage, zone settling and 

flocculent settling show that storage controls the size of the minimum surface 

area for all three alternatives if zone settling occurs as expected. and 

storage, the required surface area should be about 35 to 40 acres assuming a dike 

height of 35 ft and effective consolidation. Consequently, the ponded volume 

will be greater than the volume required to achieve a supernatant having 2 g/P. 

of suspended solids following hydraulic disposal from SCOWS. The ponded 

volume will be about 80 acre-ft (40 acres X 2 ft of pending). The detention 

time will be about 708 hr (80 acre-ft X 4.3560 sq ft/acre X 600 g/11/800 g/L:/ 

3690 cu ft/hr) for mechanical dredging and about 177 hr for hydraulic 

dredging. The field mean detention time will be about 315 hr (708 hr/2.25) 

and 79 hr, respectively. The supernatant following settling for this 

detention time will contain about 1.3 g/E of suspended 

for hydraulic 

transfer from scows and about 2.1 g/k for hydraulic dredging. If zone 

settling occurs, the supernatant will contain only about 400 mg/P, of suspended 

solids. Laboratory tests were not performed specifically for the prediction 

of suspended 

solids concentration of the supernatant following settling for 

the mechanical disposal. The supernatant quality for this alternative can 

only be estimated using the flocculent settling tests results and field 

measurements as a guide. Based on those results and the expected resuspension 

Al3 



by this disposal method, the estimate of the suspended solids the weir should be designed for a weir loading rate of 0.08 cfs/ft. 

Therefore, weir lengths of 13 ft (1.03 cfs/0.08 cfs/ft) and 35 ft are required 

for mechanical dredging and hydraulic dredging, respectively. The 35-ft weir 

should be specified for both cases to provide for flexibility in future dis- 

posal operations. 

Sedimentation Summary 

20. The proposed in-lake CDF is sufficient to store the volume of dredged 

material to be disposed. The effluent quality of the supernatant and the 

loading on the filter dikes are highly dependent on the dredging and disposal 

methods. The suspended solids loading on the filter dikes can be as high as 

2.1 g/" for hydraulic dredging, 1.3 g/e for hydraulic transfer of mechanically 

dredged sediments, and 20 mg/fi for mechanical disposal. The loadings for 

hydraulic disposal may be much lower if the influent concentration is kept 

high and the settling is controlled by zone settling instead of flocculent 

settling. Under this condition, the loadings for hydraulic transfer and 

hydraulic dredging would be about 250 and 400 mg/e, respectively. 

Filtration Analysis 

Background 

21. The filter system consists of a pervious dike enclosing the complete 

CDF and a pervious cross dike separating the primary and secondary settling 

areas. The cross-section of the dike is shown in Figure 30 (Volume I). The 

sand filter media is 10 ft thick and the prepared limestone ranges from 0 ft 

at the top of the dike to over 100 ft at the base. The sand filter is to be 

constructed of lake sand from the CDF site. The laboratory-measured coeffi- 

cient of permeability of the sand ranges from 1.5 x 10 -5 
cm/set to 

13.6 x 10 
-5 

cmlsec. The effective particle size D10 of the sand deposits is 

about 0.08 mm. The clays and silts of the lake bottom have effective particle 

sizes as low as 0.001 mm. 

Al4 



Filter coefficients 

22. Krizek et al. (1976) developed the following relationship to estimate 

the filter coefficient for sands and gravels: 

Y = 0.40 D10 
-1.84 

(All) 

where 

Y = filter coefficient, m 
-1 

D1O = effective particle size, mm 

For the lake sands the filter coefficient would be 

Y = (0.40) (0.20)-1*S4 

-1 
= 7.7 m or 2.4 ft 

-1 
(A13 

Filter tests (US Army Engineer Waterways Experiment Station 1980) con- 

ducted on supernatants having 1.49 g/c suspended solids, using sands having a 

effective size of 0.5 mm, yielded a filter coefficient of: 

Y= 
Iln (Co/C) 

L 

= Iln (1.49D.04) 
1.2 m 

= 3.0 Ill-l or 0.92 ft 
-1 

where 

C 
o = suspended solids concentration of the supernatant 

C = suspended solids concentration of the filtrate 

L = thickness of sand filter 

(A13) 

Krizek's relationship would have estimated the filter coefficient to be: 

Al5 





sand instead of uniformly throughout the bed. This appears to 

have happened in the lab tests due to the oil content of the sediment when using sands potential is proportional to the expected suspended solids concentra- tion of the supernatant following settling, the total volume of throughput before surface clogging for mechanical disposal would probably be about V = (5.0 m) (Surface area of sand) (Test solids)/(Supernatant solids) = (5.0 m) (250.000 sq ft) (3.28 ftlm) (1.49 g/k)/(O.OZO g/t) = 310,000,000 cu ft or 11,000,000 cu yd or about 810 percent of the in situ sediment volume 26. For hydraulic yd or about 8 percent of the total in-situ sediment volume or about 2 percent of the 

total inflow. If zone settling occurs as seen in the laboratory at 

influent concentrations above 100 g/i, the total volume of throughput before 

surface clogging would probably be about 

V = (5.0 m) (Surface area of sand) ( S u T e s surolids 



= 15,000,OOO cu ft or 570,000 c" yd 

or about 41 percent of the total in situ sediment volume or about 15 percent 

of the total inflow. 

27. Provisions should be made to skim the oil release around the inlet to 

minimize the clogging potential. Mechanical placement of material along the 

dike will also seal the dike and reduce the area for filtering. A settling 

and filtering aid will probably be required to dispose and filter the entire 

volume to be dredged. Chemical clarification of mechanically disposed dredged 

material with oil control appears to be a viable method to ensure adequate 

protection from clogging. Both hydraulic disposal methods appear to have the 

potential for clogging early in the d:Lsposal life of the CLEF. 

Effluent concentration -- 

28. The mm would, in effect, capture all 

of the suspended solids using this described filter design. 

Maximum discharge rate 

29. The laboratory permeability of the lake sand ranges from 

1.5 x 10 
-5 

to 13.6 x 10 
-5 

cdsec but, as discussed previously, the field 

permeability would probably range from 3 x 10 
-4 

to 5 x 10 
-3 

cmlsec. Using an 

average permeability of 1 x 10 
-3 

cmfsec for the sand, the initial maximum 

seepage rate without clogging would be 

KAAh 

Q=, 

= (1 x 10 
-3 

cm/sec)(250,000 sq ft)(8 ft) 
(30.48 cm/ft)(lO ft) 

C.418) 

= 7 cf.9 

Al8 



where 

Q = rate of seepage 

K = coefficient of permeability 

A = surface area of sand filter 

Ah = height of ponded water in CDF above the lake water level 

L = thickness of sand filter 

The surface area of the sand will decrease to about 60,000 sq ft at the end of 

the disposal operation. The permeability will also decrease as clogging 

occurs, falling to as low as 1 x 10 
-7 

cmlsec. Consequently. the seepage rate 

is sufficient to discharge the inflow, providing that the field permeability 

is, as expected, significantly greater than the laboratory measured value of the CDF when the filter area is small may be 

too low to permit hydraulic dredging. 

A19 





APPENDIX B: EFFLUENT QUALITY 

1. A modified elutriate test was performed on a 100-g/e suspension of the 

composited 



several times and, unlike the clean water used for dilution in the modified 

elutriate test, the CDF dilution water may accumulate contaminants each time 

that it is used for dilution. The behavior of each contaminant in response to 

reuse of dilution water is unknown. If the dissolved contnminant concentra- 

tion of the water is in equilibrium with the sediment solid phase concentra- 

tion, then additional contaminants may not partition into the water, and the 

concentration would not increase. Contaminants that are released by mechani- 

cal means or are present in the water at concentrations well below their 

may be released to the supernatant water during each use of the 

water for dilution. Since the response of each contaminant is unknown, the 

dissolved contaminant concentrations predicted by the modified elutriate test 

will be multiplied by the number of uses as dilution water to generate a con- 

servative estimate of the effluent quality. Many of the values in the follow- 

ing analysis are taken from Appendix A. 

Total Volume of Sediment = 200,000 cu yd (eo/(l + eo) 

Total Volume of In Situ Pore Water = (2.37/3.37) 200,000 cu yd 

= 141,000 cu yd 

Total Volume of In Situ Solids = 200,000 - 141,000 = 59,000 cu yd 

Total Volume of Available Dilution Water (assuming 1 Et of ponding at end 

of disposal) a t  end 



Ratio of Dilution Water to Pore Water in Field = 403.000/141,000 = 2.86 

Therefore. the dilution water will be used 

9.93 - = 3.5 times 
2.86 

Consequently, the dissolved contaminant concentrations predicted by the modi- 

fied elutriate test were multipljed by 3.5 to estimate the effluent quality 

for hydraulic transfer from scows. 

Hydraulic Disposal by Matchbox or Cutterhead Dredge 

4. The modified elutriate test predicts the release of contaminants to 

the supernatant water following hydraulic dredging (generally by a cutterhead 

dredge) where the bulk of the dredged material slurry settles rapidly by floc- 

culent or zone settling and a significant quantity of supernatant is quickly 

generated. The contaminants are released by a variety of mechanisms including 

partitioning between the solid and liquid phases by desorption and dissolution, 

dilution of pore water, and mechanical means. Hydraulic disposal by a matchbox 

dredge is expected to produce a slurry that has a solids concentration that is 

similar to that used in the modified elutriate test. The slurry is expected 



Total Volume of Dilution Water in CDF * 403,000 cu yd 

Available Dilution = 720,000 cu yd/(720,000 + 403,000) Cu yd 

= 0.64 

Consequently, the dissolved contaminant concentrations predicted by the modi- 

fied elutriate test should be multiplied by 0.64 to account for the dilution 

in the CDF. 

Mechanical Dredging CDF. the 

Dredging by Mechanical C34.2856 0  TD 3  T33-0.3642 80690.1127  thodrations b e  p r e d i c t e d  to sig- 

nificantly reduce the release of contaminants. The modified elutriate test is 

not expected to 

should be much smaller. Consequently, water released from the dredged material 

by resuspension and compression settling may have appreciably lower concentra- 

tions of contaminants than obtained in the modified elutriate test. This dif- 

ference is evident from the initial leaching data which had contaminant 

concentrations that were considerably lower than the results of the modified 

elutriate tests. The leachate quality 



Total Volume of Water for Resuspension (assuming 1 ft of pending 



Table Bl 

Chemical Characterization of Indiana Harbor Site Water and Bulk Sediment __-- 

Constituent 

Constituent Concentration of Sample* 

Site Water Bulk Sediment 

Arsenic 

Cadmium 

Chromium 

Copper 

Lead 

Mercury 

Nickel 

Zinc 

Iron 

MallgaIIe%! 

Total phosphorus 

a.005 ppm 

0.0007 ppm 

0.004 ppm 

0.005 ppm 

<O.OOl ppm 

0.0020 ppm 

0.008 ppm 

x0.03 ppm 

co.03 ppm 

0.042 ppm 

0.10 ppm 

36.8 ppm 

22.2 ppm 

514 ppm 

266 ppm 

933 ppm 

0.262 ppm 

120 ppm 

3,785 ppm 

182,000 ppm 

2,085 ppm 

2,765 ppm 

1,100 ppm 

2.41 ppm 

co.02 ppm 

<OS02 ppm 

co.02 ppm 

co.02 ppm 

co.02 ppm 

co.02 ppm 

co.02 ppm 

co.02 ppm 

<0.0002 ppm 

<0.0002 ppm 

‘0.0002 ppm 

<0.0002 ppm 

<0.0002 ppm 

<0.0002 ppm 

co.02 ppm 

NH3-N 0.607 ppm 

Aldrin 0.00002 ppm 

A-BHC <0.00001 ppm 

B-BHC <0.00001 ppm 

G-BHC <0.00001 ppm 

D-BHC <0.00001 ppm 

Chlordane <0.0002 ppm 

PPDDD <0.00001 ppm 

PPDDE <0.00001 ppm 

PPDDT <0.00001 ppm 

Dieldrin <0.00001 ppm 

A-Endosulfan <0.00001 ppm 

B-Endosulfan <0.00001 ppm 

Endosulfan sulfate <0.00001 ppm 

Endrin <0.00001 ppm 

Endrin aldehyde <0.00001 ppm 

Heptachlor <0.00001 ppm 

(Continued) 

* ppm = rag/e for site water sample f o r  







Table B2 (Continued) 

Constituent Concentration of Modified Elutriate 

Constituent 

PCB-1016 

PCB-1221 

PCB-1232 

PCB-1242 

PCB-1248 

PCB-1254 



Table B2 (Concluded) 

Constituent Concentration of Modified Elutriate 

Constituent 
Test Samples 

Unfiltered Water Filtered Water 

PH 7.59 

Dissolved oxygen 1.3 + 0.1 ppm 

(Sheet 3 of 3) 
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Table B3 

Summary of Water Quality Standards 

Constituent Concentrations, ppm 
Drinking USEPA Indiana Lake 

Constituent 

Al-SGXliC 

Cadmium 

Chromium 

Copper 

Lead 

Mercury 

Nickel 

Zinc 

Iron 

Manganese 

Total phosphorus 

NH3-N 

Aldrin 

A-BHC 

B-BHC 

G-BHC 

D-BHC 

Chlordane 

PPDDD 

PPDDE 

PPDDT 

Dieldrin 

A-Endosulfan 

B-Endosulfan 

Endosulfan sulfate 

Endrin 

Endrin aldehyde 

Heptachlor 

Heptachlor epoxide 

water 
Standards 

0.05 

0.01 

0.05 

1.0 

0.05 

0.002 

5.0 

0.3 

0.05 

MaXilllUlU 
Criteria 5.0 -0.2318  Tc -534 -18  TD 3  T2I627 Tr 1.3714424.4  Tm
3   -0.6  TD3  T153  Tr 42877  Tc -0.0975  Tw (Standards ) Tj
0698  Tm
3  11-18  TD 2.2-9.9Tr -0.2534  Tc383 -18w (Criteria ) Tj
0  T2Tj
0  Tr 0625 0  TD69 123  T4 Aldrin 

H e p t a c h l o r  

0.002 

e w  M a X i l l l U l U  



Table B3 (Concluded) 

-- 
Constituent Concentrations, ppm 

Drinking USEPA Indiana Lake 

Constituent - 

PCB-1016 

PCB-1221 

PCB-1232 

PCB-1242 

PCB-1248 

PCB-1254 

PCB-1260 

Toxaphene 

Naphthalene 

Acenaphthylene 

Acenaphthene 

FlUOlYX~ 

Phenanthrene 

Anthracene 

Fluoranthene 

Pyrene 

Chrysene 

Const372e 

Phen0639rene 





Transfer 

<0.00004 

<0.00004 

<0.00004 

0.00014 

<0.0007 

<0.0007 

<0.0007 

<0.0007 

0.0238 

<0.0007 

<0.0007 

<0.0007 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.04 

co.09 

co.09 

156 

0.130 

Table B4 (Concluded) Table B4 (Concluded) 

Estimated Constituent Concentrations, ppm* Estimated Constituent Concentrations, ppm* 
Hvdraulic Hvdraulic Matchbox Matchbox Mechanical Mechanical 

Disposal 

<0.000001 

<0.000001 

<0.000001 

<0.000001 

<0.00001 

<0.00001 

<0.00001 

0.00001 

<0.00001 

<0.00001 

<0.00001 

<0.00001 

<0.0001 

<0.0001 

0.0003 

0.00003 

0.00009 

<0.0001 

0.0004 

0.0004 

0.0002 

0.0002 

<0.0002 

<0.0001 

<0.0001 

<0.0005 

<0.0001 

1. 

0.0008 

Dredge - 
<O.OOOOOh 

<0.000006 

<0.000006 

0.00003 

<0.00013 

<0.00013 

<0.00013 

<0.00013 

0.0051 

<0.00013 

<0.00013 

<0.00013 

co.007 

co.007 

to.007 

<0.007 

co.007 

co.007 

co.007 

co.007 

co.007 

‘zo.007 

co.007 

co.007 

co.007 

co.016 

co.016 

28.6 

0.024 

Constituent - 
Endrin 

Endrin aldehyde 

Heptachlor 

Heptachlor epoxide 

PCB-1016 

PCB-1221 

PCB-1232 

PCB-1242 

PCB-1248 

PCB-1254 

PCB-1260 

Toxaphene 

Naphthalene 

Acenaphthylene 

Acenaphthene 

FlUOIYGXX 

Phenanthrene 

Anthracene 

Fluoranthene 

Py:rene 

Chrysene 

Benzo(a)anthracene 

Benzo(b)fluo+anthene 

Benzo(a)pyrene 

Indeno(l 2 3-c d)pyrene 

Dibenzo(a h)anthracene 

Benzo(g h i)perylene 

Total organic carbon 

Phenol 

Dissolved solids 

Suspended solids 

Discharge volume 

0.5 

347,000 cu yd 

0.5 0.5 

1,070,OOO cu yd 260,000 cu yd 
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Conclusions 

6. In general, the contaminant concentrations in the effluent from an 

in-lake CDF during hydraulic transfer from scows are about 5 to 6 times as 

high as for matchbox dredging and about 50 to 150 times as high as for mechan- 

ical disposal. Considering the discharge volume, the quantities of contami- 

nants released by the hydraulic transfer alternative are about twice as large 

as by the matchbox dredge alternative and about 70 to 200 times as large as by 

the mechanical 4.2 kg for the matchbox dredge alternative, and 

0.0027 kg for the mechanical disposal alternative. The actual quantity of 

PCBs released through the filter dikes could actually be much less (orders of 

magnitude less) since PCBs are very hydrophobic and are adsorbed very easily. 

8. Only the concentrations of PCBs for all three alternatives exceeds 

the Indiana Lake Michigan water quality standards. The concentrations of 

chromium, lead, iron, manganese, total phosphorus, ammonia, phenol and prob- 

ably total organic carbon for the hydraulic transfer from scows alternative 

exceed the water quality standards. The concentrations of total phosphorus, 

ammonia, phenol, and possibly total organic carbon for the matchbox dredging 

alternative barely exceed the water quality standards without considering a 





APPENDIX C: RESULTS FROM PREVIOUS SETTLING AND FILTERING TESTS 

1. Laboratory settling and filtering tests were performed in 1980 on 

sediments from Indiana Harbor. Descriptions and results of these tests were 

reported in US Army Engineer Waterways Experiment Station (1980).X Results of 

those tests are excerpted from the report and presented in this appendix. 

2. A flocculent settling test was run on a 63-g/1 suspension and the 

results are shown in Figure Cl. Zone settling tests were run on seven slurries 

at concentrations ranging from 110 g/k to 220 gill, and the resulting zone 

settling velocities are plotted as a function of solids concentration in 

Figure C2. A 15-day compression settling test was run on a 145-g/11 suspension. 

The results of this test are plotted in Figure C3. 

3. Several filtering tests were performed on supernatant from sedimenta- 

tion of 190 g/a. The supernatant had a solids concentration of 1.49 g/1. A 

summary of the tests is listed in Table Cl. Results of the filtering tests 

are 16 of the o f  the 
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Figure C2. Zone settling velocity versus concentration 
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Table Cl 

Summary of Laboratory Filter Tests 

Total Length of 

Test Run 

Sand I 

Filter 
Media 

Fine 
sand 

Filter 
Depth 

cm 

120 

Concentration** 
w/9. 

1490 

Sand II Fine 
sand 

120 1490 

Carbon Calgon 
Filtrasorb 

400 

120 1490 

Sand-Carbon Fine 240 
sand 

Filtrasorb 
400 

1490 179 0.42 53.0 

Initial Volume of 
Head Discharge Throughput 
cm Lfmin e 

157 0.49 45.4 

220 0.68 37.9 

157 0.49 60.6 

Test before 
Plugging 

mins 

75* 

115 

105 

* Test was terminated at an effluent flow rate of 0.15 9./min. 

** Suspended solids concentration applied to filter. 
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Table C4 

Additional Chemical Analyses of Filter Samples 

Removal 
Parameter 

Total Removal Removal Oil & Removal 
Sample TKN Efficiency Phos. 

Identification w/e % mg/e 

supernatant 46.3 5.57 

Sand I 39.6 14.5 0.565 

Sand II 76.4 -- 0.815 

Carbon 35.3 23.7 0.725 

Sand-Carbon 26.9 41.9 0.800 

2 

Efficiency Phenol Efficiency Grease** Efficiency 
% mg/e % mg/J. % 

0.033 15* 

89.8 0.033 0 5,850* 99.7 

85.4 0.038 -- 5 99.9 

87.0 0.012 63.6 29 99.5 

85.6 0.010 -- 10 99.8 

* Samples apparently switched during analysis. 
** O-G = Oil and grease. 



Table C5 

Metal Analyses of Filter Samples 

Sample AS Cd C?Z CU Pb Mll Ni ZIl He 
Identification mg/e mg/i 
Supernatant 

Total 
Filtered 

Sand I 
Total 
Filtered 

Sand II 
Total 
Filtered 

Total 0.017 0.0034 0.091 
Filtered 0.018 0.0002 
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APPENDIX D: PLANT AND ANIMAL BIOASSAY PROCEDURES AND DATA 

Plant Bioassay 

1. Confined disposal is one of the disposal 

D 3 a s s a y  

A N D 3 T . T j 
 0   T r  3 . 5 7 1 4  0 r e s u l t i n p 9 3 8 2 t i n p 9 3 8 2 i 8 e  8 5 T c  - 0 . 1 6 0 6   T w ( D :  )  T j 
 0   T r  2 7 . 4 2 8 f r o b l e m T D  3   T r  3  - 0 1 9 1   T c  0 . 3 3 3 7   T w  3 6 0 a n t  o f  8 3 8 6 9   T 1 8 0 . 2 3 4 8   T w  3 7 D 3 a s s a y  dredged material is that of plant uptake of contaminants from the 

dredged material and subsequent mobilization into the ecosystem. A plant bio- 

assay was conducted on Indiana Harbor sediment to evaluate the uptake and 

potential mobility of contaminants through plants into the environment. 

Methods and materials 

2. Sediment preparation. Enough sediment for the upland portion of the 

plant bioassay and for chemical and physical analysis was poured into aluminum 

drying flats and allowed to air dry. Samples of the wet-flooded sediment were 

also taken as the sediment was being poured into the flats. The sediment was 

turned daily to facilitate drying. The air-drying process was conducted for 

about 4 weeks in the greenhouse to minimize airborne contamination of the 

sediment and to keep rainfall from rewetting the sediment. Temperature of 

the greenhouse was maintained at 90°F from 0600 hr to 2200 hr, and 70°F from 

2200 hr to 0600 hr. The air-dried sediment was subsequently ground in a Kelly 

Duplex grinder (The Duplex Mill and Manufacturing Company, Springfield, Ohio) 

to pass a 2-mm screen. Samples of air-dried sediment were taken for both 

chemical and physical analyses. 

3. Greenhouse procedures. The plant bioassay was 



Cyperus esculentus 
YELLOW NUTSEDGE 

; Soil Moisture Tensiometer 

b 22.7-L Bain Marie 

7.6-L Bain Marie 

Dredged or Fill Material 

1 Washed Quartz Sand 
.“.’ .. 

v 
Polyurethane Sponge 

2.54 cm PVC Pipe 

Figure Dl. Plant bioassay experimental unit 
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polyurethane sponge overlaid with a 2.54-cm layer of washed quartz sand wassplacd aonath sponge .aTh sand a d sponge wactd asa afiltr oto akeepath 



allow chemical analysis for either metals or organics. Therefore, a composite 

sample was made by combining the plant tissue from all four replicates to give 

enough tissue for subsequent analyses. 

6. Laboratory procedures. TenTc 0.101  Tw (for ) Tj
0  Tr 27.4285 9TemnTc06  Tc 0.156  Tw (combining ) Tj
0  TrTc 5.7es580TemnTc06  Tc 08f6  Tc 0.3058  TTr -0.336  Tc 0.1 -18 4
ecw36dures. f r o m  made 



Results and discussion 

8. Selected physical and chemical parameters of the Indiana Harbor sedi- 

ment are listed in Table Dl. The data presented in Table Dl indicate that the 

Indiana Harbor sediments were neutral to slightly alkaline, organic, in data Dl 

the were in Table the range where 

plant growth is adversely affected. Oxidation of organic matter as the air 

drying process occurred was praffected. 234r 28.1evide27 0  TD 3  Tr -03919 Tc -0.1796  Tw (857ant ) TjTj
0  Tr from 0  TD 3  Tr34Tr 915  Tc -0.6646  T(the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.1075  Tc -0.3035  T3003f of organic matter the compared with the original flooded sediment 

(56.7 percent compared to 18.7 percent, respectively) and could explain the 

decrease in percent clay size particles. An increase in both inorganic and 

organic anions and cations could result from the decomposition of organic mat- 

ter. Organic contaminants found in the Indiana Harbor sediments are listed in 

Table D2. 

Table D1 

Selected Chemical and Physical Characteristics of Indiana Harbor 



Table D2 

Concentration of Organic Contaminants in Indiana Harbor Sediment 

Compound 
Concentration, ,,g/g (ODW)* 

Flooded Upland 

Aldrin 



9. The compounds aldrin through heptachlor epoxide are pesticides. PCB- 

1016 through PCB-1260 are PCBs, and toxaphene through Benzo(g h i)perylene are 

PAHs. 

10. There were measurable quantities of aldrin; PCB-1248, and all of the 

PAHs except toxaphene in both the flooded and upland sediments. PCB-1248 con- 

centration was above 60 ug/g in both the flooded and upland sediments. Drying 

had no effect on PCB-1248 concentration in the sediment. Statistically sig- 

nificant differences existed between the flooded and upland conditions for 

acenaphthylene, acenaphthene, and fluorene. Although not statistically sig- 

nificant, the other PAHs also appeared to be lower in the upland sediment. 

The reductions of PAH compounds were most probably the result of volatiliza- 

tion and oxidation or photolysis (see discussion of volatilization, Appen- 

dix G). There were no significant reductions of aldrin or PCB in the dried 

sediments. 

11. Total and DTPA extractable heavy metals are listed in Tables D3 and 

Table D4, respectively. Total quantities of some of the metals are quite 

Table D3 

Total TD 3 mof q u a n t i 0 3 4 3  T r  2 0 f r o m 9 9 9  0   T D  3   4 . - 0 . 6 5 1 9 1   T c  0 . 3 3 3 7   5 w  ( r e s p e c 3 7 
 0   T r  2 I n d i a n a 4 2 7  0   T D  3  5 3 . 4 8 5 . 4 3 1 4   T c  0 . 2 3 3 5   7 2  ( a r e  )  2 8 e s  )  T j 
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Table D4 

Heavy Metal Concentrations in DTPA Extracts of Indiana Harbor Sediment 

Metal Flooded 
concentration, pg/g 

Upland 

Zll 
Cd 
CU 
Fe 
Mn 
AS 

Hg 
Ni 
Cr 
Pb 

270a 
0.245a 

<o.o05a 
259a 
18.3a 

0.083a 
<O.OOla 
19.0a 
0.118a 
3.14a 

1300a 
8.86b 
0.154a 

442a 
41.9a 

0.091a 
<O.OOla 
19.k 
0.314b 

26.9b 

- 

* Mean of four replicates. Means followed by the same letter in a row are 



c. eSculentllS 
INOIANA HARBOR 







Table D7 

Heavy Metal Content of Cyperus esculentus 

Grown in Sediment from Indiana Harbor - 

- 

Metal 
Concentration, pg/g 

Flooded* Upland** 

Zn 34.9* 128 
Cd 0.095 14.5 
CU 1.45 12.8 
Fe 138 226 
MIl 38.4 453 
As co.025 co.025 
Hg co.005 co.005 
Ni 0.549 0.167 
C:r 2.43 14.5 
Pb 1.51 47.0 

* Mean of four replicates. 
** composite of four replicates. 

Table D-8 

Total Plant Uptake (Concentration Times Yield) 

of Heavy Metals by C. esculentus Grown in Sediments 

From Indiana Harbor 

- 

Metal -- 
Total Uptake, Metal 3  Tr -0.205.05-- -- 

Uptak7-- 



Summary and conclusions 

17. Sediments from Indiana 



material, fill material, and contaminated soils by the WES and TN0 (the 

Netherlands Organization for Applied Scientific Research). The WES-TN0 pro- 

cedure has been applied both as a predictive test and for management guidance 

for old disposal sites in An 
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64nch Plexiglass Tube 
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Earthworms 
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Water Reservoir 

Figure D3. Test cyclinders 
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growth medium, rinsed at 15°C with con- 

tinuous lighting. Due to E. foet<&'s negative phototactic response and the 

transparency of the Plexiglas, the worms were forced to stay within the sub- 

strate rather than near the cylinder wall. The capillary watering method pro- 

vided a 



or moribund in less than 24 hr. 

the aging and weathering of the sediments under 

upland disposal conditions. No survival occurred in sediments subjected to 

drying for up to 21 days, drying for 21 days plus a manure amendment, or ashing 

for 24 hr at 600 "C in a muffle furnace. In contrast, earthworms burrowed 

actively into the sediment that was aged for 6 months and demonstrated near 

100 percent survival for more than 28 days. At this point, a 28-day earthworm 

bioassay was initiated to evaluate contaminant bioaccumulation from this "aged" 

Indiana Harbor sediment. The remainder of this discussion applies to the 

results of the earthworm bioassay on in the aged in an entire order of 

magnitude, largely as the result of the loss of naphthalene (see discussion of 

volatilization in Appendix G). 

28. The earthworms burrowed rapidly into the aged sediment and the manure 

controls. Periodic examination of the test sediment indicated that the worms 

were actively burrowing throughout the entire volume of sediment in each cyl- 

inder and were not in a state of inactivity 



Aged** 
Sediment 

25.962 +,- 1.5*7 

19.094 +/- 2.519 

506.719 +/- 36.102 

237.XRR +,- 7.12* 

689.730 +~I- 38.902 

0.522 +.I- 0.904 

111.860 r.,- 1.401 

3767.454 +,- 114.38, 

Initials 
Earthworms t 

1.581 it/- 0.07Za 

6.082 +I- 0.46Ra 

".""" +I- ".OOOa 

11.302 +,- “.389a 

0.457 +I- ".122a 

0.059 +/- 0.103a 

1.302 +,- “.295a 

llR.426 +,- 5.693a 

Rioassay 
Earthworms Tt 

2.808 +,- “.369b 

9.037 +,- 0.823h 

3.892 +/- 2.822a 

23.112 +/- 3.022h 

6.530 +/- 3.088b 

0.000 +/- 0.000a 

3.225 +/- O.R29b 

149.956 +/- 1,9.096.3 
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4.3 

17.5 
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7.8 
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17.5 

4.55 

1.55 

4.9 

2.6 

1.3 

~0.002 

11.5 

I.85 

137.35 
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whereas, chromium, mercury, and zinc did not (Table D9). Computation of con- 

centration factors (ratios of metal concentrations in bioassay worms to those 

in the aged sediments), however, showed that most of the metals found in the 

sediments were not readily available to earthworms. 

30. The uptake of PCBs by earthworms was significant during the 28-day 

exposure period. The earthworms accumulated PCB concentrations that were 

about 25 percent of those in the aged sediments (Table DlO). Of congeners were 

"ear or below detection limits in both worms and sediments. 

31. The bioaccumulation of PAHs by earthworms was significant only for 

five of the 16 compounds analyzed (pyrene, benzo[b]fluoranthene + 

benzo[klfluoranthene, benzo[a]pyrene, and i"deno[l,2,3-c,dlpyrene). The 

remaining PAHs were "ear or below the detection limits in the worms, except 

chrysene, which also showed marginally significant (p > F = 0.0701) bioaccumu- 

lation. All PAHs which bioaccumulated significantly were present in the tis- 

sues in concentrations about 50 percent of those found in the aged sediments; 

these PAHs apparently were the least labile of those in the original 

sediments. 

CO"Cl"SiO"S 

32. Very little is know" about bioaccumulation and effects of chemicals 

on earthworms, except for some pesticides and metals. The initial toxicity of 

the Indiana Harbor sediment apparently was the result of high concentrations 

of the volatile (and more water soluble) organic compounds, particularly naph- 

thalene. The presence of the metals probably did not contribute significs5resence 



in the sediments, however, were in the range reported to reduce reproduction 

by earthworms (Neuhauser et al. 1984). The presence of substantial concentra- 

tions of copper and zinc in the earthworms should be of little concern, as 

these metals are essential nutrients and generally are well regulated in ani- 

mal tissues. Cadmium bioaccumulation may become a potential problem in the 

food chain, as cadmium is readily mobilized and is known to cause adverse 

effects at relatively low levels of exposure (Kay, 1985). The effects of PCBs 

and 



APPENDIX E: QUANTIFICATION OF SURFACE RUNOFF WATER QUALITY 

Introduction 

1. Sediments removed from waterways by Corps construction projects some- 

times contain high concentrations of contaminants such as heavy metals, poly- 

chlorinated blphenyls (PCBS), polyaromatic hydrocarbons (PAHs), and 

pesticides. The potential for causing adverse environmental impacts depends 

on several factors including the chemical form of the contaminants and the 

type of disposal environment. Dredged material in its original condition is 

anaerobic with a pH > 7 where many contaminants are closely bound to the par- 

ticulates and are poorly soluble and not bioavailable. Movement of contam- 

inants in surface runoff during this period would result mostly from sediment 

being eroded from the disposal site. The erosion of contaminated sediment 

during this time may be very high with suspended solids concentrations ranging 

from 5,000 to 50,000 mg/e. Concentrations of contaminants in unfiltered run- 
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effective in predicting sur- 

face runoff water quality from Corps of Engineers project sites such as con- 

fined upland dredged material disposal sites. The WES System is a rotating 

disk type rainfall simulator modified from a design of Morin, Goldberg, and 

El 





duplicate as closely as possible the natural drying and oxidizing of sediment 

placed in an upland environment. The air-dried and oven-dried tests deter- 

mines how quickly a small amount of sediment could naturally be dried and 

oxidized to the final end point. The DTPA extract has proven to be very useful 

in predicting the availability of of several heavy metals in plants (Lee, 

Folsom, and Bates 1983). The peroxide test was originally developed as a test 

for quickly oxidizing pyrite in acid mine spoils to determine potential soil 

acidity and lime requirements (Barnhisel 1976). 

Materials and Methods 

Rainfall 

5. Sediment was collected from PCB-contaminated areas in Indiana Harbor, 

brought to the WES, and placed in three lysimeters measuring 4.57 by 1.22 m. 

Each lysimeter subjected to a 30-min storm 

event at a 6.5-cm/hr application rate. Initial sediment moisture was 55 to 

67 percent (60-65 percent solids) and pH was 7.9. Runoff rates were measured 

every minute and 4-a. samples were collected for chemical analysis at 5, 15, 

and 25 min after runoff began to occur. Additional samples were collected for 

suspended solids (SS) determinations at several points along the hydrograph. 

The 4-k samples were combined into a composite sample and analyzed for fil- 

tered and unfiltered heavy 





a. Oven drying to 5 percent. - 

b. Oven drying to 5 percent + peroxide. - 

C. Air drying to 5 percent. - 

d. Air drying to 5 percent + 14 days aging. - 

e. Air drying to 5 percent + 28 days aging. 

f. Air drying to 5 percent + peroxide. - 

55. DTPA extract. 

Again, three different sediment-to-water ratios were used that corresponded to 

the range of SS found in surface runoff from previous studies (100 to 

1,000 mg/i) : 

a. 1:lOO or 10,000 ppm SS (25 g to 2,500 ml RO water). - 

b. l:l,OOO or 1,000 ppm SS (2.5 g to 2,500 ml RO water). - 

c. l:lO,OOO or 100 ppm SS (0.25 g to 2,500 ml RO water). - 

The purpose of the different lengths of drying time was to determine if - diedt of time to watet The acid mine impractical for mine spoils. The peroxide test 

quickly oxidizes all the material in the soil or sediment, accomplishing in a 

short period what might require months by natural processes. 

11. For the oven-dried test, wet sediment was placed in an oven at 95O'C 

for 48 hr and then ground up to pass a 20-mesh screen. The sediment was 



12. Air-dried tests were conducted by placing wet sediment in drying 

flats RO water as in the oven-dried test, and some was 

allowed to oxidize for an additional 14 and 28 days. Lysimeter tests showed 

that even after reaching S-percent moisture, additional time was required to 

completely oxidize the sediment. After 14 and 28 days, sediment was ground up 

and mixed with RO water as before. 

13. The DTPA extract test was similar to the wet sediment test except 

that an additional DTPA solution was added to the sediment-water solution. 

The DTPA solution included several components mixed together and diluted with 

RO water to lk and adjusted to pH of 7.3 using HC1 or NaOH as needed: 

DTPA Solution 

1.099 g/k C&l2 (0.01 M) 

14.919 g/I triethanolamine (0.1 amount 

of peroxide required to completely oxidize all the sediment. For the pretest, 

10 g of oven-dried sediment was placed in a 4-l. glass jar and 10 ml of 

30-percent hydrogen peroxide was slowly added. After reaction subsided, 

another 10 ml was added. This was continued until visible reactions did not 

occur when additional peroxide was added. This estimated the approximate-497.8267 -18.he continued 



Results 

Rainfall Simulator-Lysimeter System 

15. Results of the lysimeter test for wet, 





Table E2 

Surface Runoff Water Quality During Dry, Oxidized Stage 

Mean Unfil. Mean Fil. USEPA 

Parameter 

PH 
conductivity 

(S/m) 
Heavy metals 

Cadmium 
copper 
Chromium 
Nickel 

Zinc 

Manganese 
Lead 
Iron 
Mercury 
Arsenic 

Runoff 
Cont. mg/P. 

6.3 
4.9 

56 

< 0.0002 

0.025 A 
< 0.005 
< 0.005 
< 0.005 

0.0069 A 

< 0.005 
0.0067 
0.0061 

< 0.005 
< 0.005 

< 0.005 

< 0.005 

< 0.005 

0.0011 A 
0.054 A 
0.027 A 
0.038 A 
0.34 A 
0.28 A 
0.032 A 
5.74 A 

< 0.0002 
< 0.005 

Runoff 
Cont. mg/e 

6.3 
N 

N 

< 0.0002 

0.023 A 
< 0,005 
< 0.005 
< 0.005 

0.0056 A 

< 0.005 
< 0.005 
< 0.005 
< 0.005 
< 0.005 

< 0.005 

< 0.005 

< 0.005 

0.0026 A** 0.0015-0.0024 
0.072 A** 0.012-0.043 
0.0043 B 0.021 
0.046 A 1.1-3.1 
0.53 A** 0.180-0.570 
0.40 A N 
0.008 A 0.074-0.400 
0.041 B N 

< 0.0002 0.0017 
< 0.005 0.440 

Maximum 
Criteria mg/9. 

N* 
N 

N 

0.014 

N 
N 
N 
N 
N 

N 
N 
N 
N 
N 

N 

N 

N 

* N No values 



unfiltered and filtered concentrations in surface runoff also decreased sig- 

nificantly. Most of the organic compounds were below detectable limits eve" 

in the unfiltered samples. Only naphthalene, phenanthrene, fluoranthene, and 

pyrene were detected in the unfiltered samples. Naphthalene and phenanthrene 

were also present in the filtered samples. 

19. Unfiltered concentrations of heavy metals also decreased signifi- 

cantly from the wet sg7
 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.322  Tc 0.1085  Tw (Cadmium, ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3941  Tc 0.1908  Tw (Cobper, ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.4163  Tc 0.2162  Tw (Nickel, ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.4293  Tc 0.2311  Tw (Zinc, ) Tj
0  Tr 39.7713 0  TD 3  Tr -0.5261  Tc 0.3417  Tw (Manganese, ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 26.7428 0  TD 3  Tr (Lead ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr -484.1124 -18  TD 3  Tr -0.3374  Tc 0.126  Tw (significantly ) Tj
0  Tr 95.3139 0  TD 3  Tr -0.3737  Tc 0.1675  Tw (different ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3963  Tc 0.1934  Tw (unfiltered ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3109  Tc 0.0957  Tw (concentrations, ) Tj
0  Tr 109.0282 0  TD 3  Tr -0.379  Tc 0.1737  Tw (indicating ) Tj
0  Tr 74.0569 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (that ) Tj
0  Tr -483.4267 -18  TD 3  Tr -0.4744  Tc 0.2827  Tw (they ) Tj
0  Tr 32.9142 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.2859  Tc 0.0672  Tw (mostly ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.3664  Tc 0.1592  Tw (soluble. ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.4434  Tc 0.2472  Tw (Soluble ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.268  Tc 0.0467  Tw (chromium ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3232  Tc 0.1099  Tw (also ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3258  Tc 0.1128  Tw (increased ) Tj
0  Tr 67.1997 0  TD 3  Tr -0.345  Tc 0.1347  Tw (after ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4442  Tc 0.2482  Tw (drying ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr -490.9695 -18  TD 3  Tr -0.4595  Tc 0.2656  Tw (oxidation ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (but ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.239  Tc 0.0136  Tw (still ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3374  Tc 0.126  Tw (significantly ) Tj
0  Tr 95.3139 0  TD 3  Tr -0.3602  Tc 0.1521  Tw (lower ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (than ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.057 0  TD 3  Tr -0.3963  Tc 0.1934  Tw (unfiltered ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3019  Tc 0.0855  Tw (concentra- ) Tj
0  Tr -436.1126 -18  TD 3  Tr -0.302  Tc 0.0856  Tw
 (tions. ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj
0  Tr 28.7999 0  TD 3  Tr -0.3693  Tc 0.1625  Tw (solubility ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3866  Tc 0.1823  Tw (iron ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4595  Tc 0.2656  Tw (did ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (change ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.345  Tc 0.1347  Tw (after ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4131  Tc 0.2126  Tw (dried ) Tj
0  Tr 40.457 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr -484.1124 -18  TD 3  Tr -0.3923  Tc 0.1888  Tw (oxidized, ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2815  Tc 0.0621  Tw (mercury ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2706  Tc 0.7354  Tw (arsenic ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4305  Tc 0.2324  Tw (below ) Tj
0  Tr 40.457 0  TD 3  Tr -0.3888  Tc 0.1848  Tw (detectable ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.2195  Tc -0.0086  Tw (limits. ) Tj
0  Tr -382.6271 -36  TD 3  Tr -0.3607  Tc 0.1527  Tw (Simplified ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.4131  Tc 0.2126  Tw (laboratory ) Tj
0  Tr 76.114 0  TD 3  Tr -0.1733  Tc 0.6243  Tw (tests ) Tj
0  Tr -123.4281 -36.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (20. ) Tj
0  Tr 32.9142 0.6  TD 3  Tr -0.2369  Tc 0.0112  Tw (Wet, ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.393  Tc 0.8753  Tw (anaerobic ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3258  Tc 0.1128  Tw (sediment. ) Tj
0  Tr 74.0569 -0.6  TD 3  Tr -0.431  Tc 0.233  Tw (Laboratory ) Tj
0  Tr 76.114 0  TD 3  Tr -0.2381  Tc 0.0126  Tw (test ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.2335  Tc 0.693  Tw (results ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.4717  Tc 0.2796  Tw (very ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3246  Tc 0.1114  Tw (promising ) Tj
0  Tr -470.3982 -18  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3885  Tc 0.1845  Tw (should ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4549  Tc 0.2604  Tw (provide ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.057 0  TD 3  Tr -0.2414  Tc 0.7021  Tw (basis ) Tj
0  Tr 41.8284 0  TD
 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3947  Tc 0.1915  Tw (a." ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3545  Tc 0.1456  Tw (effective ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.3175  Tc 0.1033  Tw (simplified ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3699  Tc 0.1632  Tw (predictive ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.2381  Tc 0.0126  Tw (test ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (that ) Tj
0  Tr -499.1981 -18  TD 3  Tr -0.3175  Tc 0.1033  Tw (can ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3558  Tc 0.1471  Tw (conducted ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.5595  Tc 0.3799  Tw (by ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3969  Tc 0.1941  Tw (other ) Tj
0  Tr 40.457 0  TD 3  Tr -0.275  Tc 0.7404  Tw (Corps ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.3511  Tc 0.1417  Tw (laboratories. ) Tj
0  Tr 101.4853 0  TD 3  Tr -0.2459  Tc 0.7072  Tw (Results ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (a ) Tj
0  Tr 13.7142 0  TD 3  Tr -0.4196  Tc 0.22  Tw (dilution ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 21.9428 0  TD 3  Tr -0.3232  Tc 0.1099  Tw (1:lO ) Tj
0  Tr -498.5124 -18  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3963  Tc 0.1934  Tw (unfiltered ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3444  Tc 0.1341  Tw (wet ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4131  Tc 0.2126  Tw (laboratory ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.2381  Tc 0.0126  Tw (test ) Tj
0  Tr 32.9142 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4565  Tc 0.2621  Tw (deleted ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.3463  Tc 0.1362  Tw (because ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr -471.0839 -18  TD 3  Tr -0.3226  Tc 0.7949  Tw (problems ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3434  Tc 0.133  Tw (with ) Tj
0  Tr 35.657 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2686  Tc 0.0474  Tw (chemical ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3251  Tc 0.112  Tw (analysis. ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4744  Tc 0.2827  Tw (high ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3453  Tc 0.1351  Tw (concentration ) Tj
0  Tr 94.6282 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr
 21.2571 0  TD 3  Tr -0.3464  Tc 0.1364  Tw (SS ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr -477.941 -17.4  TD 3  Tr -0.3871  Tc 0.1829  Tw (SalllpleS, ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.482  Tc 0.2913  Tw (100,000 ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.345  Tc 0.1347  Tw (ppm, ) Tj
0  Tr 32.9142 0  TD 3  Tr -0.4098  Tc 0.2088  Tw (made ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.2915  Tc 0.0736  Tw (accurate ) Tj
0  Tr 61.714 concentrations were generally accurately predicted 

by a dilution 1:lOO; however, lysimeter results for PAHs were slightly higher. 

Replicate 



Table E3 

Wet, Anaerobic Sediment Laboratory Test Results, Unfiltered 

concentrations (lug/l) 

Unfiltered Dilution Dilution 
Parameter 

ss 

Runoff Cont. 

6,600 

1:lOO 

10,000 

1:lOOO 

1,000 

PCB-1248 0.096 1.14 0.066 

Naphthalene 6.91 9.0 0.65 
Acenaphthylene 0.212 0.11 0.006 
Acenaphthene 0.857 0.54 0.049 
Fluorene 0.780 0.48 0.040 
Phenanthrene 1.67 1.30 0.070 

Anthracene 
Fluoranthene 
Pyrene 
Chrysene 
Benzo(a) 

anthracene 
Benzo(b) 

fluoranthene 
Benzo(k) 

0.494 
1.57 
1.35 
0.843 
0.787 

1.12 

1.12 

0.42 0.027 
0.84 0.076 
0.83 0.075 
0.39 0.043 
0.38 0.047 

< 0.3 

< 0.3 

0.072 

0.072 

< 0.005 

< 0.005 

0.012 

fluoranthene 
Indeno-1,2,3 C D 

pyrene - 
Dibenzo (a h) 

anthracene 
Benzo(g h i) 

perylene 

Heavy metals 
Cadmium 
copper 
Chromium 
Nickel 
Zinc 

0.195 < 0.3 

< 0.010 < 0.30 

0.124 < 0.30 

0.154B 0.2793A 0.0282C 
1.79A 2.4568 0.273B 
4.06A 5.21A 0.470B 
0.707A 1.109A 0.120B 

30.9A 38.8A 3.74B 

Different tests with the same letter are not significantly different at 
P=O.O5. 

El1 



22. Comparison of the different filtered test results was more was the different 



Table E4 

Wet, Anaerobic Sediment Laboratory Tests, Filtered Contaminants 

Dissolved Dilution Dilution Dilution 

Parameter 

PCB-1248 

Runoff Cont. l:l,OOO 
mglf. mgh 

0.0016 B 0.011 A 

PAH 

Naphthalene 0.115 B 2.8 A 
Acenaphthylene < 0.005 0.038 
Acenaphthene 0.0131 BC 0.029 A 
Fluorene 0.010 B 0.018 A 
Phenanthrene 0.0097 c 0.036 A 

Anthracene < 0.005 0.013 
Fluoranthene < 0.005 0.012 
Pyrene < 0.005 0.012 
Chrysene < 0.005 0.006 
Berm(a) < 0.005 0.006 

anthracene 

Benzo(b) < 0.005 < 0.005 
fluoranthene 

Benzo(k) < 
Cadmium 0.0021 AB 0.0070 A 
copper 0.0237 B 0.0647 A 
Chromium 0.0567 B 0.211 A 
Nickel 0.0297 B 0.043 A 
Zinc 0.360 B 0.916 A 

1:10,000 
mg/¶. 

0.0037 B 

0.39 B 
< 0.005 

0.019 B 
0.012 B 
0.026 AB 

0.006 
0.0069 
0.006 

0.006 
0.006 

0.39 



Table E5 

Dry, Oxidized Sediment Laboratory Tests, Unfiltered Concentrations* 

Lysimeter Metal Concentration 
Heavy Concentration (mg/k) at Indicated Ratio 
Metal mg/e 1:lOO 1:1,000 1:10,000 

ss 56 10.000 1.000 100 

Cd 
OVEN'DRIED 

0.0026 0.187 0.0207 0.0039 
CU 0.0011 1.86 0.278 0.0031 
Cr 0.027 3.85 0.447 0.0490 
Ni 0.038 0.899 0.165 0.042 
ZIl 0.34 33.1 3.77 1.44 

Cd 
OVEN DRIED + PEROXIDE 

O.OOllB 0.531A 0.106B 0.0035B 
CU 0.0548 6.40A 0.383B 0.042B 
CIZ 0.027C 12.7A 0.717B 0.093BC 
Ni 0.038C 2.47A 0.3328 0.033c 
ZIl 0.443B 103A 6.OlB 1.34B 

* Different tests with the same letter are not significantly different at 
P = 0.05. 

El4 



25. 



Table E6 

Dry, Oxidized Sediment Laboratory Tests, Filtered Concentrations* 
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Lysimeter Metal Concentration 
Heavy Concentration (mg/L) at Indicated Ratio 
Metal mg/e 1:lOO l:l,OOO 1:10,000 

Cd 
CU 
CIY 
Ni 
Zll 

DTPA Extract 
0.0026 0.0287 < 0.010 < 0.010 
0.072 A 0.036 A 0.513 A 0.014 A 
0.0043 B 0.054 A 0.032 AB 0.014 B 
0.046 B 0.283 A 0.046 B 0.193 AB 
0.53 B 5.65 A 1.56 AB 0.244 B 
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runoff after considering a" appropriate mixing zone outside the disposal site. 

If a" appropriate mixing zone does not exist, control measures such as the use 

of sedimentation basins, control structures, filters, or chemical flocculants 

should be considered. 

27. After the sediment dried and oxidized, the surface runoff water 

quality constituents of concern changed. Organic compounds were not a problem 

during this stage since most of the compounds had been lost from the sediment 

due to volatilization into the atmosphere or adsorption to soil particles. 

Some naphthalene was present in both the filtered and unfiltered samples but 

the total PAHs were low. No PCBs were detectable in runoff from the dry, 

oxidized sediment. Heavy metals were, concentrations. 

These metals mero9
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procedure. Additional verification on several different types of dredged 

material is required to determine the most effective test as well as to 

establish the 





APPENDIX F: EVALUATION OF THE EFFECTIVENESS OF CAPPING IN 
ISOLATING CONTAMINATED INDIANA HARBOR DREDGED MATERIAL: 

BIOLOGICAL AND CHEMICAL ASPECTS 

Introduction 

1. Capping is a physical process in which a contaminated dredged material 

is covered with a layer of uncontaminated dredged material for the purpose of 

reducing the ecological~ impact of the contaminated material and rapidly render- 

ing it harmless. Capping has been util~ized by the New England Division and 

New York District in open-water disposal sites. These field studies have shown 

that capping is technically feasible In the New York Bight, a mus- 

sel bioaccumulation study at the capping site indicated low body burdens that 

could have been due to bioconcentration of contaminants from ambient water as 

much as from the nearby sediments (O'Conner and O'Conner 1982). I" Long 

Island Sound, mussels were also suspended in the water column at the sand- and 

silt-capped sites of the Stanford-Norwalk capping project. Conce"tratio"s of 

cobalt, copper, mercury, zinc, and vanadium fluctuated in the mussels over 

time, but these changes were thought to be unrelated to the caps because dif- 

ferences in spatial concentration were not detected (Morton and Kemp 1980). 

Based on these and other field study results, bioaccumul.D 3  2571 0  TD 3 s
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nutrients. In addition, these sediments also contain high levels of several 

metals, some of which were found to exceed the chronic criterion for the pro- 

tection of freshwater aquatic life. Capping contaminated dredged material 

with clean dredged material within Indiana Harbor or Lake Michigan may be an 

Fl 



alternative to other disposal methods, such as confined land disposal. How- 

ever, capping is still an experimental technique. To demonstrate that capping 

is an acceptable alternative to other means of disposal for contaminated Lndi- 

ana Harbor sediments, it must be shown that capping will isolate this dredged 

material from the water column and the pelagic and benthic biota. 

Purpose and Scope 

3. The purpose of this study was to identify the minimum thickness of a 

Lake Michigan sediment that will inhibit sediment-water interactions between 

contaminated Indiana Harbor dredged sediment and the overlying water column 

and aquatic biota. Data developed from this work will be used in evaluating 

the suitability of the confined aquatic disposal concept for Indiana Harbor 

and, if appropriate, in preparing the preliminary design of the site. 

Approach 

4. The effectiveness of capping in chemically and biologicaLly isolating 

contaminated dredged sediments is being actively investigated in the Long-Term 

Effects of Dredging Operations (LEDO) Program at the US Army Engineer Waterways 

Experiment Station (WES). The approach used to conduct the present study is 

the result of this research, and the following procedures were followed. 

5. An initial analyses of the contaminated dredged material and the cap 

material was performed to determine which chemical contaminants were most 

appropriate to monitor in the studies. The information obtained from to 



dredged material, the cap sediment must be thick enough to prevent the migra- 

tion of oxygen-demanding materials into the overlying water column. If these 

materials are able to diffuse through the cap layer, their presence in the 

water column will cause a dissolved oxygen depletion rate that exceeds that of 

the cap material alone. In like manner, once the layer of cap material is 

thick enough to prevent migration of oxygen-demanding materials into the over- 

lying water column, the oxygen depletion rate observed in the water column will be the same as that of the cap material alone. A similar rationale is 

applicable to ammonium-nitrogen and orthophosphate-phosphorus. These two con- 

stituents are released only under anaerobic conditions. Once anaerobic condi- 

tions have been achieved, ammonium-nitrogen and orthophosphate-phosphorus will 

be released. However, if the layer of cap material is thick enough to prevent 

the diffusion of materials from the underlying contaminated dredged material 

from reaching the water column, the release rates of these materials will be 

the same as those from the cap material alone. 

7. The ability of the same cap material to isolate the contaminated 

dredged material from both the overlying water column and aquatic biota was 

tested using large-scale (250~Q,) reactor units. The rationale for these tests 

is based on the fact that organisms tend to accumulate contaminated materials 

to which they are exposed. Thus, if contaminants are moving into the surface 

layer of the cap material, the biota living on the surface will be exposed to 

the contaminants and will accumulate them in their tissues. If the contami- 

nants are moving through the cap material and into the water column, then 

organisms living in the water column will be exposed to 



operation. At each of two locations in Indiana Harbor, a sediment in the 

navigation channel was obtained "sing a clamshell dredge and 
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12. Samples to be analyzed for ammonium-nitrogen and orthophosphate- 

phosphorus, relatively mobile compounds that are released under anaerobic 

conditions, were cleared of particulate matter by passage through a 0.45-vm 

membrane filter under a nitrogen atmosphere. Samples were preserved by 

acidification with concentrated HCl to pH 2, followed by immediate freezing 

and storage at -4°C. Ammonium-nitrogen and orthophosphate-phosphorus were 

determined using a Technicon Autoanalyzer II, in accordance with procedures 

recommended by Ballinger (1979). 

Large-scale reactor unit experiments 

13. Laboratory studies to assess the effectiveness of the cap in isolat- 

ing Indiana Harbor sediment were conducted in a controlled environment chamber 

at 20 ? 0.5"C, using modified 250-E flow-through reactor units the system, and provision 

for constant aeration of the water column. With the exception of the control 

unfits, to which only Lake Michigan sediment was added, 



Figure F2. Large-scale reactor unit 
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Table Fl 

Experimental Design for Large-scale Reactor Column Experiments 

Treatment React:Lon Chamber Replicate Designation 

Lake Michigan Sediment only (Control) IH-2 
IH-4 
IH-6 

Indiana Harbor Sediment only IH-1 
IH-3 
IH-5 

Indiana Harbor sediment with 30 cm 
Lake Michigan sediment cap IH-7 

IH-8 
IH-9 
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1986). Normally, one organism is selected that is representative of the ben- 

thic surface community. The second organism is often a variety of mussel that 

can be suspended in the overlying water column. Through discussions with the 

Chicago District, it was decided that a fish should also be used. The clam 

(Anondoonta grandis) and yellow perch fingerlings (Percn fhescens) 



reaction chamber; this was then added to the chamber as a slurry. Fifteen 

clams were removed from each reactor unit at lO- and 40-day intervals and 

treated in the same manner described for initial clam samples. At the end of 

40 days, fish and crayfish were removed from each reactor unit, depurated, and 

prepared for analysis in the same manner described for initial fish and cray- 

fish samples. 

17. Samples of the aged tap water (inflow water) and water in the reactor 

unit were obtained at the end of 40 days for subsequent chemical analyses. 

Samples to be used for PCB and PAH analyses were placed in 3.8-Q glass jars 

which had been hexane washed and dried at 105°C for 24 hr. Samples for metal 

analyses were filtered through 0.45-,,m pore size membrane filters. The first 

100 ml of filtrate was discarded. The subsequent filtrate was acidified to 

pH 1 with concentrated HN03. Water samples to pH 

wanto wath s a m p l e s  

w 2 0  8 . 4   T f 
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 0   T - 4 7 4 2 8 2 6 7 3 . 9 4 . 0 2 8 3  0   T D  3  2 9 0   T r  - 0 . 0 . 1 5  T w  ( w a t o m i z ( s a m p l e s  )  T j 
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0  Tr 55.5426 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3964  Tc 0.1935  Tw (determined ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3624  Tc 0.1546  Tw (using ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (a ) Tj
0  Tr 13.7142 0  TD 3  Tr -0.343  Tc 0.1325  Tw (Perkin-Elmer ) Tj
0  Tr 88.4568 0  TD 3  Tr -0.6702  Tc 0.5065  Tw (Model ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (503 ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2724  Tc 0.7375  Tw (atomic ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3797  Tc 0.1743  Tw (adsorption ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.4095  Tc 0.2085  Tw (unit ) Tj
0  Tr -492.341 -18.6  TD 3  Tr -0.4072  Tc 0.2058  Tw (coupled ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (a ) Tj
0  Tr 13.7142 0  TD 3  Tr -0.343  Tc 0.1325  Tw (Perkin-Elmer ) Tj
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0  Tr 47.9998 0  TD 3  Tr -0.4549  Tc 0.2604  Tw (hydride ) Tj
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0  Tr 28.1142 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (isomer ) Tj
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0  Tr 40.457 0  TD 3  Tr -0.3751  Tc 0.1691  Tw (decachlorobiphenyls. ) Tj
0  Tr ET
BT
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0  Tr 41.8284 0  TD 3  Tr -0.3145  Tc 0.7856  Tw (concentrations ) Tj
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0  Tr 34.9713 0  TD 3  Tr -0.3964  Tc 0.1935  Tw (determined ) Tj
0  Tr 76.169940.1578  Tw (were)g7Tc -0.18a76l4n Tj
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0  Tr 27.4285 0  TD 3  Tr -0.382  Tc 0.177  Tw (quantification ) Tj
0  Tr 103.5425 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (an ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3448  Tc 0.1345  Tw (electron ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3454  Tc 0.1352  Tw (capture ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.3175  Tc 0.789  Tw (gas ) Tj
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0  Tr -349.0272 -18  TD 3  Tr -0.4326  Tc 0.2348  Tw (19. ) Tj
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0  Tr 27.4285 0  TD 3  Tr -0.3569  Tc 0.1484  Tw (family ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3361  Tc 0.8103  Tw (compounds ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3506  Tc 0.1411  Tw (collectively ) Tj
0  Tr -424.4555 -18.6  TD 3  Tr -0.3549  Tc 0.1461  Tw (referred ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2167  Tc 0.6738  Tw (as ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.3583  Tc 0.8357  Tw (polyaromatic ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.3665  Tc 0.845  Tw (hydrocarbons ) Tj
0  Tr 91.1997 0  TD 3  Tr -0.4155  Tc 0.2153  Tw ((Table ) Tj
0  Tr 45.9427 0  TD 3  Tr -0.3714  Tc 0.1649  Tw (F2) ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3232  Tc 0.1099  Tw (also ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3964  Tc 0.1935  Tw (determined ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr -501.2552 -18  TD 3  Tr -0.33  Tc 0.116.1935  2aerm,) Tj
0  Tr 4593714 0  TD 3  Tr -0.3525  Tc 0.1312  Tw (wsediment,) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3191  Tc 0.3337  Tw (and ) Tj
0  Tr 2781314 0  TD 3  Tr -0.2844  Tc 0.1019  Tw (thissue) Tj
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Sioxhlet �enzene:methanol. wTe wromatic hydrocarbons faracton was then 

separated using silica gel chromatography, concentrated, and subjected to cap- 

illary gas chromatographic analysis on a Hewlett Packard 5985 gas chromatograph 

equipped with a flame ionization detector. Individual compounds were quanti- 

fied using analytical standards and an internal standard. Tissue and sediment 

samples were analyzed for arsenic, cadmium, chromium, mercury, lead, and zinc 

using atomic adsorption spectroscopy following sample digestion procedures 

describe by Ballinger (1979). 

20. Total organic carbon (TOC) in sediment samples was determined by dry 

combustion (Allison 1965). Sediment particle-size distribution was determined 

using the method of Patrick (1958). 

FlO 



Table 



Statistical analysis of results 

21. Means and standard errors were determined for each parameter within a 

treatment. To determine the statistical significance of differences between 

means, data were analyzed using the General Linear Models Procedure of the SAS 

Institute (SAS Institute, Inc., Cary, N.C.). This version used a Duncan mul- 

tiple range test to determine differences between means. statements of sig- 

nificance made in the text refer to the 5-percent level (p < 0.05) or less. 

Results 

Sediment characterization 



Table F3 

Comparative Chemical Composition of Indiana Harbor 

and Lake Michigan Sediments 

Parameter 

Metals 
Arsenic 
Cadmium 
Chromium 
Lead 
Mercury 
Zinc 

Concentration in Sediment, mg/kg dry weight 

Indiana Harbor Lake Michigan 

29.5 10.1 
20.0 0.1 

650.0 4.4 
879.0 11.9 

0.5 BD* 
4125.0 54.1 

Pesticides 
Aldrin 2.55 0.0006 

Polyaromatic Hydrocarbons 
Acenapthene 
Acenapthylene 
Anthracene 
Benzo(a)anthracene 
Benzo(b)fluoranthene 
Benzo(a)pyrene 
Benzo(g,h,i)perylene 
Chrysene 
Fluoranthene 
FllUXXlle 
lndeno(l,2,3-c,d)pyrene 
Naphthalene 
Phenanthrene 
Pyrene 

96 BD 
22 BD 
62 BD 
86 BD 

140 BD 
87 BD 
35 BD 
92 BD 

150 BD 
69 BD 
50 BD 

2000 0.46 
200 BD 
140 BD 

Polychlorinated biphenyls 
PCB-1248 
PCB-1254 

Total carbon 

Total inorganic carbon 

Oil and grease 

Phenol 

* BD = below detection. 

7.39 BD 
BD 0.013 

2.28% of 1.83% of 
sediment weight sediment weight 

3.88% of 0.47% of 
sediment weight sediment weight 

3.9% of 1.71% of 
sediment weight sediment weight 

3 BD 
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Chicago District indicated that the Lake Michigan material supplied may have 

cap thickness, two small column studies 

were conducted. The first study 
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Figure F3. Dissolved oxygen depletion rates 
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Figure F4. Ammonium-nitrogen release rates 



release rates, 

respectively (Figure F5). 

30. These results demonstrated that the thickness of the Lake Michigan 

cap, rather than the texture of the sediment, exerted a considerable influence 

on sediment-water interactions. In the absence of cap disruption, a cap thick- 

ness of at least 30 cm appears to be necessary to completely seal Indiana Har- 

bor sediment from the overlying water column with respect to releases of 

ammonium-nitrogen. This thickness wil~l also be fairly effective in sealing 

the water column from releases of orthophosphate-phosphorus, but not from dis- 

solved oxygen demand. 

Large-scale reactor unit experi- 
ments: contaminant release and uptake 

31. Concentration values for selected contaminants were determined in the 

water column and in fish, and f t e d  the 

in 

wthe 

f o r  
the 

the 

in for 

coiningned a t e r  i n  

sediment only or Indiana Harbor sediment capped with 30 cm of Lake Michigan 

sediment; 95 percent or more of the animals added initially to the reactor 

units survived in good condition until sampled and used for tissue analysis. 

HOWeVer, in the Indiana Harbor sediment only units, all crayfish and most of 

the fish were killed within 3 days after initiation of the experiment. In 

addition, large numbers of 

clams were killed in the Indiana Harbor sediment 

only units, leaving less than 20 percent of the initial clam population at the 

end of the study. In these units, death of the fish and clams was most pro- 

nounced during the first 3 days after initiation of the study. After this 

period, all crayfish were dead, the water column became noticeably less cloudy, 

and deaths among the fish and clam populations decreased markedly. This 

observation is purely visual. No direct analysis was made of the suspended 

solids levels present in uncapped reactor columns during the study. 

32. 

solids columns in the columns colaboveTj
0  Tr 47.31.828  TD 3  Tr -0.44341 Tc 0.72124  w (colued ) Tj
0  Tr 61.3855 0  TD 3  Tr -0.432287Tc 0.13577214  T2asedim 
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33. Water column PAHs and phenol. Replicate samples for PAHs in the water 

column were composited to obtain lower detection limits by increasing the vol- 

ume of water available for extraction for use in the analyses. Even using 

these techniques, which gave detection limits of 1 "g/Y,, water column PAH con- 

centrations were very low. Data for water column PAH concentrations in each 

of the various treatments are summarized in Table F6. Data for the Lake Michl- 

ga" sediment caps were below detection Limits (1 "g/e). There was no apparent 

enhancement of water column PAH concentrations compared with the inflow or 

control in any of the treatments, except for the uncapped Indiana Harbor sedi- 

ment. This treatment demonstrated elevated concentrations of two-, three-, 

four-, and five-ring compounds as well as total PAHs. Because of the methods 

used to obtain detection of these compounds in the water (see footnote to 

Table F6), no significance can be attached to the levels of these compounds in 

the water over Indiana Harbor sediment as compared with the other treatments. 

34. Water column 



Table F6 

Water Column 



Table F7 -- 
Water Column PCB Concentrations (ug/a) 

Inflow Water 

and Following 40 Days of Incubation in Each of the Treatments* 

PCB Isomer Group (Number of Chlorine Atoms/Group)** Total 

Treatment 1 2 3 4 5 6 7 PCBs -- 
Inflow water co.5 co.01 0.11 0.21 co.01 0.01 0.01 0.34 

Lake Michigan 

Sediment Only 

(Control) co.5 0.03 0.01 0.08 co.01 co.01 0.01 0.13 

(0.02) (0.01) (0.03) (0) (0.03) 

Indiana Harbor 

Sediment Only CO.5 co.01 co.01 0.11 0.003 0.01 0.01 0.14 

(0.01) (0.003) (0) (0) (0.01) 

Indiana Harbor 

Sediment with 

Cap co.5 0.04 0.04 0.19 co.01 0.003 0.01 0.29 

(0.01) (0) (0.03) (0) (0) (0.03) 

* Number in parentheses is the standard error of the mean for the value 
given above it. 

** 1 = Monochlorobiphenyl 
2 = Dichlorobiphenyl 
3 = Trichlorobiphenyl 
4 = Tetrachlorobiphenyl 
5 = Pentachlorobiphenyl 
6 = Hexachlorobiphenyl 
7 = Heptachlorobiphenyl 

t only one sample of inflow water was taken. 
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Table F8 

Heavy Metal Concentrations 



did not generally exceed those of crayfish exposed to the cap material alone 

(controls) following 40 days of exposure. The only exception was arsenic; in 

this case, arsenic concentration in the Indiana Harbor 

the of the exposur356  Tr 26Lak428 0  TD 3  3  Tr.2692  Tc 0.0481  515(only ) T2
0  Tr
 (Michigan ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3077  Tc 0.0921  Tw (sample. ) Tj
0  Tr -417.5984 -18.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (36. ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3219  Tc 0.1083  Tw (Crayfish ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.5583  Tc 1.0643  Tw (PAHs ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4565  Tc 0.2621  Tw (phenol. ) Tj
0  Tr 61.7141 0.6  TD 3  Tr -0.3881  Tc 0.184  Tw (Data ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.5583  Tc 1.0643  Tw (PAHs ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4893  Tc 0.2997  Tw (phenol ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.402  Tc 0.1999  Tw (are ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.384  Tc 0.1793  Tw (presented ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr -514.2838 -18.6  TD 3  Tr -0.465  Tc 0.2719  Tw (Table ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.402  Tc 0.1999  Tw (F9. ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4305  Tc 0.2324  Tw (There ) Tj
0  Tr 40.457 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (no ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3132  Tc 0.0984  Tw (significant ) Tj
0  Tr 81.5997 0  TD 3  Tr -0.3537  Tc 0.1447  Tw (difference ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.4442  Tc 0.2482  Tw (between ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4098  Tc 0.2088  Tw (mean ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.402  Tc 0.8856  Tw (values ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.546  Tc 0.3645  Tw (any ) Tj
0  Tr -513.598 -17.4  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3361  Tc 0.8103  Tw (compounds ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.4522  Tc 0.2573  Tw (examined ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2793  Tc 0.0597  Tw (crayfish ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.1973  Tc 0.6516  Tw (tissues ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2692  Tc 0.7338  Tw (controls ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.057 0  TD 3  Tr -0.402  Tc 0.8856  Tw (values ) Tj
0  Tr -492.341 -18.6  TD 3  Tr -0.4643  Tc 0.2711  Tw (obtained ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2793  Tc 0.0597  Tw (crayfish ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (at ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (40 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3624  Tc 0.1546  Tw (days. ) Tj
0  Tr 47.3141 0.6  TD 3  Tr -0.443  Tc 0.2467  Tw (Unfortunately, ) Tj
0  Tr 103.5425 0  TD 3  Tr -0.4326  Tc 0.2348  Tw
 (the ) Tj
0  Tr -513.598 -18.6  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.375  Tc 0.1691  Tw (cannot ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.345  Tc 0.1347  Tw (compared ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3434  Tc 0.133  Tw (with ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3875  Tc 0.1833  Tw (either ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2801  Tc 0.0605  Tw (con- ) Tj
0  Tr -506.0552 -17.4  TD 3  Tr -0.3217  Tc 0.1081  Tw (trol ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3434  Tc 0.133  Tw (or ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 66.514 0  TD 3  Tr -0.3463  Tc 0.1362  Tw (because ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.4  Tc 0.1976  Tw (all ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2793  Tc 0.0597  Tw (crayfish ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr -471.7696 -18.6  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.4314  Tc 0.2335  Tw (died. ) Tj
0  Tr -137.1423 -18  TD 3  Tr -0.4326  Tc 0.2348  Tw (37. ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3219  Tc 0.1083  Tw (Crayfish ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.2243  Tc -0.0032  Tw (PCBs. ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.3881  Tc 0.184  Tw (Data ) Tj
0  Tr 35.657 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2155  Tc 0.6724  Tw (PCBs ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.402  Tc 0.1999  Tw (are ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.384  Tc 0.1793  Tw (presented ) Tj
0  Tr 69.9426 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.465  Tc 0.2719  Tw (Table ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3003  Tc 0.0837  Tw (FlO. ) Tj
0  Tr ET
BT
0.8 0 0 1 445.2 507.6  Tm
3  Tr /F0 6.6  Tf
-0.549  Tc 0.3515  Tw (BeCaUSe ) Tj
0  Tr ET
BT
0.875 0 0 1 37.8 489.6  Tm
3  Tr /F0 10.8  Tf
-0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3542  Tc 0.1452  Tw (toxicity ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4435  Tc 0.2473  Tw (uncapped ) Tj
0  Tr 63.0855 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 60.3426 0  TD 3  Tr -0.4433  Tc 0.247  Tw (killed ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.4  Tc 0.1976  Tw (all ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2793  Tc 0.0597  Tw (crayfish ) Tj
0  Tr 60.3426 0  TD 3  Tr -0.3722  Tc 0.1658  Tw (within ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.1883  Tc -0.0443  Tw (first ) Tj

0  Tr -474.5125 -18.6  TD 3  Tr -0.4732  Tc 0.2813  Tw (week ) Tj
0  Tr 35.657 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3452  Tc 0.135  Tw (study, ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (no ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3159  Tc 0.1015  Tw (PCB ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3305  Tc 0.1181  Tw (accumulation ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (data ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.402  Tc 0.1999  Tw (are ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4685  Tc 0.2759  Tw (available ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2583  Tc 0.7214  Tw (this ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3364  Tc 0.125  Tw (treatment. ) Tj
0  Tr -460.1125 -18  TD 3  Tr -0.4305  Tc 0.2324  Tw (There ) Tj
0  Tr 40.457 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3177  Tc 0.1035  Tw (minimal ) Tj
0  Tr 56.2284 0  TD 3  Tr -0.2985  Tc 0.7673  Tw (accumulations ) Tj
0  Tr 95.9996 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2155  Tc 0.6724  Tw (PCBs ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3199  Tc 0.1061  Tw (control ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3215  Tc 0.1078  Tw (nc~ne ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.2921  Tc 0.0743  Tw (sedi- ) Tj
0  Tr -495.0838 -18  TD 3  Tr -0.345  Tc 0.1347  Tw (ment ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3232  Tc 0.7956  Tw (plus ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3175  Tc 0.1033  Tw (cap ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.298  Tc 0.0811  Tw (treatments; ) Tj
0  Tr 80.914 0  TD 3  Tr -0.3159  Tc 0.1015  Tw (PCB ) Tj
0  Tr 28.7999 0  TD 3  Tr -0.3722  Tc 0.8516  Tw (levels ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3462  Tc 0.1361  Tw (these ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3444  Tc 0.1341  Tw (two ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3019  Tc 0.7712  Tw (treatments ) Tj
0  Tr 74.0569 0  TD 3  Tr -0.4595  Tc 0.2656  Tw (did ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3442  Tc 0.1339  Tw (differ ) Tj
0  Tr -472.4553 -18  TD 3  Tr -0.3374  Tc 0.126  Tw (significantly ) Tj
0  Tr 96.6853 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3679  Tc 0.1609  Tw (each ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3969  Tc 0.1941  Tw (other ) Tj
0  Tr 42.5141 0  TD 3  Tr -0.4155  Tc 0.2153  Tw ((Table ) Tj
0  Tr 46.6284 0  TD 3  Tr -0.2738  Tc 0.0534  Tw (FlO). ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.4777  Tc 0.2864  Tw (Apparently, ) Tj
0  Tr 82.9711 0  TD 3  Tr -0.3969  Tc 0.1941  Tw (there ) Tj
0  Tr 39.7713 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (no ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3083  Tc 0.0929  Tw (detect- ) Tj
0  Tr -479.9982 -18  TD 3  Tr -0.4744  Tc 0.2827  Tw (able ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3159  Tc 0.1015  Tw (PCB ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3722  Tc 0.8516  Tw (levels ) Tj
0  Tr
 47.9998 0  TD 3  Tr -0.3454  Tc 0.1352  Tw (present ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2793  Tc 0.0597  Tw (crayfish ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3428  Tc 0.1323  Tw (prior ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.393  Tc 0.1896  Tw (exposure. ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3159  Tc 0.1015  Tw (PCB ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.2082  Tc 0.6641  Tw (isomers ) Tj
0  Tr -466.2839 -18  TD 3  Tr -0.3893  Tc 0.1854  Tw (that ) Tj
0  Tr 32.9142 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3786  Tc 0.1731  Tw (detected ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2692  Tc 0.7338  Tw (controls ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3652  Tc 0.1578  Tw (were ) Tj
0  Tr 35.657 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3597  Tc 0.8373  Tw (groups ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3969  Tc 0.1941  Tw (containing ) Tj
0  Tr 75.4283 0  TD 3  Tr (three ) Tj
0  Tr 40.457 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3664  Tc 0.1592  Tw (four ) Tj
0  Tr -501.2552 -18  TD 3  Tr -0.3549  Tc 0.1461  Tw (chlorine ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2859  Tc 0.0672  Tw (substituents. ) Tj
0  Tr -34.9713 -18.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (38. ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.2991  Tc 0.0823  Tw (Clam ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.5514  Tc 0.3707  Tw (heavy ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.2706  Tc 0.0497  Tw (metals. ) Tj
0  Tr 61.7141 0.6  TD 3  Tr -0.3881  Tc 0.184  Tw (Data ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.5514  Tc 0.3707  Tw (heavy ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.2724  Tc 0.7375  Tw (metals ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.214  Tc -0.015  Tw (clam ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.2444  Tc 0.0198  Tw (tissue ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.402  Tc 0.1999  Tw (are ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3434  Tc 0.133  Tw (pre- ) Tj
0  Tr -479.3124 -18  TD 3  Tr -0.375  Tc 0.1691  Tw (sented ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.465  Tc 0.2719  Tw (Table ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.3419  Tc 0.1313  Tw (Fll. ) Tj
0  Tr 40.457 -0.6  TD 3  Tr -0.4903  Tc 0.3008  Tw (Enough ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.154  Tc 0.6022  Tw (clams ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3155  Tc 0.101  Tw (treat- ) Tj
0  Tr -488.2267 -18  TD 3  Tr -0.345  Tc 0.1347  Tw (ment ) Tj
0  Tr 35.657 0  TD 3  Tr -0.3975  Tc 0.1947  Tw (survived ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.4318  Tc 0.234  Tw (through ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.5191  Tc

 (at ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (40 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3881  Tc 0.8697  Tw (days ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.2598  Tc 0.7231  Tw (suggests ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3722  Tc 0.1658  Tw (larger ) Tj
0  Tr -486.8553 -17.4  TD 3  Tr -0.2985  Tc 0.7673  Tw (accumulations ) Tj
0  Tr 95.9996 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.2724  Tc 0.7375  Tw (metals ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (than ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr -514.2838 -18  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3199  Tc 0.1061  Tw (control ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.298  Tc 0.0811  Tw (treatments; ) Tj
0  Tr 81.5997 0  TD 3  Tr -0.4198  Tc 0.2202  Tw (however, ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (no ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3016  Tc 0.0851  Tw (significance ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.3175  Tc 0.1033  Tw (can ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3786  Tc 0.1731  Tw (attached ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr -521.1409 -18  TD 3  Tr -0.2583  Tc 0.7214  Tw (this ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.388  Tc 0.1839  Tw (observation. ) Tj
0  Tr 95.9996 0  TD 3  Tr -0.4305  Tc 0.2324  Tw (There ) Tj
0  Tr 40.457 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (no ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3132  Tc 0.0984  Tw (significant ) Tj
0  Tr 81.5997 0  TD 3  Tr -0.3537  Tc 0.1447  Tw (difference ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.4442  Tc 0.2482  Tw (between ) Tj
0  Tr 56.2284 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3199  Tc 0.1061  Tw (control ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr -513.598 -18.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3019  Tc 0.7712  Tw (treatments ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (at ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (40 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3624  Tc 0.1546  Tw (days. ) Tj
0  Tr -164.5708 -17.4  TD 3  Tr -0.4326  Tc 0.2348  Tw (39. ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.2991  Tc 0.0823  Tw (Clam ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.5583  Tc 1.0643  Tw (PAHs ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4565  Tc 0.2621  Tw (phenol. ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4476  Tc 0.252  Tw (After ) Tj
0  Tr 43.1998 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (10 ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.3881  Tc 0.8697  Tw (days ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3893  Tc 0.1854  Tw
 (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3844  Tc 0.1798  Tw (incubation, ) Tj
0  Tr 81.5997 0  TD 3  Tr -0.214  Tc -0.015  Tw (clam ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.2444  Tc 0.0198  Tw (tissue ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr -499.8838 -17.4  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.345  Tc 0.1347  Tw (treatment ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.3772  Tc 0.1716  Tw (acquired ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4308  Tc 0.2328  Tw (higher ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3145  Tc 0.7856  Tw (concentrations ) Tj
0  Tr 102.171 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3587  Tc 0.1504  Tw (three- ) Tj
0  Tr -494.3981 -18  TD 3  Tr -0.3866  Tc 0.1823  Tw (ring ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.773  Tc -0.0618  Tw (PAH ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3361  Tc 0.8103  Tw (compounds ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3795  Tc 0.1742  Tw (total ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.5583  Tc 1.0643  Tw (PAHs ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (than ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3199  Tc 0.1061  Tw (control ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3019  Tc 0.7712  Tw (treatments ) Tj
0  Tr -444.3412 -18.6  TD 3  Tr -0.4155  Tc 0.2153  Tw ((Table ) Tj
0  Tr 46.6284 0  TD 3  Tr -0.3786  Tc 0.1731  Tw (F12). ) Tj
0  Tr 47.9998 -0.6  TD 3  Tr -0.411  Tc 0.2102  Tw (Both ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (only ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (capped ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.3019  Tc 0.7712  Tw (treatments ) Tj
0  Tr 74.0569 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (had ) Tj
0  Tr 28.7999 0  TD 3  Tr -0.2354  Tc 0.0095  Tw (sig- ) Tj
0  Tr -501.9409 -18  TD 3  Tr -0.3612  Tc 0.1532  Tw (nificantly ) Tj
0  Tr 76.7997 0  TD 3  Tr -0.172  Tc 0.6228  Tw (less ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3305  Tc 0.1181  Tw (accumulation ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4893  Tc 0.2997  Tw (phenol ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (than ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3124  Tc 0.0974  Tw (control. ) Tj
0  Tr 67.1997 -0.6  TD 3  Tr -0.6458  Tc 0.4786  Tw (At ) Tj
0  Tr 21.9428 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (40 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3641  Tc 0.09154 Tw (Atdays) Tj
0  Tr 81.1427 0  TD 3  Tr -0.55396 Tc 0.1069  Tw (Ine )r



Table F9 

PAH and Phenol Concentrations in Crayfish Tissue (pg/g wet weight) 

With No Treatluent and Following 40 Days of Incubation 

in Each of the Treatments* 

Class of Compound 

Two-ring compounds 

Three-ring compounds 

Four-ring compounds 

Five-ring compounds 

Six-ring compounds 

Total PAHs 

Phenol 

Treatment 
Lake Michigan Indiana Harbor 
Sediment Only Indiana Harbor Sediment With 

NOlIe (Control) Sediment Only Cap 

0 0.026 
(0.008) 

0.012 0.046 
(0.003) 

0 0.016 
(0.006) 

0 0.121 

(0.083) 

0 0.004 
(0.004) 

0 

0.012 0.214 0.277 
(0.087) (0.100) 

N 
0 
N 
E 

0.039 
(0.018) 

0.116 
(0.065) 

0.028 
(0.021) 

0.094 

(0.005) 

0.565 0.356 0.678 
(0.130) (0.208) 

* Number in parenthesis is the standard error of the mean for the value given 
above it. 

F26 





Table Fll 

Heavy Metal Concentrations in Clam Tissue (ug/g wet weight) 

With No Treatment and Following 10 and 40 Days of Incubation 

in Each of the Treatments* 

Treatment 
(If Appropriate) 

NiJ*e 

Lake Michigan 
sediment only 
(control) 

10 days 

40 days 

Indiana Harbor 
sediment only 

10 days 

40 days** 

Indiana Harbor 
sediment with 
=aP 

10 days 

(0.2) 0.103 

(0.018) 

0.128 0.145 0.156 0.113 

(0.024) (0.022) (0.018) (0.014) 

0.066 0.109 0.230 0.380 

0.134 
(0.017) 

0.189 
(0.018) 

0.191 
(0.038) 

0.106 
(0.002) 

0.158 
(0.019) 

0.203 
(0.043) 

0.133 
(0.034) 

0.117 
(0.020) 

<0.0010 

<0.0010 

<0.0012 

<0.0010 

<O.OOll 

<0.0015 

<0.0017 

10.2 

(1.2) 

7.8 

(0.4) 

a.4 

(1.2) 

7.5 

10.0 

10.3 
(1.4) 

* Number in parentheses is the standard error of the mean for the number 
given above it. 

** Only clams from IH-5 survived for 40 days in numbers large enough to permit 
XldY.SiS. Thus, the values given have no associated error term. 
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Table F12 

PAH and Phenol Concentrations in Clam Tissue (ug/g wet weight) 

With No Treatment and Following 10 and 40 Days of Incubation 

in Each of the Treatments* 

Treatment 10 days 
Lake Michigan Indiana Harbor 
Sediment Only Indiana Harbor Sediment With 

Class of Compound 0.042 0.666 0.386 
(0.117) (0.238) (0.274) 

Six-ring compounds 0 0.020 0.139 0 
(0.020) (0.112) 

Total PAHs 0.236 0.418 2.660** 0.572 
(0.088) (0.830) (0.234) 

Phenol 0 0.062 o** o** 
(0.032) 

(Continued) - 
* Number in parentheses is the standard error of the mean for the value given 

above it. 
** Significantly different from the control. 
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Table F12 (Concluded) 

Treatment 40 days 
Lake Michigan Indiana Harbor 

Class of Compound 

Two-ring compounds 

NOlIe 

0 

Three-ring compounds 0.042 

Four-ring compounds 0.020 

Five-ring compounds 0.174 

Six-ring compounds 0 

Total PAHs 0.236 

Phenol 0 

Sediment Only 
(Control) 

0.005 
(0.003) 

0.060 
(0.020) 

0.060 

(0.050) 

0.060 
(0.017) 

0 

0.515 
(0.304) 

0 

Indiana Harbor 
Sediment Only 

0.011t 

0.405 

1.500 

2.190 

0.694 

4.800 

0.057 

Sediment With 
cap 

0.010 
(0.004) 

0.020 
(0.007) 

0.006 

(0.002) 

0.065 
(0.027) 

0 

0.102 
(0.019) 

0 

f Only clams from IH-5 survived in 
in 



treatments did not differ significantly from each other. However, clam 

tissue samples taken from the Indiana Harbor sediment only treatment at 10 days 

contained PCB levels that were significantly higher than values in either of 

the other treatments at 10 or 40 days of exposure (Table F13). Moreover, clam 

tissue samples from the Indiana Harbor sediment only treatment at 40 days con- 

tained PCB levels that were higher sedim64r days of 

the expo1na Har475 



40 Days of 
sediment only 
(control) 

10 days co.5 

40 days co.5 

Indiana Harbor 
sediment only 

10 Dayst co.5 

40 Daystt co.5 

Indiana Harbor 
sediment with 
=aP 

10 days co.5 

40 days co.5 

L -L-. 
co.01 co.01 

_I 
co.01 

v --.L-- 

co.01 0.01 co.01 

PCBs 

co.01 

0 co.01 

co.01 co.01 

0.04 0.04 
C.01) (0) 

0.03 0.06 
(0) (0) 

co.01 co.01 

co.01 co.01 

co.01 

co.01 

0.14 

C.02) 

0.26 
C.02) 

co.01 

co.01 

- 

co.01 

co.01 

0.06 
(0) 

0.12 
(0) 

co.01 

co.01 

co.01 co.01 

co.01 co.01 

0.06 co.01 
(0) 

0.14 co.01 
(0) 

co.01 co.01 

co.01 co.01 

co.5 

co.5 

0.34 
(.04) 

0.62 

co.5 

co.5 

* Number in parentheses is the standard error of the mean for the value 
given above it. 

t Samples from IH-1 were lost during analytical laboratory processing. 
tt Only clams from IH-1 and IH-5 survived in numbers large enough to analyze. 
** 1 = 



treatment (Table F14). Not enough fish survived in the Indiana Harbor sediment 

only treatment for analysis of any of the metals; the few fish that remained 

were saved for analyses for PAHs, phenols, and PCBs. 

42. Fish PAHs and phenol. When compared with the time 0 values, fish 

after 40 days in the lndiana 



Table FL4 

Heavy Metal Concentrations in Fish Tissue (pg/g wet weight) 

With No Treatment and Following 40 Days of Incubation 

in Each of the Treatments* 

Treatment Metal 
(If Appropriate) AS Cd Cr Pb Hg Zn 

NOW? co.019 0.030 0.151 0.004 co.0115 4.66 

Lake Michigan 
sediment only 
(control) COMPOSITE SAMPLE (IH-2, IH-4, IH-6) 

0.042 0.020 0.391 0.090 <0.0068 29.0 

Indiana Harbor 
sediment only NOT ENOUGH FISH SURVIVED THIS TREATMENT TO PERMIT 

ANALYSIS FOR THESE CONSTITUENTS 

Indiana Harbor 
sediment with 
cap 0.086 0.017 0.678 0.117 <0.0190 36.1 

(0.034) (0.003) (0.186) (0.061) (1.6) 

* Number in parenthesis is the standard error of the mean for the value given 
above it. 
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Table F15 

PAH and PHENOL Concentrations in Fish Tissue (up/g wet weight) 

With No Treatment and Following 40 Days of Incubation 

in Each of the Treatments* 

Treatment 
Lake Michigan Indiana Harbor Indiana Harbor 
HSedient HOnlyHSedient HOnlyHSedient LWithL C l a s s LofHCompoundHNOIEHHControl)** cap 





exposure conditions caused by crayfish activity among the chambers. For exam- 

ple, the die-off rates of both fish and clams were observed to decrease in the 

Indiana Harbor sediment only treatments, once the sediment had killed o:ff all 

the crayfish and sediment resuspension due to bioturbation had ceased. In the 

control and the Indiana Harbor with cap treatments, bioturbation activity by 

crayfish at the cap surfaces had a winnowing effect. The finer silt particles 

in the sandy-gravelly cap material were suspended in the water column by the 

crayfish. These particles gave the water column an opaque appearance for the 

first few days of these studies. However, because the large reaction chambers 

were equipped with flow-through water supplies, the suspended sediments were 

gradually swept out of the chambers. Within the first 2 weeks, the cap sur- 

faces gradually became predominantly composed of large sand grains and gravel, 

and the water columns became transparent as the silt particles were flushed 

out of the system. 

cap effectiveness 

46. Clam tissue analysis and water column chemical data showed that the 

30-cm cap of Lake Michigan sediment generally served as 



been observed to disturb the sediment surface, causing a uniform distribution 

of labelled particles over the upper 6 cm, decreasing exponentially below to 

undetectable levels by 9 cm (Robbins, et al. 1979). 

48. Freshwater capping studies have not been carried out to the same 

extent as in marine and estuarine environments, where many examples of the 

effects of bioturbation have been reported. For For3d461.0283 0  TD 3  Tr -0.3893  Tc 0.18578  Tc 0.149Tj
0  TRhoadr 94.6282 0  TD 31 Tr -0.3645  Tc 0.1440  Tw (re243ted. ) McCall 94.6282 0  TD5.53  Tr0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 28.1142 0  T-50 3  63  Tr -0.235  Tc 0.6932 8  Tc 0.232est  T Tj
0 (1978)41.1427 0  TD63  Tr -0.4168  Tc 0.23988  Tc 0.1962ed. of and ef094 been4



of the water column, and the mortality rates of the fish and clams in the 

water columns decreased. Physical isolation of contaminated sediment through 

capping, therefore, appears to be a viable means of effectively reducing death 

and contaminant bioaccumulation by water column organisms. 

Thickness and relative 
effectiveness of cap material 

50. Results of the small column studies demonstrated that cap thicknesses 

as shallow as 5 cm can exert an influence on sediment-water interactions. A 

5-cm cap resulted in a 33-percent reduction in release of ammonium-nitrogen 

from Indiana Harbor sediment into the water column. A cap thickness of 30 cm 

was sufficient to completely prevent the transfer of ammonium-nitrogen from 

Indiana Harbor sediment into the overlying water. Similarly, a 30-cm cap 

decreased the release of orthophosphate-phosphorus by 78 release completely of orthophosphate-phosphorus 012 0  TD 307282  Tc difc -c -0.0738  Tw (i90 5Tj
0  Tr 20.5714 05.43 3  Tr -0.09462  Tc 6  Tc -es0.0873  Tw (8 09ium-nitrogen ) Tj
0  5Tj
0  Tr2 -Tc -9dan.1245  Tw (thsufficient ) Tj
0  Tr 7674  Tr -0.0021462  Tcypes0.0873  Tw (ap ) Tj
0  Tr -478.626  TD 3  Tr -0.382  Tc 0.0103  Tw (orthophosphate-phosphorus Tr -0. Tr -177Tr -0.28  pc 0  Tw (water.Harbor ) Tj
0  Tr 48.682  TD 3  Tr100Tr -0.2m Tc ial,Tc -0.198  Tw 51.80.1 ) Tj
0  Tr 54.17168 0  TD 31089462  TB6  non,Tc -0.198  T 2l3712 
0  Tr -478.626  TD 3  Tr -0.382  Tc et0.6849  Tw (completely ) Tj
0  Tr 7.32D 3  Tr -0se Tc -9dal.1245  Tw (thsuf7e ) Tj
0  Tr 54.856243D 3  Tr -147 Tc -9d(  T5,Tc -0.198  T47.9712 
0  Tr -478.626 0855 0  TD 18 0  TD 3  T6)0.0873  Tw (ap ) Tj
0  T

 (silt ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.2498  Tc -0.1408  Tw (compared ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4387  Tc -0.6106  Tw (with ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3654  Tc -0.0087  Tw (sand. ) Tj
0  Tr -335.9987 -18.6  TD 3  Tr -0.2534  Tc -0.1367  Tw (52. ) Tj
0  Tr 33.5999 0.6  TD 3  Tr -0.6045  Tc 0.2646  Tw (The ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.2613  Tc -0.1277  Tw (studies ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4683  Tc 0.1089  Tw (Brannon, ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (et ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3556  Tc -0.0199  Tw (al. ) Tj
0  Tr 28.7999 0  TD 3  Tr -0.2436  Tc -0.1479  Tw ((1985, ) Tj
0  Tr 46.6284 0  TD 3  Tr -0.2071  Tc -0.1897  Tw (1986) ) Tj
0  Tr 40.457 0  TD 3  Tr -0.2555  Tc -0.1344  Tw (also ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3226  Tc -0.0577  Tw (demonstrated ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr -485.4839 -18.6  TD 3  Tr -0.2899  Tc -0.0951  Tw (importance ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3033  Tc -0.0797  Tw (engineering ) Tj
0  Tr 82.2854 0  TD 3  Tr -0.2538  Tc -0.1363  Tw (considerations ) Tj
0  Tr 102.8568 0  TD 3  Tr -0.3203  Tc -0.746  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2175  Tc -0.1777  Tw (capping ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.2645  Tc -0.124  Tw (operations. ) Tj
0  Tr 88.4568 0  TD 3  Tr -0.1872  Tc -0.2123  Tw (Capping ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.4387  Tc -0.6106  Tw (with ) Tj
0  Tr -499.1981 -18  TD 3  Tr -0.3502  Tc -0.0261  Tw (sand ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.226  Tc -0.1681  Tw (sealed ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.226  Tc -0.168  Tw (Black ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.1494  Tc -0.2556  Tw (Rock ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.2955  Tc -0.0886  Tw (sediment ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.4387  Tc -0.6106  Tw (with ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.167  Tc -0.2355  Tw (a ) Tj
0  Tr 13.7142 0  TD 3  Tr -0.3063  Tc -0.0762  Tw (54-percent ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.1707  Tc -0.2313  Tw (solids ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.4437  Tc 0.0808  Tw (content ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.3857  Tc 0.0145  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr -480.6839 -18.6  TD 3  Tr -0.4203  Tc 0.054  Tw (overlying ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.3737  Tc 0  Tw (water. ) Tj
0  Tr 55.5426 0.6  TD 3  Tr -0.2955  Tc -0.0886  Tw (Lowering ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.1707  Tc -0.2313  Tw (solids ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4437  Tc 0.0808  Tw (content ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.226  Tc -0.168  Tw (Black ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.1494  Tc -0.2556  Tw (Rock ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3355  Tc -0.0429  Tw (sedFment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr -499.8838 -18.6  TD 3  Tr -0.167  Tc -0.2355  Tw (30 ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.3485  Tc -0.028  Tw (percent, ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4669  Tc 0.1073  Tw
 (however, ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.329  Tc -0.0503  Tw (allowed ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.1956  Tc -0.2028  Tw (dredged ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (material ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4233  Tc -0.6283  Tw (mix ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4169  Tc -0.6356  Tw (freely ) Tj
0  Tr 46.6284 0  TD 3  Tr -0.4387  Tc -0.6106  Tw (with ) Tj
0  Tr 35.657 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3502  Tc -0.0261  Tw (sand ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3955  Tc 0.0257  Tw (and ) Tj
0  Tr -507.4266 -18  TD 3  Tr -0.4354  Tc 0.0712  Tw (prevent ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.3271  Tc -0.7382  Tw (formation ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.5098  Tc -0.5294  Tw (an ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.298  Tc -0.0857  Tw (effective ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.2436  Tc -0.1479  Tw (cap. ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.439  Tc 0.0753  Tw (These ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4354  Tc 0.0712  Tw (authors ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.2422  Tc -0.1495  Tw (stressed ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2899  Tc -0.0951  Tw (importance ) Tj
0  Tr -458.7411 -18  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3728  Tc -0.686  Tw (closely ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.3627  Tc -0.0119  Tw (examining ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3033  Tc -0.0797  Tw (engineering ) Tj
0  Tr 82.2854 0  TD 3  Tr -0.1999  Tc -0.1979  Tw (properties ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.167  Tc -0.2355  Tw (a ) Tj
0  Tr 13.7142 0  TD 3  Tr -0.1956  Tc -0.2028  Tw (dredged ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (material ) Tj
0  Tr 63.0855 0  TD 3  Tr -0.3955  Tc 0.0257  Tw (and ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (pro- ) Tj
0  Tr -507.4266 -18  TD 3  Tr -0.1764  Tc -0.2247  Tw (posed ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.1827  Tc -0.2175  Tw (cap ) Tj
0  Tr 26.057 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (material ) Tj
0  Tr 63.0855 0  TD 3  Tr -0.1714  Tc -0.2304  Tw (prior ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2175  Tc -0.1777  Tw (capping ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.2983  Tc -0.0855  Tw (determine ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3203  Tc -0.0603  Tw (their ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.2486  Tc -0.1422  Tw (compatibility. ) Tj
0  Tr 109.0282 0  TD 3  Tr -0.439  Tc 0.0753  Tw (These ) Tj
0  Tr -486.8553 -18  TD 3  Tr -0.2998  Tc -0.0837  Tw (observations ) Tj
0  Tr 89.8282 0  TD 3  Tr -0.2339  Tc -0.1591  Tw (are ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2991  Tc -0.0845  Tw (particular ) Tj
0  Tr 76.114 0  TD 3  Tr -0.3862  Tc 0.0151  Tw (relevance ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.482  Tc 0.1245  Tw
 (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.512  Tc -0.5268  Tw (study ) Tj
0  Tr 40.457 0  TD 3  Tr -0.2995  Tc -0.084  Tw (presented ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.3885  Tc 0.0177  Tw (here ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.2784  Tc -0.1081  Tw (because ) Tj
0  Tr -471.7696 -18  TD 3  Tr -0.4624  Tc 0.1021  Tw (our ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.322  Tc -0.0583  Tw (attempts ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.3223  Tc -0.058  Tw (achieve ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.167  Tc -0.2355  Tw (a ) Tj
0  Tr 13.0285 0  TD 3  Tr -0.2995  Tc -0.084  Tw (30-cm ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.1827  Tc -0.2175  Tw (cap ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3203  Tc -0.746  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2684  Tc -0.1195  Tw (large ) Tj
0  Tr 40.457 0  TD 3  Tr -0.5237  Tc -0.5135  Tw (column ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.2613  Tc -0.1277  Tw (studies ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.3474  Tc -0.0293  Tw (were ) Tj
0  Tr 35.657 0  TD 3  Tr -0.1737  Tc -0.2278  Tw (opposed ) Tj
0  Tr -473.8268 -18  TD 3  Tr -0.5335  Tc -0.5024  Tw (by ) Tj
0  Tr 21.9428 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4683  Tc -0.5768  Tw (tendency ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.1788  Tc -0.222  Tw (Lake ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3014  Tc -0.7676  Tw (Michigan ) Tj
0  Tr 63.0855 0  TD 3  Tr -0.1827  Tc -0.2175  Tw (cap ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (material ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.2673  Tc -0.1209  Tw (sink ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3085  Tc -0.0738  Tw (into ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4588  Tc 0.098  Tw (underlying ) Tj
0  Tr -458.7411 -18  TD 3  Tr -0.4437  Tc 0.0808  Tw (Indiana ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.3207  Tc -0.0598  Tw (Harbor ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.31  Tc -0.072  Tw (sediment. ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.1552  Tc -0.2489  Tw (Based ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.5098  Tc -0.5294  Tw (on ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.2318  Tc -0.1614  Tw (data ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.2377  Tc -0.1547  Tw (obtained ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3203  Tc -0.746  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.0603  Tw (this ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4978  Tc 0.1425  Tw (this to ) Tj
0  Tr 203abl30  TD 3  Tr -0.3203 Tc 0.1245  Tw (the ) Tj
0  Tr 28.1-4666 039  TD 3  Tr -0.443733Tc -0.0293 40w (obtaperc ) j
0  Tr 55.5426 0  TD 3  Tr -0.167  70c -0.2355  1w (thissolidsTj
0  Tr 203abl30  TD 3  Tr -0.3203  Tc -0.0873  Tw (of ) Tj
0  Tr 20.571.2 0 TD 3  Tr -0.31  Tcc -0.0738 66w (of )clamshell-dredg Tj
0  Tr 61.71235 0  TD 3  Tr -0.3203  Tc 0.0808  Tw (Indiana ) Tj
0  Tr 54.1755 0  TD 3  Tr -0.3474  Tc -0.0598  Tw (Harbor ) Tj
0  Tr 49.3712 0  TD 3  Tr -0.31  295c -0.084  T86 (sediment. ) j
0  Tr 61.7141 0  TD 3  Tr -0.3203001c -0.
 -0.4251  Tw (is ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.3764  Tc -0.6819  Tw (between ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.167  Tc -0.2355  Tw (30 ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.3955  Tc 0.0257  Tw (and ) Tj
0  Tr -506.7409 -18  TD 3  Tr -0.167  Tc -0.2355  Tw (50 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3485  Tc -0.028  Tw (percent. ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.7692  Tc 0.4527  Tw (It ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.5496  Tc -0.4839  Tw (may ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.167  Tc -0.2355  Tw (be ) Tj
0  Tr 21.9428 0  TD 3  Tr -0.4681  Tc 0.1086  Tw (that ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.482  Tc 0.1245  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4428  Tc 0.0798  Tw (low ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.1707  Tc -0.2313  Tw (solids ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4362  Tc 0.0722  Tw (level ) Tj
0  Tr 40.457 0  TD 3  Tr -0.2966  Tc -0.0873  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4437  Tc 0.0808  Tw (Indiana ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.3207  Tc -0.0598  Tw (Harbor ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.2r -0.1679c41086 sedim(pe (and ) Tj
0 458 -511.7409 -18  TD 3  T3540.3764  T02-0.2313 resultew (and ) Tj
061. 201.2571 0  TD 3  Tr -3.3764  T74c41086 inw (50 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.167  Tc -0.2355 ndiana ) Tj
013Tc -8.6855 0  TD 3  Tr1590.167  T179c41086 processtween ) Tj
0  Tr 55.5426 0  TD 3  Tr9720.167  Tc00.4251 similaHarbor ) Tj
054. 349.1999 0  TD 3  Tr -0.2966  Tc -0.0873 tow (50 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4681  Tc 0.1086  Tw (that ) Tj
0  Tr 34.2856 0  TD 3  T28-0.5496  T0954.0873  bservew (and ) Tj
061.c -3.8856 0  TD 3  Tr330.2r -0.15024.0873 byw (50 ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4437  1030.1086 Brannon,, (and ) Tj
061. 201.2571 0  TD 3  Tr -0.2966  Tc -0.0873 etw (50 ) Tj
0  Tr 20.5714 0  TD 3  Tr550.2966  Tcr 1.2355 nlrcent. 1985, (and ) Tj
0 452.3497.7409 -18  TD 3(1986).diana ) Tj
0  Tr 53.4855 0  TD 3  T6040.3955  264c41086 TTw (the ) Tj
0 8.1148.5712 0  TD 3  T2910.5496  T090.0873 effectsarbor 

that 50 that 50 and 50 

and l e v e l  and level 

pndiana the 



53. The observed compaction process indicates that a field demonstration 

project will have to be carefully monitored to ensure that the recommended cap 

thickness is attained. It is also important to point out that there may have 

to be a trade-off between the effectiveness of the cap and its persistence in 

the aquatic environment. Morton and Miller (1980) reported that a sand cap 

was found to be physically more stable than a silt cap--trends apparently 

opposite to those observed by Brannon, et al. (1985, 1986) for cap 

effectiveness. 

Summary and Conclusions 

54. Analysis of dissolved oxygen, ammonium-nitrogen, and orthophosphate- 

phosphorus in the small column studies revealed that increasing cap thicknesses 

caused a decreasing transfer of ammonium-nitrogen and orthophosphate-phosphorus 

into the overlying water. A 30-cm cap had no significant effect in decreasing 

the dissolved oxygen depletion rate of Indiana Harbor sediment; however, the 

efficiency of a 30-cm cap of Lake Michigan sediment in preventing releases of 

ammonium-nitrogen and orthophosphate-phosphorus from Indliana Harbor sediment 

was lOO-percent for ammonium-nitrogen and 78 percent for orthophosphate- 

phosphorus. Sieving Lake Michigan sediment to remove coarse pieces of gravel 

did not significantly alter these results. A 30-cm cap of Lake Michigan sedi- 

ment overlying 





4. The technical approach used in this study was based on recommenda- 

tions of a technical working group assembled to review methods for predicting 

leachate quality (Environmental Laboratory 1984).* It is an intergrated pro- 

cedure that involves coupling results from batch and continuous flow column 

tests with a mass transport equation. Comparison of predicted and observed 

column effluent quality is the basis for evaluating the processes that govern 

contaminant leaching from Indiana Harbor sediment. 

Materials and Methods 

5. Upon arrival at the US Army Engineer Waterways Experiment Sta- 

tion (WES), sediment used in leaching tests was refrigerated at 4 "C in sealed 

containers until used. Sediment used for aerobic testing was placed in 38-L 

glass aquaria to a depth of approximately 8 cm. The aquaria were then placed 

in a covered enclosure (open to the air) at ambient temperatures. At least 

once each week the sediment was thoroughly stirred to expose fresh sediment to 

the air. When necessary, distilled-deionized water was added to the sediment 

to prevent it from completely drying out. At the end of 6 months the sediment 

was removed from the aquaria, placed in a 115-Y: mortar mixer, and thoroughly 

mixed for 2 hr. The sediment was then refrigerated at 4 'C until used for 

aerobic leachate testing. 

6. Two types of leachate tests were conducted, batch and column tests. 

Batch tests were conducted to investigate the intrinsic contaminant release 

properties of the sediment under anaerobic and aerobic conditions. Column 

tests were conducted to verify the assumptions involved in batch testing and 

evaluate the feasibility of extrapolating batch results to continuous flow 

systems. The test procedures and a protocol for integrating the results from 

the batch and column tests are described below. 

Batch testing 

7. Kinetic tests. In this report kinetic testing refers to a series of 

shake tests conducted to determine the shake time necessary to achieve steady- 

state soluble contaminant concentrations in the batch tests. The general 

experimental sequence used to conduct kinetic testing is presented in Table Gl; 

more details on the proceudres can be found in the following discussion. 

* See References at the end of the main text (Vol I). 
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Table Gl 

Experimental Sequence for Determining Apprqzriate 

Shaking Times in Indiana Harbor Kinetic Tssting 

STEP 1 

STEP 2 

STEP 3 

STEP 4 

STEP 5 

STEP 6 

Place sediment in appropriate centrifuge tube (stainless steel 
or polycarbonate), and sufficient deoxygenated-distilled water to 
maintain water-to-sediment ratio of 4:l. 

Place centrifuge tubes horizontally on shaker and shake at 72, 

and 
96 hr for metals. 

Centrifuge for 30 min at 6,500 x g for organics and 9,000 x g 
for metals. Prior to filtering, pass centrifuged leachate through 
acid-washed glass wool filters for metals and through a Whatman GF/D glass 

fiber prefilter and a Gelman AE glass fiber filter of 1 urn nominal 
pore size. 

Acidify leachate for organic analysis with HCL and leachate for 
metals with Ultra nitric acid. Store leachate for organic 
analysis in acetone-rinsed glass bottles and leachate for metals 
analysis in plastic bottles. 

Note: The test sequence was carried out twice for metals,. The tubes were 
shaken vertically the first time and horizontally the second time. Centrifuge 
tubes were removed at intervals of 24, 48, and 

72 hr during the horizontal 
shaking procedure. 

G3 



8. For kinetic testing of metals, triplicate 250-101 polycarbonate cen- 

trifuge tubes each fitted with leakproof, airtight tops!, were loaded with suf- 

ficient sediment and deoxygenated, distilled-deionized water to obtain a 4:l 

water-to-sediment dry weight ratio. All operations were conducted in a glove 

box under a nitrogen atmosphere. Sufficient centrifuge tubes were loaded to 

allow sampling, in triplicate, at 6 hr, 24 hr, 48 hr, 72 hr, and 96 hr. Sam- 

48 at 9,000 x g for 20 min. The supernate was passed under 

nitrogen through acid-washed (1:l HCl) glass wool to remove oil. The super- 

nate was then filtered under a nitrogen atmosphere through 0.45-vrn 

pore size 

membrane filters. The filtrate was acidified to pH 1 wjlth concentrated Ultra 

nitric acid and stored in plastic bottles until analyzed. The test procedure 

was repeated as previously described, except that shaking was conducted with 

the leaching vessel on its side; sampling times were 24 hr, 48 hr, and 72 hr. 

9. Kinetic testing for organic contaminants was conducted in specially 

fabricated 450-ml stainless steel centrifuge tubes. Twenty-four acetone- 

rinsed centrifuge tubes were loaded 







continued for 5 days. Fresh deoxygenated, distilled-deionized water was added 

to each 500-1111 centrifuge tube to replace the leachate removed for analysis 

and challenge of fresh sediment. All operations were conducted in a nitrogen 

atmosphere. This procedure was repeated for aerobic sediments, except that 

aerobic sediment leachate was used to challenge anaerobic sediment. 

15. Because of the number of stainless steel centrifuge tubes needed to 

obtain enough leachate for analysis of one sample (4) and the limited number 

of stainless steel centrifuge 



Table G3 

Test Sequence for Sequential Batch Leaching and Challenge Testing 

of Anaerobic Indiana Harbor Sediment for 14etals and 

Organic Contaminant Analysis 

STEP 1 Load sediment into appropriate centrifuge tubes: 500 ml poly- 
carbonate for metals and 450 ml stainless steel for organic 
contaminants. Add sufficient water to each tube to bring final 
water-to-sediment ratio to 4:l. Sufficient stainless steel tubes 
must be loaded to ob:7867106j
0  Tr 34.9713 0  TDenougm93d4r -0.3462  Tc 0.8218  Tw (tubes ) Tj
0  Tr9428 0  TD 3  Tr 3883277  Tc 842997  Tww (e (wess ) Tj
0  T1c 0.3141 0  TD 3  Tr -153105  Tc100381  Tfoater ) Tj
0  26410.9428 0  TD 3  Tr 2  3893  Tc8070381  Ta(fiysisess ) Tj
0  T1c05.4283 0  TD 3  Tr 3d4r -0.3462  Tc 0.82anaded 

for 
use in leaching fresh sediment. 

STEP 2 Go through steps 2 and 3 in Table G2. 

STEP 3 For half of the leachate, carry through steps 4 and 5 in 
Table G2, setting aside a small amount of leachate prior to acid- 
ification for analysis of pH and conductivity. Introduce the 
remaining centrifuged leachate into 250~ml polycarbonate cen- 
trifuge tubes for metals and 450-1~1 stainless centrifuge tubes 
for organic contaminants. Carry these centrifuge tubes through 
steps 2 through 5 in Table G2. 

STEP 4 Return to step 2 after replacing leachate removed in the initial 
set of centrifuge tubes with deoxygenated-distilled water. 
Repeat the entire procedure five times. 

Note: Testing sequence is the same for aerobic sediments except that aerobic 
sediment leachate is used to challenge anaerobic sediment and anaerobic 
integrity is not maintained. 



pore size membrane filters following passage through for metals analysis from aerobic Indiana Har- 

bor sediment were similar to those described for anaerobic sediment except 

that all steps in the operation were conducted without a nitrogen atmosphere. 

18. Interstitial water for analysis of organic contaminants was obtained 

by centrifugation of anaerobic Indiana Harbor sediment in 450~ml stainless 

steel centrifuge tubes. For separation of interstitial water from anaerobic 

Indiana Harbor sediment, six tubes were loaded with sediment, then centrifuged 

for 30 min at 6,500 x g. The supernate was 

then passed through acetone-rinsed 

glass wool, and recentrifuged in clean centrifuge tubes to remove residual 

emulsified oil. Complete removal of the oil from the anaerobic interstitial 

water required nine centrifugations. When finally clear of oil, the intersti- 

tial water was filtered through a Whatman GF/D glass fiber prefilter and a 

Gelman AE glass fiber filter with a nominal pore size of 1.0 pm. All steps in 

the operation were conducted in a nitrogen atmosphere. Following filtration, 

the interstitial water was acidified with 1 ml of concentrated hydrochloric 

acid then stored in the dark in acetone-rinsed 2-k glass 'bottles until ana- 

lyzed. Aerobic interstitial water was obtained in a similar manner except 

that aerobic conditions were maintained during the procedure. 

Column testing 

19. Loading and operation. Column leaching tests were conducted in 

divided-flow permeameters designed to minimize wall effects and provide for 

pressurized operation (Figure Gl). The bottom ring divides flow, separating 

the leachate flowing through the center of the column from that flowing down 

the walls, thereby minimizing wall effects on effluent quality. The applied 

pressure (25 psi) forced water through the sediment at rates sufficient to 

allow sample collection in a reasonable period. 

20. Permeameter tests were run to simulate leaching of anaerobic and 

aerobic sediment, prepared as previously described. Because of the large 

leachate volume needed to conduct organic analyses (1 a), separate permeameter 

tests were run for metals and organic analysis. Each test was run in tripli- 

cate. A total of 12 permeameters were operated, three each for anaerobic 

metals, anaerobic organics, aerobic metals, and aerobic organics. 

G9 
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Figure Gl. Divided-flow permeameter used for continuous- 
flow column test 
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21. Indiana Harbor sediment was loaded into the permeameters in several 

lifts each having an average thickness of 5 cm, the number of lifts added 

depended on the target column height. As each lift of water-saturated sedi- 

ment was added, the permeameter was vigorously agitated on a vibrating table 

to remove trapped air. The weight and height of each lift was measured and 

recorded following vibration. Sediment height averaged 18 cm in permeameters 

used to obtain leachate for metal analyses and 36 cm in permeameters used to 

obtain leachate for organic contaminant analyses. lift and 
placed in the permeameters used for organic testing because the volume of 

sample required for organic analysis is greater than that required for metals 

analysis. The sediment porosity in the permeameters was determined by measur- 

ing the weight and volume of sediment added to the permeameter, then measuring 

the weight and volume of a separate sediment sample before and after oven dry- 

ing at 105 'C; weight loss upon drying was then equated to the volume of water 

in the permeable voids. The pore volume in each permeameter was then calcu- 

lated for the inner sediment column extending from the bottom of the permeam- 

eter to the top of the sediment column. 

22. 



initial moisture content to final moisture content was used to calculate the 

final porosity of the sediment. 

25. Sampling. Permeameter effluent sampling for metals was conducted as 

frequently as possible as the first pore volume moved through the column, then 

at less frequent intervals. Effluent from permeameters szet up for metals test- 

ing was also analyzed for dissolved organic carbon, conductivity, and pH. 

Effluent from permeameters set up for organic analysis was sampled at approxi- 

mately 0.5 pore volume intervals. These samples were analyzed for specific 

organic contaminants and dissolved organic carbon. 

26. Leachate samples for metals and organic contaminants from anaerobic 

sediment were filtered in a nitrogen atmosphere using procedures previously 

described for batch testing, except that centrifugation and filtration through 

glass wool were omitted. Since the leachate from the permeameters did not 

contain emulsified oil, procedures for oil removal were not needed. A portion 

of unfiltered leachate for metals determination was analyzed immediately for 

pH using a combination electrode and a millivolt meter, and for conductivity 

using a Yellow Springs Instrument Company conductivity meter and cell. 

27. Dispersion coefficient determination. The dispersion coefficient, 

DP' 
was determined by operating a separate permeameter using anaerobic sedi- 

ment and distilled-deionized water containing bromide as a tracer (constant 

concentration = 1,000 mg/&). Effluent samples were collected periodically, 

filtered (0.45-urn filter), and analyzed for bromide using a specific ion meter 

with a bromide probe. From these data the dispersion coefficient was computed 

using the F-curve method described by Levenspiel (1972). This method assumes 

that dispersion is small, i.e., Dp/VL < 0.01 . The term Dp/VL is a dimen- 

sionless ratio, termed the dispersion number, that characterizes the amount of 

dispersion in flow-through systems. The value V is the average pore water 

velocity in the column, and L is the column length. 

Chemical analysis 

28. Leachate and sediment samples were analyzed for concentrations of 

selected congeners (PCBs) of Aroclor 1248, PAHs, and heavy metals (arsenic, 

cadmium, chromium, lead, zinc, and mercury). Specific organic contaminants 

are identified in Table G4. Concentrations of Aroclor 1248 congeners and PAH 

compounds in sediment samples were determined following Soxhlet extraction, 

Florosil cleanup, and quantification in either a Hewlett Packard 5985A gas 

chromatograph/mass spectrophotometer equipped with a flarme ionization detector 
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Table G4 

Organic Compound Identification Key 

No. - Compound No. Compound 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Napthalene 

Acenaphthalene 

Acenapthene 

FlUOre"e 

Phenanthrene 

Anthracene 

Fluoranthene 

Pyrene 

Chrysene 

Benzo (a) anrhracene 

Benzo (b) fluoranthene 

Benzo (a) pyrene 

Indeno (1 2 3-c d) pyrene 

Benzo ( 2 h -0.5191  Tc 49 09ompound (1 

-102T* 3(Fluoranthene ) Tj
0 1230.C6o20TD 3  T2,4-dichlorobip7  yl-0.3434  Tc 0.8 Tw 4Tr (12((b) ) Tj
0  T6.1714 -24  TD 3  TrTj
0  Tr 0 -2439w (Tw ((a) ) Tj
0  Tr9.6857 -2186D 3  T2,4'-dichlorobip7  yl-0.3434  Tc -719  Twhracene ) Tj
0  Tr 0T6.1714 -24  TD 3  Tr
0  Tr 0 -24.6719  Tw ne ) Tj
0  Tr -68.9 26.057 163D 3  T2,4,4'-trichlorobip7  yl-0.3434  Tc -39w (Tw hracene ) Tj
0  Tr 0T6.1714 -24  TD 3  Tr8j
0  Tr 0 -2439w (Tw (ne ) Tj
0  Tr -68..2852 -24 8TD 3  T2,3',4',5-tet.38hlorobip7  yl-0.3434  Tc -39w (Tw hrane ) Tj
0  Tr 0T6.1714 -24  TD 3  Tr9j
0  Tr 0 -2439w (Tw (ne ) Tj
0  Tr -68..2852 -24 8TD 3  T2,2',4,5'-tet.38hlorobip7  yl-0.3434  Tc -719  Twhr512((b) ) Tj
0  T6.1714 -24  TD 3  T200  Tr 0 -24.6719  Tw112((b) ) Tj
0 8..2852 -24 8TD 3  T2,2',5.5'-tet.38hlorobip7  yl-0.3434  Tc -7153  Twhr512((b) ) Tj
0  T6.1714 -24  TD 3  T2j
0  Tr 0 -24 7153  Tw(ne ) Tj
0  Tr -687842.5141 17 TD 3  T2,2',4,6-tet.38hlorobip7  yl-0.3434  Tc -719  Twhr512((b) ) Tj
0  T6.1714 -24  TD 3  T22
0  Tr 0 -24 7153  Tw112((b) ) Tj
0 887 Tr 0 -2183D 3  T2,2',3',4,5-pent38hlorobip7  yl-0.3434  Tc -7153  Twhr512((b) ) Tj
0  T6.1714 -24  TD 3  T230  Tr 0 -24.6719  Tw ne ) Tj
0  Tr -6887 Tr 0 -2183D 3  T2,2',4,5,5'-pent38hlorobip7  yl-0.3434  Tc -719  Twhra((b) ) Tj
0  T6.1714 -24  TD 3  T24
0  Tr 0 -24 7153  Tw(((b) ) Tj
0 887 Tr 0 -2183D 3  T2,2',3,4,5'-pent38hlorobip7  yl-0.3434  Tc -719  Twhracene ) Tj
0  Tr 0T6.1714 -24  TD 3  T250  Tr 0 -24.6719  Tw112((b) ) Tj
0 8821230.C6o17 TD 3  T2,2',3,4,4',5'-hex38hlorobip7  yl-0.3434  Tc -7153  Twhr512((b) ) Tj
0  T6.1714 -24  TD 3  T26
0  Tr 0 -24 7153  Tw(ne ) Tj
0  Tr -68821230.C6o17 TD 3  T2,2',4,4',5,5'-hex38hlorobip7  yl-0.3434  Tc -719  Twhracene ) Tj
0  Tr 0T6.1714 -24  TD 3  T27
0  Tr 0 -24 7153  Tw(ne ) Tj
0  Tr -68821230.C6o17 TD 3  T2,2',3,3',6,6'-hex38hlorobip7  yl-0.3434  Tc -7153  Twhracene 

ne 

((b) ) Tj
0 83325.3713 021TD 3  Taro8hlor0  Tr 0 -24 629 09  Tw (( ) Tj
0  Tr 1230.C6o74  Tc 0ea12 TD0  Tr 0 -2433 -69ompound 



(PAHs) or a Hewlett Packard 5880A gas chromatograph equipped with an electron 

capture detector (PC&). Concentrations of PAH and Aroclor 1248 congeners in 

leachate samples following methylene chloride extraction were determined on 

the same equipment as for sediment samples. Sediment samples were analyzed 

for arsenic, cadmium, chromium, lead, and mercury following appropriate sample 

digestion procedures (Ballinger 1979). Arsenic in leachate and sediment sam- 

ples was determined by hydride generation (Ballinger 1979) using a Perkin- 

Elmer 305 atomic adsorption spectrometer coupled with a Perkin-Elmer Model 

MHC-10 hydride generator. Leachate samples and digested sediment samples were 

analyzed for cadmium, chromium, and lead using a Perkin-Elmer Model 5000 

atomic adsorption spectrometer coupled with analyzer and standard proce- 

dures (Ballinger 1979). 

Theoretical Basis for Leachate Quality Prsediction 

Design basis for batch and column leaching tests 

29. The purpose of this section is to describe the Iequations used to pre- 

dict leachate quality and show how they relate to the 
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or less (Valocchi 1985). Add the assumption that desorption is a linear pro- 

cess, and the 



where q r is the nonreversible component that is resistant to leaching. Equa- 

tion G5 is a general relationship for a batch system at steady state. In a 

continuous flaw system, q and C at any point do not remain constant over 

time but change as 

into 

Equation Gl yields Equation G:. 

33. Equation G5 is the basis of design for the sequential batch leaching 

tests, described earlier. By sequentially leaching a portion of sediment with 

successive aliquots of clean water, a table of C and corresponding q val- 

ues can be generated and plotted. Such a plot is called a desorption iso- 

therm, and G3, the difference between the initial sediment 

contaminant concentration q 
0 

and the component resistant to leaching qr is 

the total leachable contaminant concentration 3, *854  Tw (3, ) -17T0  TD 3  Tr o-Tw (concentration ) Tj
0  Tr 102.171 -5.4 102.171 -5tr  TD 3  Tr -0.95  Tc 0.1.r -4mjisistant 8Tr 27.42i4 0  TD 3  Tr19.8-0.4  Tc 0.5717  Tw (is ) Tj
0  Tr -520.4551 -18.6  TD -0.3988  Tc 0.1962  Tw 5 t o  the 1 8 e  the 

t o  
on the basis of bulk sediment concentration can be 

seriously misleading. 

35. The isotherm intercept qr has a direct bearing on how Kd should 

be determined. For qr equal to zero, one other point on the isotherm is all 

that is required to compute K 
d' 

Distribution coefficients are frequently 

determined using the batch equilibrium method, i.e., without sequential leach- 

ing. Such procedures produce single-point distribution coefficients that 

implicity assume that the isotherm goes through the origin. When qr is 

greater than zero, at least two points on the isotherm are required to compute 

its slope, since q, is not known prior to conducting the leach test. Thus, 

a slope-derived Kd does not require assumptions regarding q, . Sequential 

batch leaching tests provide multipoint isotherms from batch slope-derived Kd 
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Figure G4. Schematic of integrated approach for examining the source term 



required. These include porosity and bulk density (obtainable from standard 

soils tests) and average pore water velocity (obtainable from column operating 

records). In addition, dispersion in the permeameters must be measured. Dis- 

tribution coefficients and the initial pore water contaminant concentrations 

are evaluated independently of the column. Distribution coefficients are 

determined in sequential batch leach tests, and the initial pore water contam- 

inant concentration is determined by analysis of the interstitial water or deter67.885deter4 .685deter68(of 2 Tj
0  Tr 27.4285 07  TD 3  012  T964column Tc 0.133  T4785  ) Tj
0  Tr 61.7146191 TD 3  TTr -0.344andc 0.2348  Tw 6ned 8 Tj
0  Tr 74.74234620.3D 3 136-0.3333batch Tc 0.133  Tw 5785697 
0  Tr -491.6552 -98aus29to54962  T964leaching0.1337  Tw (lys0283 Tj
0  Tr 20.57145420.3D 3 2 0  TD964 ata Tc 0.133  T34.e )



curves agree, it may be concluded that transfer of contaminant from the 

dredged material solids is adequately described as equilibrium-controlled, 

linear desorption. If not, other source term formulations can be tried. Once 

a reasonable description of contaminant transfer has been found, a planning 

level assessment of potential leachate problems can be made by solving the 

advection-dispersion equation for the initial and boundary conditions that 

apply in the field. HOWeVer, caution must be exercised in generalizing con- and foruation for t e x  m
0  Tr
0  T04-477.94setTD 3  Tr -0.3793  Tc -0.0381  Tw (m t ) Tj

 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3364  Tc 0.8107  Tw (conditions ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.3165  Tc 0.7879  Tw (others ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.2414  Tc 0.0164  Tw (since ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2589  Tc 0.0364  Tw (source ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (term ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.1714  Tc -0.0636  Tw (is, ) Tj
0  Tr -512.2266 -18  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.345  Tc 0.1347  Tw (part, ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4902  Tc 0.3007  Tw (dependent ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (on ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4016  Tc 0.8851  Tw (hydrodynamic ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.3445  Tc 0.8199  Tw (properties ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.339  Tc 0.1279  Tw (continuous-flow ) Tj
0  Tr 109.0282 0  TD 3  Tr -0.1491  Tc -0.0891  Tw (sys- ) Tj
0  Tr -497.8267 -18  TD 3  Tr -0.2869  Tc 0.0683  Tw (tem ) Tj
0  Tr 28.7999 0  TD 3  Tr -0.363  Tc 0.1553  Tw ((Valocchi ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.4173  Tc 0.2173  Tw (1985). ) Tj
0  Tr -96.6853 -18  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3866  Tc 0.18282 0  T9D5  Tc 0ie0  Tr 27.4285 0  T57.4285 0  TD 3  Tj
66  Tc 0.18282 0  T9D5 182827.4285 0  Te0  Tr 27.4285 0  T57.4285 0  TD 3i .285 0  T/42i9opD 3  Tr - 0  TD 3  Tr -0.4016  Tc 0.88ibuondiamic coefficients. Because of the central role 

played by Kd , its practical significance in a field situation deserves dis- 

cussion. The distribution coefficient affects pore water contaminant concen- 

tration in two ways. First, the initial contaminant concentration in the pore 

water depends on Kd , and second, Kd controls the shape of predicted 

curves. The initial pore water contaminant concentration before dredging or 

leaching is often referred to as the interstitial water contaminant concentra- 

tion. The relationship between the sediment solids and the interstitial water 

contaminant concentration is given by 

3 = qLIKd (G8) 

where qL is the leachable solid phase contaminant concentration (mg/kg). 

This equation assumes that the contaminant is distributed or partitioned 

between sediment solids and aqueous phases such that the chemical potentials 

in the two phases are equal, i.e., the sediment-pore water system is at equi- 

librium. Equation G8 shows that the higher Kd , the lower the initial water 

phase 



44. The 



Kd, << Kd2 ; C,, =qL/Kd, ; C12 = qL/Kd2 

Figure G5. 



Table G5 

Metal Concentration in Indiana Harbor Sediment 

and Interstitial water (standard error) - 

Metal Sediment, ug/g 

Arsenic 29.5 

Cadmium 20.0 

Copper 282.0 

L.ead 879.0 

Zinc 4,125.0 

Chromium 650.0 

Mercury 0.5 

p-l&rstitial Water, jlgla. 

0.0137 (0.0057) 

0.0047 (0.0008) 

0.089 (0.028) 

0.327 (0.124) 

0.06 (0.022) 
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47. The oil presented special problems for the batch leaching tests. T h e  batch tests. t h e  t h e  presented t h e  T h e  t h e  



Table G6 

Oil and Sediment Organic Contaminant - 

Concentration 

Anaerobic Sediment 

Compound* 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Contaminant 
Concentration in 

Oil from Anaerobic 
Sediment, mg/k 

1,165 
33 

155 
115 
278 

77 
197 
177 

73 
90 

101 
125 

47 
30 
co.002 

4.3 
17.5 
27.0 

7.8 
35.0 
17.5 

4.55 
1.55 
4.9 
2.6 
1.3 

co.002 
11.5 

1.85 

Anaerobic Sediment Aerobic Sediment 
Contaminant Contaminant 

Concentrati,on, vglg Concentration, pg/g 

2,000 
22 
96 
69 

200 
62 

150 
140 

92 
86 

140 
87 
50 
35 
co.002 
10.8 
19.5 
31.9 

3.5 
19.5 
19.3 

5.2 
1.7 
5.7 
3.7 
2.2 

co.002 
12.4 

1.98 

81.9 
<7 
10.8 
11.6 
35.5 
12.8 
63.45 
85.2 
42.8 
30.9 
64.7 
48.55 
15.75 
11.8 
co.002 

0.13 
2.14 
5.24 
1.14 
6.99 
2.14 
0.94 

<0.00001 
0.87 
0.59 
0.36 

<0.002 
2.30 
0.31 

* See Table G4. 
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environmental media, where as often as not Henry's Law constant determines 

volatility (Mackay et al. 1983). 

50. The losses show" in Table G6 are not indicative of the volatilization 

that would occur in a CDF. The Indiana Harbor sediment used for aerobic 

leachate analysis was kept moist, and turned weekly for 6 months. This may 

represent a gross exaggeration of conditions at the surface layer in a" upland 

CDF. The losses were dramatic and do indicate that volatilization may be a 

significant route of contaminant loss under certain circumstances. The poten- 

tial for volatilization is greatest when the dredged mate!rial is moist, not 

saturated with water. Repeated wetting and drying of exposed sediments would 

promote volatilizatio". Volatilization would be far less: in the inundated 

condition with several feet of water above the dredged material. Dried mate- 

rial has the least potential for volatilization because in this condition 

volatilization is dependent on vapor pressure, not Henry's Law constant. 

Indiana Harbor sediments which were air dried without rewetting for plant 

uptake experiments (Appendix D) showed less volatile loss of PAHs than 

occurred conn  TD 3com

volatile 

loss 



Table G7 

Metal Concentration* in Anaerobic Indiana Harbor Sediment Leachate as 

a Function of Shaking Time [!Jg/k (standard error)] 

Time 
hr 

6 

24 

48 

72 

96 

AS Zll Cd Pb 12 (10) 890 (510) 10 

(2) 100 (60) 

13 (10) 520 (150) 4 (1) 100 (40) 

12 (2) 850 (450) 7 (5) 140 (60) 

Hg - 

<2 

<2 

<2 

<2 

<2 

Table Gf3 

Metal Concentrations in Anaerobic Indiana Harbor Sediment Leachate as 

a Function of Horizontal Shaking time [pip/i (standard error)] 

Time 
hr 

24 

48 

72 

AS Zll 

38 (1) 1240 (210) 

44 (3) 721 (210) 

44 (1) 550 (110) 

Cd Pb Cl? -- 

9 (1) 263 (50) 210 (30) 

5 (1) 161 (50) 99 (40) 

4 (0.2) 109 (12) 66 (1) 
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Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

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

Table G9 

Summary of Indiana Harbor Organic Contaminant 

Kinetic Testing Data [ug/L (standard error)l 

Time of Shaking, days 
1 2 7 

ND 

1.9Nyo.85) 
3.4 (2.1) 

ND 
2.6 (1.7) 
3.3 (2.0) 
8 (3.5) 
3 (0.07) 
3 (2.1) 
6 (5.7) 
14 (5.7) 

ND 
ND 
ND 

0.09 (0) 
0.28 (0.007 
0.44 (0.02) 
0.10 (0.0) 
0.28 (0.007) 
0.28 (0.007) 
0.09 (0.005) 
0.05 (0.005) 
0.08 (0.007) 
0.08 (0.005) 
0.02 (0.01) 

ND 
0.22 (0.02) 
0.05 (0.007) 
2.04 (0.10) 

ND 
ND 
ND 
ND 
ND 
ND 

11 (1.7) 
7 (2.3) 
4 (0.6) 
4 (0.6) 
7 (1.7) 
18 (2.9) 

ND 
ND 

0.0$(0.04) 
0.25 (0.03) 
0.35 (0.05) 
0.10 (0.003) 
0.24 (0.003) 
0.25 (0.03) 
0.06 (0.003) 
0.02 (0.0) 
0.06 (0.003) 
0.04 (0.01) 

ND 
ND 

0.19 (0.01) 0.02 (0.0) 
(0.01) 0.02 

(0.01) 0.02 (0.17) 

ND 
ND 
ND 
ND 
ND 
ND 
8 (3.5) 
8 (1.4) 
3 (0.7) 
3 (0.7) 
3 (2.8) 
13 (2.8) 

ND 
ND 
ND 

0.1 (0.06) 
0.38 (0.16) 
0.21 (0.11) 
0.25 (0.09) 
0.50 (0.01) 
0.38 (0.16) 
0.09 (0.04) 
0.04 (0.02) 
0.10 (0.04) 
0.07 (0.04) 

ND 

0.2?(0.14) 
0.05 (0.01) 
2.42 (0.49) 
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52. Centrifuge tubes shaken horizontally showed increased reproducibility 

(smaller coefficients of variation) between replicates for leachate metal con- 

centration when compared with leachate obtained by shaking the sediment- water 

mixture in a vertical position (Table G10). The increase in reproducibility 

was apparently a function of the enhanced mixing obtained in the horizontal 

position. Subsequent batch leach tests were therefore conducted with the cen- 

trifuge tubes in a horizontal position. 

Selection of liquid-solids ratio for batch testing 

53. Batch leaching tests were also conducted to determine the minimum 

liquid-solids ratio that could be used in the sequential batch leach tests. 

For a wide range of contaminants, distribution coefficients have been shown to 

be dependent on the liquid-solids ratio at which they are determined (O'Connor 

and Connolly 1980; Di Toro and Horzempa 1982a; Voice, Rice, and Weber 1983; Di 

Tore 1985). Coefficients developed at one liquid-solids ratio may not be 

appropriate at another if the liquid-solids ratios differ by orders of magni- 

tude. The liquid-solids ratio is approximately 1:l for unconsolidated dredged 

material in a CDF after sedimentation. To be a practical laboratory proce- 

dure, the liquid-solids ratio used in sequential batch leach tests must be of 

sufficient magnitude to produce enough leachate for organic contaminant analy- 

ses (approximately le) and be as close to the field condition as practical. 

In produce 



Table GIO 

Coefficient of Variation Measured in Kinetic Testing of Indiana Harbor 

Sediment for Heavy Metals Using Shaking Techniques 

With Upright (U) and Horizontal (H) Tubes - 

Coefficient of Variation, percent 
Time AS Zll Cd Pb 

hr U H U H H H u H -- - - 

24 2.7 2.6 15.5 24.2 100.0 9.2 60.0 27.0 

48 16.7 8.0 100.0 40.6 30.0 26.0 60.0 40.6 

72 15.4 3.2 50.0 27.1 50.0 7.7 40.0 27.1 

Note: Coefficients of variation are given only where direct comparisons can 
be made (24-, 48-, and 72-hours sampling times). 
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Table Gil 

Single-Point Heavy Metal Distribution Coefficients [ml/g 

(standard error)] for 



leachate than in the interstitial water. A similar situation was found for 

single-point distribution coefficients for the aerobic sediment (Table 612). 

These differences were probably a result of the high oil and grease content of 

the sediment, as discussed below. 

56. The effects of oil in the sediment on the distribution of metals 

between sediment and interstitial water have not been documented. But, since 

the interstitial water tests did not involve shaking, it is highly probable 

that the oil inhibited desorption, causing the interstitial water contaminant 

concentrations to be low relative to leachate concentrations at the other 

liquid-solids ratios. This resulted in higher single-point distribution coef- 

ficients for the interstitial water-sediment system. 

57. The variability of the single-point distribution coefficients for 

most metals, for both anaerobic (Table GLI) and aerobic (Table G12) sediment, 

was high. This was a function distribution 

coefficient would be 333,333. If the leachate concentration were 0.002 vg/ml, 

however, the distribution coefficient would rise to 500,000. There is, there- 

fore, an apparent high degree of variability in the single-point distribution 

coefficients when in reality there is no environmental or analytical differ- 

ence between the two leachate concentrations. The problem is exacerbated when 

leachate concentrations are near the analytical detection limits, increasing 

the variability of measured leachate concentrations. 

58. As shown in Table G13, l~eachate concentrations for organic contami- 

nants using a 4:l liquid-solids ratio were generally highsr or similar to con- 

centrations measured in the interstitial water (1:l ratio). The interstitial 

water concentrations in Table G13, however, are the result of analysis of a 

single sample. Preparation of this sample required nine sieparate centrifuga- 

tions in stainless steel centrifuge tubes at 6,500 g for 3'0 min to completely 

break the oil dispersion. It is, therefore, possible that organic contaminant 

losses through volatilization and adsorption occurred during the repeated 

handling. Due to the difficulty in obtaining this sample and the opportuni- 

ties present for contaminant losses, interstitial water concentrations for 

organic contaminants are suspect. 
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Table G13 

Steady-State Leachate Concentrations [ng/ml~(startdard error)] 

for Anaerobic Indiana Harbor Sediment at Various; Sediment to - 



59. Leachate concentrations in the 4:l liquid-solids ratio tests were 

generally similar to those obtained in the 2:l liquid-solids ratio testing for 

all contaminants. For example, single-point distribution coefficients for 

anaerobic and aerobic metals at the 4:l liquid-solids raitio were within the 

standard error of those measured using a 2:l liquid-solids ratio. It was, 

therefore, found appropriate to use a 4:l water-to-sediment ratio for the 

sequential batch and challenge leach testing. This was ithe highest water to 

sediment ratio tested that was deemed operationally suitable from the 

standpoint of minimizing oil problems and the number of centrifugations neces- 

sary to obtain a sample that did not contain oil. This was an important con- Sequential batch and challenge leach testing 

60. General leachate quality. Leachate conductivity gradually decreased 

during both the anaerobic and aerobic testing (Table G14). Leachate from 

aerobic sediments was generally lower in conductivity than that from anaerobic 

sediments initially, but the situation was reversed by the end of the leaching 

period. Challenging fresh anaerobic sediment with leachate from either anaer- 

obic or aerobic sediment increased the conductivity in the leachate. 

61. Leachate pH from anaerobic sediment ranged from 7.4 to 7.6 with only 

a slight drop as leaching continued (Table G15). Challenging anaerobic sedi- 

ment with leachate from anaerobic sediment did not result in any marked 

changes in leachate pH. Leachate from aerobic sediments was approximately one 

pH unit lower than leachate from anaerobic sediment. Challengingbw (from ) Tj
0  Tr 34.285642.7141 0 n.845l41488e558.0343  Te sedimentsTD 5iL93w (24Tr 34.9713 0  TD 3  l.4234  Tc 0.2244  Tw (approximately ) Tj93w (24T2 213 0  TD. Tc 0.8753  Tw (a18e1h0 TD 3  l.424 Tw (ana122342.7141 0 n.84 -514.2838 -17.4  TD3 0 0  T2s644 T2D 3  Tr -97Twm 84463  Tc 0.2.7141 0  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.393  Tc 0.8753  Tw (anaerobic ) Tj
0  Tr 68.69 0  TD 3  Tr -0.2874  Tc 0.7547  Tw (sediments ) Tj
0  Tr 6 0.8753  Tw (a18e1h0 TD 3  l.424 Tw (ana1223d ) Tj
0  Tr 26.7428 05
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0  Tr 34.9713 0  TD 3  Tr -0.344  Tc 0.1337  Tw (respectively. ) Tj
0  Tr 102.8568 0  TD 3  Tr -0.7322  Tc 0.5772  Tw (In ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4204  Tc 0.2209  Tw (general, ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.393  Tc 0.8753  Tw (anaerobic ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3969  Tc 0.1941  Tw (sequential ) Tj
0  Tr 5712 0  TD 3  Tr -0.519n0 -0.519n0 -0.519n0 -0.519n0 -0.519n0 -0.5  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  ) Tj
0  Tr 26.7467r -0.6326  Tc 0.46  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  T  T7  -0.519n0 -0.519n0960.519n0 -71 Tj
0  Toduc3.8268 -18  TD Tr -0.393  Tc 0.8753  T01anaerobic9 ) Tj
0 well-def 34.2856 0  TD 398  T3  Tr -0.402  Tc 0.79  Tw (co17j
0  Tr desorp27.40.5  TD 3  Tr6r -0.4326  Tc 0.2348 4316  Tw (7c ) Tj
0 iso Trrm428 0  TD 3  67ic9   -0.519n0 -0.519 Tw (G17, ) Tj
0  Tr 34.9713 0  TD 3 Tr -0.5393  Tc 0.3568 Tw (anaerobic ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3969  Tc 0.17  Tw (conditions ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.402  Tc 0.Tc 0.1361  Tw (batch ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.3624  Tc 0.1546  Tw (leach ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.1733  Tc 0.624  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.  -0.519n0 -0.519n0960.519n0 -71 Tj
0  Toduc3.8268 -18  TD  Tr -0.4326  Tc 0.2348  T60.519n0 - ) Tj
0 ll-def 34.2856 0  TD 381.59   -0.519n0 -0.519200 0.13651902 ) Tj
0 clusters5714 0  TD 3 75Tr -D 3  Tr -0.7322  4r -anaerobi98G17, and 



Table G14 

Conductivity (pmhos/cm) in Indiana 

Harbor Serial Batch Leachate 

Time, days 
Test 1 2 3 4 5 

Anaerobic 1540 (30) 675 (30) 450 (35) 330 (17) 290 (6) 

Anaerobic Challenged 2037 (30) 1100 (0) 770 (35) 600 (0) 570 (17) 

Aerobic 1038 (64) 585 (20) 495 (3) 398 (3) 495 (3) 

Aerobic Challenged 1678 (35) 840 (30) 585 (6) 550 (3) 550 (13) 
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Table G15 

Serial Batch Leachate pH [mean (standard error)] 

for Indiana Harbor 

Time, days 
Test 1 2 3 4 5 - 

Anaerobic 7.6 (0.03) 7.6 (0.03) 7.5 (0.03) 7.5 (0) 7.4 (0.03) 

Anaerobic 7.6 (0.05) 7.6 (0) 7.5 (0.03) 7.4 (0.03) 7.2 (0) 
Challenged 

Aerobic 6.6 (0.03) 6.6 (0) 6.7 (0.03) 68.6 (0.03) 6.8 (0.03) 

Aerobic 7.0 (0) 6.8 (0.03) 6.6 (0.03) 68.7 (0) 6.7 (0) 
Challenged 
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Table Gl6 

Steady-State Sediment and Leachate Concentrations [mean 

(standard error)] for Indiana Harbor Sediments 

Following Anaerobic Sequential Leachin& 

Time 
* AS Cr 

Concentration 
Pb Cd Zn 

Sediment, pg/g 

29.36 
(0.01) 

29.28 
(0.02) 

29.23 
(0.02) 

29.17 
(0.02) 

281.18 877.45 
(0.14) (0.34) 

280.91 876.78 
(0.12) (0.32) 

280.85 876.64 
(0.12) (0.35) 

280.83 876.59 
(0.12) (0.35) 

Leachate, ~g/ml 

:L9.96 4119.8 
llO.0006) (1.0) 

:19.94 4117.3 
(0.007) (0.9) 

119.93 4116.3 
((0.02) (1.2) 

1.9.92 4115.8 

(0.02) (1.3) 

1 0.034 0.195 0.370 0.009 1.27 
(0.002) (0.031) (0.08) (0 .OOl) (0.22) 

2 0.020 0.062 0.156 0.004 0.60 
(0.001) (0.012) (0.04) (0.0006) (0.14) 

3 0.016 0.014 0.033 0.004 0.22 
(0.002) (0.002) (0.01) (10.003) (0.06) 

4 0.012 0.005 0.011 0.001 0.12 
(O.OO!) (0.001) (0.001) (0.003) (0.02) 
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Table G17 

Steady-State Sediment and Leachate Concentrations [mean (standard 

error)] for Indiana Harbor Sediment Following 

Aerobic Sequential Leaching 

AS Cr 
Concentration 

Pb Cd Zn 

29.5 
(0.00) 

29.48 
(0.00) 

29.45 
(0.003) 

29.42 
(0.004) 

29.39 
(0.003) 

co.005 
(0.00) 

0.005 
(0.0002) 

0.009 
(0.0009) 

0.006 
(0.0007) 

0.009 
(0.004) 

Sediment, ug/g 

281.98 878.97 
(0.00) (0.005) 

281.96 878.93 
(0.003) 0.006) 

281.91 878.89 
(0.01) (0.007) 

281.87 878.81 
(0.02) (0.02) 

281.85 878.78 
(0.02) (0.02) 

Leach?te, ug/ml 

0.004 0.009 
(0.0003) (0.001) 

0.007 0.01 
(0.0007) (0.0009) 

0.013 0.01 
(0.002) (0.002) 

0.01 0.019 
(0.002) (0.004) 

0.006 0.055 
(0.002) (0.0009) 

19.98 4124.5 
(0.006) (0.06) 

19.97 
(0.008) 

19.97 
(0.008) 

19.97 
(0.007) 

19.97 
(0.007) 

4124.32 
(0.06) 

4124.05 
(0.05) 

4123.71 
(0.02) 

4123.47 
(0.02) 

0.006 
(0.002) 

0.0013 
(0.0009) 

0.0006 
(0.002) 

0.0007 
(0.0001) 

0.0006 
(0.00008) 

0.126 
(0.016) 

0.044 
(0.001) 

0.066 
(0.005) 

0.085 
(0.014) 

0.061 
(0.008) 
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desorption of metals under anaerobic conditions is compared in Figures G6-G8 

to the ill-defined clusters observed for metal desorption from the aerobic 

sediment. The points plotted in Figures G&G8 represent pooled data from all 

the replicates. As indicated in these figures, more zinc, cadmium, chromium, 

lead, and zinc were released by the anaerobic sediment than from the aerobic 

sediment. This is consistent with the lack of a pronounced pH drop in the 

aerobic sediment. Brannon and Patrick (1985) have previously reported that 

Indiana Harbor sediment is high in iron concentration. Under aerobic condi- 

tions, these and other sediments were observed to fix both native and added 

antimony in more immobile sediment iron fractions (Brannon and Patrick 1985). 

Similar fixation processes for heavy metals were appar.4173  T3 0  TD 3  Tr -0.4482  Tc 0.2527  Tw (appar.4173  T3 0  TD0  TD 3  Tr -0.3428  Tc 0.1323  Tw (immobih320.4198  Tc 0.2202  Tw (antimony ) T893  Tc 0.185o85-0.34288.08  Tr -0.5514  Tc 0ur36f 100 ) Tc 0.13houringTr (added ) Tj
0  Tr -478.6267 -18 4
0  Tr100 ) 4c 0.13hth0.185o85-0.34-ny .6838 Tc7428  w (Patrick ) Tj
0  Tr 54.1712 0 6.185o85-0.3411  Tc2527  Tw (appar.410 Tj
0  Tr771.0283 0  nth  Tr -0.4482  9r 4053  Tc 0.0893  TwTr 26.7428 0  TD 3  Trhat3  Tr -0.5191  Tc 0.3337  Tw (and )554Tj
0  Tr 447 0  TDIndiana.2  TD 3  Tr -0.3053  Tc 0.0893  Tw 7 Tj
0  Tr2827 0  TDHarb3  Tr -0.2724  9r 4053  Tc 0.0893  TwT ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.2681  c 0.0911  Tw (Patrick 229Tj
0  Tr6884.9713 wa  Tr -0.4482 28.1Tc appar.4173  T3 0  Tj
0  Tr 4 TD0  13 expos0.8571 0 0 1 9 -08707  Tw (heavy ) Tj
  Tw (observed ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc8x8326f 100 ) T0  Tr 61.7141 0  Tccf1air5.4839  0.2527  Tw (ap80 ) T0  Tr 61.7141 0  D 3  Tr 20162  0.2527  Tw (ap80 ) T0  Tr 61.7141 0 9839  0.2Tw (p80 ) T0 -0.5191595ed b o t h  

( 3 5 T r  2 6 . 7 d e c r e a e r v e d  Patrick 
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Table G18 
Linear Regression of q versus C for Sequential 

Batch Leaching of Metals From Anaerobic 
Indiana Harbor Sediment* 

2 Kd SE Kd qr qr 'qo Metal Replicate 
" -!L e/kp A&.- - P./kg mg/kg- % 

Arsenic 1 4 0.898 7.47 1.77 29.1 98.8 
2 4 0.83 8.21 2.61 7.46 29.1 99.0 
3 4 0.95 6.70 1.01 29.1 98.8 

Cadmium 1 4 0.63 3.30 1.76 19.94 99.7 
2 4 0.82 2.17 0.73 2.86 19.94 99.7 
3 4 0.214 3.10 4.20 19.89 99.4 

Chromium 1 4 0.84 2.73 0.84 648.91 99.9 
2 4 0.99 1.53 0.093 1.85 648.94 PP.8 
3 4 0.99 1.29 0.059 648.59 99.8 

Lead 1 4 0.79 2.99 1.09 876.21 99.6 
2 4 0.84 2.90 .88 2.39 877.22 99.8 
3 4 0.97 1.29 .15 876.17 PP.6 

Zinc 1 4 0.66 3.88 1.96 4115.57 99.7 
2 4 0.996 2.59 0.102 3.01 4117.78 99.8 
3 4 0.899 2.56 0.60 4113.56 99.7 

* 
=!? = number of points in each replicate (steps in sequential leaching). 

= Correlation coefficient. 

:g = 
= slope of the regression line. 

Standard error of the mean. 

q r = intercept of regression line. 

40 = bulk sediment concentration at the beginning of leaching. 



Table GIV 
Linear Regression of q Versus C for Sequential 

Batch Leaching of Metals from Aerobic 
Indiana Harbor Sediment 

Cadmium 1 
2 
3 
4 

Chromium 1 
2 
3 
4 

Lead 1 
2 
3 
4 

ZhC 1 
2 
3 

Metal Replicate 

AlISlSiC 1 
2 
3 
4 

” 

4 
4 
4 
4 

5 
5 
5 
5 

5 
5 
5 
5 

5 
5 
5 
5 

4 
4 
4 

Ave. Ave.* 

2 
r 

SE 
f.lkg &kg 

.795 -19.7 7.06 

.064 -3.33 8.98 

.114 -8.51 16.74 

.766 -22.2 8.67 

-13.43 29.45 
29.49 
29.59 

.70 2.62 .968 19.85 

.033 2.22 6.9 1.41 

.I0 .83 1.41 19.97 

.O .O .O 19.96 

119 
:om 
.33 
.042 

-5.67 8.86 
-1.92 8.07 
-7.3 6.00 

3.17 8.71 

-5.65 6.69 
-4.44 5.71 
-1.27 9.65 
11-S S-66 

281.96 
-2.93 281.91 

(-4.52) 281.96 
281.91 

.192 

.168 
,005 
-528 

878.93 
-0.035 878.92 

878.88 
878.81 

.05 3.52 8.7% 4123.77 

.04 3.50 9.69 3.56 4123.72 

.20 3.67 4.12 4123.65 

29.39 99.6 
(.003)* 

19.85 
19.97 99.8 

(.007)* 

281.85 99.9 
(.02)f 

878.78 cl9.9 
(0.02)X 

4123.47 <vv.v 
(0.02)* 

* Average sediment concentration at the end of sequential leaching. 



qr cannot be obtained by regression analysis alone. Sediment chemistry 

relating to the physicochemical locations of contaminants within fine-grained 

sediment and the selective partitioning of contaminants within different geo- 

chemical phases must be recognized in order to fully evaluate the desorption 

isotherms. 

66. The primary reason that well-defined isotherms were not obtained for 

aerobic metals is that the amount of contaminant released was very low. 

This implies that most of the metals in the aerobic sediment are resistant to 

leaching, i.e., qr is large relative to the bulk concentration. If qr is 

large, then the leachable concentration, qL ' is small. For very small qL , 

differences in leachate concentration between steps in the sequential leaching 

procedure, regardless of the value for Kd , will be small relative to the 

combined precision of the leaching tests and the chemical analytical proce- 

dures. The data will be scattered about the true desorption isotherm, depend- 

ing on the variability associated with the leaching and c:hemical analysis 

procedures. Thus, the clustering or scatter associated with the desorption 

isotherms for aerobic metals is probably due to small qL (large qr ) rela- 

tive to the testing variability. 

67. There is a well-established geochemical basis for a leaching resis- 

tant concentration q r for metals in dredged material. Metals are parti- 

tioned among several geochemical forms (phases) ranging from a fraction that 

is ionically attached or sorbed to the dredged material solids to to ionical8o sorbed materi2a that is part of mineral crystalline 

lattices (Brannon et al. 1976). Geochemical partitioning in order of decreas- 

ing mobility is ion exchangeable phase, easily reducible and moderately reduc- 

ible phases, organic and sulfide phases, and a residual phase. The leaching 

resistant concentration, q r , probably represents the geochemical phases 

beyond the easily reducible phase. This includes metals bound within iron and 

manganese oxide and hydroxide partitions, metals bound in organic matter as 

complexes and compounds precipitated as sulfide salts, an0 metals 



mobility of a metal contaminant in dredged material depe~nds on the geochemical 
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Table G20 

Steady-State DOC Concentration [me/L (standard 

error)] in Leachate for Sequential Batch Leach 

Tests for Anaerobic and Aerobic Sediment - 

Treatment 1 
Sequential Leach Number 

2 3 4 5 

Anaerobic 156 (19) 65 (3) 39 (2) 25 (3) 24 (4) 
Aerobic 204 (7) 76 (5) 50 (2) 40 (2) 45 (3) 
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to sediments ana soils. These substances could act to stabilize in solution 

weakly soluble and highly sorbed contaminants such as PC8 congeners (Voice, 

Rice, and Weber 1983; Gschwend and WU 1985). Thus, DOC was considered a 

potentially important index of overall organic contaminant mobility. If gross 

aqueous phase organic carbon has an effect on the partitioning of hydrophobic 

organic compounds, then the sequential leaching of these compounds should 

mimic the desorption characteristics for DOC. It is probable, however, that 

certain components of the aqueous phase organic carbon, not gross DOC, affect 

the partitioning of organic 
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Table G22 

Steady-State Leachate Organic Contaminant Concentrations [ug/ml (standard 

error)] for Indiana Harbor Sediment Following 

Sequential Leaching 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 



Compound 

2 
10 

OI 11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
27 
28 
29 

Table G23 

Steady-State Sediment Organic Contaminant Concentrations [up/g (standard error)] 

for 

Sequential Leach Number 
1 2 3 4 5 

81.73 (0.026) 81.72 (0.022) No Further Changes in Sediment Concentration 
No 81.72 (0.022) 81.72 No 



Table G24 

Steady-State Leachate Organic Contaminant Concentrations [up/ml (Standard Error)] for 

Indiana Harbor Sediment Following Aerobic Leaching 

Compound 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

c 12 
.l 13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Sequential Leach Number 

0.052 (kOO6) 0.004 (OZOOl) 
co.005 co.005 

0.003 (0.0002) 0.004 (0.0003) 
0.0015 (0.00006) <O.OOl 
0.0036 (0.0003) <o.ooz 

co.005 co.005 
0.0032 (0.0003) 0.003 (0.0003) 
0.0041 (0.0003) 0.0041 (0.0004) 

co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 
<0.00001 <0.00001 

0.00008 (0.00001) 0.00003 (0.00001) 
<0.00001 <0.00001 

0.00009 (0.00001) 0.00011 (0.00001) 
0.00004 (0.00001) 0.00003 (0.000003) 
0.00016 (0.00002) 0.00017 (0.000000) 

<0.00001 <0.00001 
0.00004 (0.00001) 0.00003 (0.00000) 

<0.00001 <0.00001 
0.00004 (0.00001) 0.00003 (0.00000) 
0.00004 (0.00001) 0.00002 (0.00000) 
0.00002 (0.00001) 0.00003 (0.00002) 

<0.00001 <0.00001 
0.00006 (0.00001) 0.00005 (0.00002) 
0.00005 (0.00002) 0.00001 (0.00000) 

3 4 

<0.004 co.004 
co.005 co.005 
0.003 (0.0002) co.002 

<O.OOl <O.OOl 
<0.002 <0.002 
co.005 co.005 
0.0028 (0.0001) 0.0025 (0.0003) 
0.0038 (0.0003) 0.0044 (0.0005) 

co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 
co.005 co.005 

0.00004 (0.00001) 
0.00004 (0.00001) 0.00003 (0.00001) 
0.00002 (0.00001) 0.00002 (0.00001) 

<0.00001 <0.00001 
0.00009 (0.00001) 0.00009 (0.00001) 
0.00004 (0.00001) 0.00002 (0.00001) 

5 

dO.004 
co.005 
<0.002 
<O.OOl 
co.002 
co.005 
0.0024 (0.0003) 
0.0038 (0.0004) 

co.005 
co.005 
co.005 
co.005 
co.005 
co.005 
<0.00001 
0.00003 (0.00001) 

<0.00001 
0.00007 (0.00002) 
0.00003 10.00000~ 
0.00005 (0.00004j 

co .oooo: 
0.00003 (0.00000) 

~0.00001 
0.00003 (0.00000) 
0.00003 (0.00000) 
0.00002 (0.00001) 

<0.00001 
0.00006 (0.00001) 
0.00002 (0.00001) 
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Table G25 

Linear Regression of q Versus C for Sequential Batch Leaching 

of Organic Contaminants from Anaerobic Indiana Harbor Sediment 

Compound Replicate 2 
I! L..-.- 

1 1 5 0.34 
2 5 0.78 
3 5 0.64 

2 1 5 0.144 
2 5 0.56 
3 5 0.26 

3 1 5 0.188 
2 5 0.75 
3 5 0.45 

1 5 0.03 
2 5 0.66 
3 5 0.182 

1 5 0.64 
2 5 0.51 
3 5 0.72 

1 5 0.76 
2 5 0.64 
3 5 0.86 

1 5 0.93 
2 5 0.80 
3 5 0.54 

9 

10 

10mt(2 )d717r 156.3423 0  TD 3  Tr (5 ) Tj
0  Tr 128.9138 0  TD  Tr -0.2318  Tc -0.1614  Tw (0.64 ) Tj
0  Tr -285.9417 -11.4  TD 3  Tr -0.167  Tc -9.2355  Tw (1 ) Tj
0  Tr 156.3423 -0.6  TD 3  Tr (5 ) Tj
0  Tr 128.9138 0  TD 3  Tr -0.2318  Tc -0.1614  Tw (0.75 ) Tj
0  Td717r 156.3423 0  T Tra8nTw (0.76 ) Tj
0  Tr -285.256 -11.4  TD 3  Tr -0.167  Tc -0.2355  Tw (2 ) Tj
0  Tr 157.028 0  TD1f2-285.256 -11.4  TD 3  4664Tj
0  Tr -6.1714 -47.4  TD 3  Tr (10 ) Tj
0  Tr 19j
0  Tr -285.256 -11.4  TD 3  Tr -0.167  Tc -0.2355  Tw (2 ) Tj
0  Tr 157.028 0  TD1f2-285.256 -1-11.4  TDns Tw (0.64 ) Tj
0  Tr Da5j
0  Tr 128.2281 0  TD 3  Tr -0.2318  Tc -0.1Dns Tw (0.64 ) Tj
0  Tr Dc3Tc -0.2355  Tw0Tj
0  Tr 157.028 0 D 3  Tr -0.2318  Tc -0.1614  Tw (0.75 ) Tj
0  Tr -285.9417 -11.4  28.2281 0  TD 3  Tr -0.2318  Tc -0.1Dns Tw (0.64 ) Tj
 -0.6  TD 3  Tr (5 ) Tj
 Tr 128.2281 0  TD 3  Tr -0.2318  Tc -0.1614  Tw (0.86 ) Tj
0  Tr -284.5703 -23.4  T28.2281 0  TD 3  Tr -0.2318  Tc -0.1Dns Tw (0.64 ) Tj
 -0.6  TD 3  Tr (5 ) Tj70.76 
256 -11.4  TD 3  Tr -0.167  Tc -0.2355  Tw (23
0  Tr 128.22859.65692  f2-285.256 -1-134027  Tc -0037 ) Tj
0(Sheet0  Tr 128.2246.628411.4  TD 3  Tr -1614  Tw (0.75 ) Tj
0  Tr -285.94173.4  511.4  TD 3  Tr -09667  Tc -00873



Table 625 (Continued) 

Compound Replicate 

11 1 
2 
3 

12 1 
2 
3 

13 1 
2 
3 

15 

16 

17 

18 

19 

20 

21 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

BDL* 

BDL 

BDL 

BDL 

BDL 

0.01 
0.19 
0.74 

0.29 
0.95 
0.86 

0.56 
0.89 
0.41 

0.45 
0.61 
0.107 

0.310 
0.67 
0.63 

0.03 
0.88 
0.98 

* All leachate samples were below the detection limit (see Table G38 for 
detection limits) 
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Table G25 (Concluded) 

Compound 

22 

Keplicate 

1 
2 
3 

23 1 
2 
3 

24 1 
2 
3 

25 1 
2 
3 

26 1 
2 
3 

27 

28 1 
2 
3 

29 1 
2 
3 

I1 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

2 
-L-- 
0.116 
0.67 
0.04 

0.17 
0.82 
0.13 

0.23 
0.63 
0 

0 
0.5 
0.47 

BDL 

0.09 
0.68 
0.13 
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Table G26 (Continued) 

Compound Replicate 
2 

2 L 
11 1 5 

2 5 BDL 
3 5 

12 1 5 
2 5 BDL 
3 5 

13 1 5 
2 5 BDL 
3 5 

14 1 5 
2 5 BDL 
3 5 

15 

16 

17 

18 

19 

20 

21 

1 5 
2 5 BDL 
3 5 

1 5 0.122 
2 5 0 
3 5 0.43 

1 5 
2 5 BDL 
3 5 

1 5 0 
2 5 0.18 
3 5 0 

1 5 0.703 
2 5 0.102 
3 5 0.03 

1 5 0.29 
2 5 0.024 
3 5 0.028 

1 5 
2 5 BDL 
3 5 

(Sheet 2 of 3) 
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Table 6'26 (Concluded) 

2 
Compound Replicate c. -!I--- 

22 1 5 0.04 
2 5 0.21 
3 5 0 

23 1 5 BDL 
2 5 0.66 
3 5 0.5 

24 1 5 0.48 
2 5 0.33 
3 5 0.24 

25 1 5 0.23 
2 5 0.69 
3 5 0.09 

26 1 5 0.1 
2 5 0.02 
3 5 0.007 

27 1 5 0.05 
2 5 0 
3 5 BDL 

28 1 5 0.27 
2 5 0.29 
3 5 0.12 

29 1 5 0.23 
2 5 0.23 
3 5 0.08 

(Sheet 3 of 3) 
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data also showed that the aerobic distribution coefficients obtained by 

regression were not meaningful. 

74. Contaminant released during the aerobic testing was less than the 

releases observed from anaerobic sediment. Batch leachate part possibly a result of fixation. 

75. The clustering 



discussed earlier, components of the aqueous phase TOC are a more likely was assumed to be leach- 

able, i.e., q r is equal to zero. Second, the batch data cluster about some 

point (C,q) that represents the overall or net distribution coefficient for 

the sequential leaching. Using these assumptions, an approximate Kd was 

calculated by computing the average Kd from all the single-point estimates 

provided by the data from the sequential batch leach tests. The distribution 

coefficients determined by this method are presented in Table G27. These val- 

"8s are in the upper range of the values reported in the literature. 

78. It is realized that there may be a non-reversible component, up to 

90 percent, for PAHs and PCBs (Di Tore and Horzempa 1982, Di Tore 1985). If 

there is a significant nonreversible component, then the explanation for the 

clustering is similar to the explanation previously developed for the aerobic 

metals for 



Table G27 

Single-Point Distribution Coefficients for PAHS and 

Aroclor 1242 Congeners, Cluster Centroid Method* 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Total PAH 
Total congeners 

Distribution Coefficient, e/kg 

Anaerobic Aerobic 

1 160 27 400 
3 440 2 790 
5 120 3 900 
5 980 5 260 

11 700 13 600 
25 700 > 2 560 
26 800 23 400 
29 700 21 500 
32 200 > 8 560 
37 300 > 6 180 

> 28 000 >12 940 
> 17 400 > 
> 10 000 > 3 150 
> 7 000 > 2 360 
UD UD 

163 000 4 160 
2 430 000 42 800 

423 000 55 400 
145 000 31 000 
614 000 241 000 

2 400 000 > 2 610 
194 000 24 800 

> 1 660 000 UD 
266 000 27 300 
375 000 23 700 
203 000 22 300 

UD UD 
410 000 47 600 

> 33 000 26 100 
1 600 30 800 

256 000 38 700 

* Refer to text for description of method 

> = Leachate below detection limit. 

LJD = Undefined, not detected in sediment. 

Total Aroclor 1242 Congeners. 
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As discussed later, there is no difference in the shape a'f predicted concen- 

tration curves for Kd in the range of E+OZ to E+06. Since there is no prac- 

tical significance to determining a leaching resistant component for the 

clustered desorptio" isotherm data obtained in this study for organic contami- 

nants, the conservative assumption that all of the organic contaminant is 

reversibly adsorbed was used to calculate Kd . 

80. For the above assumption, the data from the sequential batch leach 

procedure can be interpreted as replicate, single-point estimates of the was little further release of metals from the sediment. 

Steady-state sediment and leachate metal concentrations fmor anaerobic Indiana 

Harbor sediment challenged with leachate from anaerobic and aerobic sediment 

are presented in Tables G28 and G29, respectively. After the initial contact 

with fresh leachate there was little change in the desorption characteristics 

of the anaerobic sediment for metals. This was expected :in the anaerobic/ 

anaerobic challenge because the leachate was already in a steady state rela- 

tionship with the anaerobic Indiana Harbor sediment. However, when anaerobic 

sediment was challenged with leachate from aerobic sediment, it was expected 

that the aerobic leachate would as.sume the character of the anaerobic leach- 

ate. Since aerobic leachate concentrations were generally lower than anaero- 

bic leachate concentrations, the aerobic/anaerobic challerlge was expected to 

show an increase in leachate concentrations. However, the challenge did not 

result in substantially increased leachate concentrations for all metals. 

Arsenic and chromium concentrations increased to near that observed in anaero- 

bic leachate. Cadmium, chromium, lead, and zinc did not, suggesting that the 

effect that aerobic leachate has on the desorption characteristics of anaero- 

bic sediment is apparently metal specific. In no case did the aerobic leach- 

ate increase the amount of metal leached from the anaerobic sediment. For 

cadmium, chromium, lead, and zinc the leachability appeared to be reduced. 

82. Organic contaminant releases in challenge tests. Anaerobic Indiana 

Harbor sediment was also subjected to challenge testing, although only one 

replicate could be run because of equipment limitations. Single-point, 
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Table G28 

Steady-State Sediment and Leachate Metal Concentration [mean (standard 

error)] in Anaerobic Indiana Harbor Sediment Challenged 

with Leachate from Anaerobic Indiana Harbor Sediment 

Time, days As Cr Pb _ Cd Zll 

Sediment Concentration, ug/g 

29.46 281.64 878.64 
(0.11) (0.009) (0.04) 

29.44 281.24 878.39 
(0.03) (0.22) (0.27) 

29.43 281.33 878.96 
(0.03) (0.09) (0.43) 

29.43 281.33 870.87 
(0.03) (0.09) (0.45) 

29.44 281.33 879.19 
(0.03) (0.09) (0.29) 

Leachate Concentration, pg/mk 

0.033 0.21 0.22 
(0.002) (0.004) (0.02) 

0.027 0.027 0.22 
(0.004) (0.03) (0.009) 

0.021 0.14 0.09 

0.016 0.11 0.05) 
(0.001) (0.03) (0.04) 

0.013 0.02 0.04 
(0.0003) (0.002) (0.005) 

19.99 4123.29 
(0.003) (0.16) 

19.99 4121.63 
(0.016) (1.42) 

19.99 4122.76 
(0.032) (1.69) 

19.98 4121.09 
(0.033) (1.24) 

19.99 4122.86 
(0.023) (0.61) 

0.009 
(0.004) 

0.98 
(0.02) 

0.012 
(0.006) 

1.49 
0.15 

0.012 

0.0007 
(0.003) 

0.005 

0.89 

0.87 
(0.18) 

0.16 
(0.0002) 0.02) 
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Table G29 

Steady State Sediment and Leachate Concentration [mean (standard 

error)] for Anaerobic Indiana Harbor Sediment (Challenged 

with Leachate from Aerobic Indiana Harlbor - 

Time, days CS CIZ Pb Cd -- 

Sediment Concentration, up/g 

29.43 281.96 870.99 
(0.008) (0.01) (0.009) 

29.34 281.95 878.98 
(0.03) (0.01) (0.02) 

29.31 281.95 878.95 
(0.01) (0.02) (0.03) 

29.27 281.95 878.98 
(0.02) (0.02) (0.04) 

29.24 281.95 878.97 
(0.02) (0.03) (0.05) 

Leachate Concentration, vglme 

0.025 0.017 0.013 
(0.0007) (0.003) (0.003) 

0.033 0.017 0.014 
(0.002) (0.002) (0.002) 

0.019 0.014 0.018 
(0.0005) (0.001) (0.003) 

0.020 0.011 0.011 
(0.0000) (0.002) (0.003) 

0.017 Q&IO6 0.008 
(0.003) (0.0007) (0.0004) 

:20.00 
~(0.003) 

4125.08 
(0.009) 

20.00 
(0.005) 

4124.98 
(0.05) 

20.00 
I:o.o05) 

4124.91 
(0.09) 

i!O.Ol 
(0.005) 

4124.96 
(0.10) 

2!0.01 4124.98 
(0.006) (0.09) 

0.002 
(0.0005) 

0.148 
(0.008) 

0.001 
(0.0002) 

0.077 
(0.016) 

0.0008 
(0.00009) 

0.081 
(0.014) 

0.0007 
(0.0001) 

0.0005 
(0.0001) 

0.076 
(0.014) 

0.049 
(0.007) 

Zn 
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0  Tr 28.1142 0  TD 3  Tr -0.3679  Tc 0.1609  Tw (used ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
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0  Tr -457.3697 -18.6  TD 3  Tr -0.276  Tc 0.0558  Tw (fresh ) Tj
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0  Tr 67.8855 0  TD 3  Tr -0.3827  Tc 0.1778  Tw (partition ) Tj
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0  Tr 61.0283 0  TD 3  Tr -0.3238  Tc 0.1105  Tw (testing. ) Tj
0  Tr -466.2839 -18  TD 3  Tr -0.3667  Tc 0.1595  Tw (When ) Tj
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0  Tr 41.1427 0  TD 3  Tr -0.3797  Tc 0.1743  Tw (anaerobic: ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
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0  Tr 88.4568 0  TD 3  Tr -0.4595  Tc 0.2656  Tw (did ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (change ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.2915  Tc 0.0736  Tw (substan- ) Tj
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0  Tr 33.5999 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4304  Tc 0.2323  Tw (paralleled ) Tj
0  Tr 74.7426 0  TD 3  Tr -0.5595  Tc 0.3799  Tw (by ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4717  Tc 0.2796  Tw (very ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3432  Tc 0.1327  Tw (little ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.4183  Tc 0.2185  Tw (change ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.357  Tc 0.8342  Tw (organic ) Tj
0  Tr -451.1983 -18  TD 3  Tr -0.3609  Tc 0.153  Tw (contaminant
0  Tr -493.08.57gl0.  TD 3  Tr -(6921  Tc 0.0743 5 3  Tr -0.3609  T420  Tr 19.8856 0  TD 3  Tr -0.4122  Tc  Tc 0.0343  Tw (from ) ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
30  TDc
 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.4442  Tc 0.2482  Tw (exposed ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3887  Tc 0.1847  Tw (leachate ) Tj
0  Tr -451.1983 -18.6  TD 3  Tr -0.2571  Tc 0.0343  Tw (from ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.393  Tc 0.8753  Tw (anaerobic ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.4155  Tc 0.2153  Tw ((Table ) Tj
0  Tr 46.6284 0  TD 3  Tr -0.465  Tc 0.2719  Tw (G34). ) Tj
0  Tr 47.3141 0.6  TD 3  Tr -0.3798  Tc 0.1745  Tw (These ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.2335  Tc 0.693  Tw (results ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3664  Tc 0.1592  Tw (indicate ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (that ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3515  Tc 0.1422  Tw (distribution ) Tj
0  Tr -451.1983 -18  TD 3  Tr -0.2732  Tc 0.7384  Tw (coefficients ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.357  Tc 0.8342  Tw (organic ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.3237  Tc 0.7961  Tw (contaminants ) Tj
0  Tr 89.1425 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (Indiana ) Tj
0  Tr 54.1712 0  TD 3  Tr -0.4722  Tc 0.2801  Tw (Harbor ) Tj
0  Tr 48.6855 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3885  Tc 0.1845  Tw (should ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr -491.6552 -18  TD 3  Tr -0.3712  Tc 0.1647  Tw (fairly ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.303  Tc 0.0867  Tw (constant ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.2167  Tc 0.6738  Tw (as ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3887  Tc 0.1847  Tw (leachate ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.1274  Tc 0.5717  Tw (is ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4442  Tc 0.2482  Tw (exposed ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.276  Tc 0.0558  Tw (fresh ) Tj
0  Tr 39.7713 0  TD 3  Tr -0.432  Tc 0.2342  Tw (unleached ) Tj
0  Tr 69.2569 0  TD 3  Tr -0.3258  Tc 0.1128  Tw (sediment. ) Tj
0  Tr -397.7128 -18  TD 3  Tr -0.3365  Tc 0.125  Tw (Permeameter ) Tj
0  Tr 82.9711 0  TD 3  Tr -0.333  Tc 0.121  Tw (testing ) Tj
0  Tr -55.5426 -18.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (83. ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3883  Tc 0.87  Tw (Conti h62.5 0  TD 3m6)1T257172n8 Tw (un  TD 3  T3TD 3  Tr2741owfeached ) Tj
3m6)1T257172n8 Tw5ah) Tj
0  Tr 6112 0  TD 3m6)1T2571cw (be 2n2 -18  TD 3  Tr842  Tw (unl3141 0  TD 3  Tr -o81œa0  1 3  Tr -w275n (fairly ) Tj
0  Tr 47.3141 0  TD 3 1œa0  1 3  fairly ) Tj
0  Tr 41  TD 3  Tr -0.432  Tc 0.2342  Tw (urmerly ) Tj
57 34.285were  TD 3  Tr -0.392  Tc 0.2342  Tw (ur5diment. ) 47 Tj
0  Tr duct 0  TD 3  Tr -08276   Tc 0.2801  Tw (Hn ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.5544  Tc 0.3741  Tw (4s )or ) Tj
0819.8856divid 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (thed ) Tj
3m6)1T257172n8 Tw5ah



Table G30 

Single-Point Distribution Coefficients (ml/g) 29680 17040 
10 35830 19240 
11 >28000 >28000 
12 >17400 >I7400 
13 >10000 >10000 
14 > 7000 > 7000 
15 None Detected in Sediment 
16 95580 161200 
17 121900 209700 
18 203200 282300 
19 42170 129600 
20 39000 104300 
21 109000 214400 
22 67800 98100 
23 >166000 >166000 
24 114000 154000 
25 123000 123000 
26 73000 314000 
27 None Detected in Sediment 
28 110000 155000 
29 >198000 >198000 

1 2 3 4 -- 

879 777 917 
3200 3250 3320 
4360 4570 4570 
5190 5600 5750 
3830 4510 4395 

20670 33880 39490 
22060 34090 43230 
23730 37840 82350 
61330 65710 92000 
53750 86000 > 86000 

> 28000 :> 28000 > 28000 
> 17400 z. 17400 > 17400 
> 10000 :' 10000 > 10000 
> 7000 :' 7000 > 7000 

154300 124100 90000 
1950000 > 1950000 > 1950000 
425300 425300 679000 
106100 129630 116670 
121900 142300 > 1950000 

1930000 > 1.930000 > 1930000 
130000 173000 173000 

>166000 >166000 >166000 
154000 211000 248000 
161000 161000 218000 
132000 220000 169000 

207000 
>198000 

288000 413000 
',198000 .198000 

5 
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Table G31 

Steady-State Leachate Concentrations (us/e) for Indiana Harbor Sediment 

Following Anaerobic Leaching Prior to Challenge Testing 

Compound 1 

Sequential Leach Number 
2 3 -- .- 4 

1 650 

2 <5 

3 14 

4 10 

5 18 

6 3.3 

7 9.5 

8 8.8 

9 2.8 

10 3.1 

11 7 

12 <5 

13 <5 

14 <5 

15 co.01 

16 0.07 

17 0.37 

18 0.75 

19 0.13 

20 0.71 

21 0.37 

22 0.13 

23 co.01 

24 0.12 

25 0.01 

26 0.04 

27 co.01 

28 0.28 

29 0.04 

950 1800 

5.1 5.8 

17 19 

13 12 

21 16 

a.5 1.8 

11 6.2 

9.8 5.9 

3.4 1.5 

3.2 1.5 

5.9 3.2 

<5 ,<5 

<5 ,< 5 

<5 ,< 5 

co.01 ,:0.01 

0.06 0.03 

0.33 0.12 

0.68 0.20 

0.12 0.05 

0.73 0.34 

0.33 0.12 

0.10 0.03 

co.01 .:0.01 

0.10 0.03 

co.01 0.02 

co.01 0.01 

co.01 *:0.01 

0.24 0.08 

0.04 0.01 

1800 

5.1 

16 

9.1 

13 

2.9 

3.8 

3.1 

<l 

5 

5 

<5 

<5 

<5 

co.01 

co.01 

0.26 

2.5 

0.19 

co.01 

0.26 

co.01 

co.01 

0.38 

co.01 

co.01 

co.01 

co.01 

co.01 

674 



Table G32 

Steady-State Sediment Concentration (ug/g Dry Weight) for 

Indiana Harbor Sediment Following Anaerobic Lmeaching 

Prior to Challenge Testing 

Sequential Leach Number 
Compound 1 2 3 4 -- 

1 1997.4 1993.6 

2 21.98 21.96 

3 95.94 95.88 

4 68.96 68.91 

5 199.93 199.84 

6 61.99 61.95 

7 149.96 149.92 

8 139.96 139.93 

9 91.99 91.98 

10 85.99 85.97 

11 139.97 139.95 

12 86.98 86.96 

13 50 50 

14 35 35 

15 NONE DETECTED IN SEDIMENT 

16 10.79 10.79 

17 19.499 19.497 

18 31.897 31.894 

19 3.499 3.499 

20 19.497 19.494 

21 19.299 19.297 

22 5.199 5.199 

23 NONE RELEASED FROM SEDIMENT 

24 5.699 5.699 

25 3.700 3.6999 

26 2.199 2.199 

27 NONE RELEASED FROM SEDIMENT 

28 12.3899 12.3889 

29 1.9798 1.9797 

1986.4 1979.2. 

21.94 21.92 

95.80 95.74 

68.86 68.82 

199.78 199.78 

61.95 61.94 

149.89 149.88 

139.90 139.90 

91.97 91.95 

85.97 85.95 

139.94 139.92 

86.94 86.92 

50 50 

35 35 

lo.?,9 10.79 

19.4'97 19.496 

31.8'34 31.884 

3.4'99 3.498 

19.493 19.493 

19.297 19.296 

5.199 5.199 

5.699 5.698 

3.6998 3.6998 

2.199 2.199 

12.3886 12.3886 

1.9796 1.9796 

G75 



Table G33 

Steady-State Leachate Concentrations (ug/l) for Anaerobk 

Indiana Harbor Sediment Following Challenge Testing with 

Anaerobic Indiana Harbor Leachate, 

1 

<5 

4.8 

<5 

<5 

<5 

<5 



Table G34 

Steady-State Sediment Concentrations C o n c  

2002.6 

2 96.03 

3 22.00 

4 69.02 

5 200.05 

6 61.99 

7 150.00 

8 140.00 

9 91.99 

10 86.00 

11 140.01 

12 87.00 

13 50.00 

14 35.00 

15 10.80 

16 19.50 

17 31.90 

18 3.499 

19 19.50 

20 19.29 

21 5.199 

22 1.659 Testing with Anaerobic Indiana Harbor Leachate 

Sequential Leach Number 
2 3 -- 

2000.0 2000.4 

96.03 96.04 

22.00 22.00 

69.02 69.02 

200.05 200.05 

61.99 61.99 

149.99 149.99 

139.99 139.99 

91.99 91.99 

85.99 85.99 

140.01 140.00 

87.00 87.00 

50.00 50.00 

35.00 35 .oo 

10.80 10.80 

19.50 19,.50 

31.90 3L90 

3.499 3..499 

19.50 19..50 

19.29 19.,29 

5.199 5..199 

1.659 I a.659 

5.199 5.,199 

1.659 1.,659 

5.699 5.699 

3.698 3.698 

21.99 21.99 

12.39 12.39 

1.979 1.979 

4 

1999.8 

96.02 

21.99 

69.01 

200.02 

61.98 

149.98 

139.98 

91.99 

86.00 

140.01 

87.00 

50.00 

35.00 

10.80 

19.50 

31.91 

3.500 

19.50 

19.29 

5.199 

1.659 

5.198 

1.659 

5.700 

3.698 

21.99 

12.39 

1.979 

G77 
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values f o r  K d  a e  W l i s t e d  i n  T a b l  W G 1 8 ,  a n d  t h e  C L  values a e  W l i s t e d  i n  T a b l  W G 5 .  8 5 .  P r e d i c t e d  c o n c e n t r a t i o n s  h a v e  b e e n  p l o t t e d  f o r  t m  c o n d i t i o n s .  T h e  f i r s t W a s s u m e s  t h a t  c o n t a m i n a n t  l e a c h i n g  i n  t h e  p e r m e a m e t e r s  i s  g o v e r n e d  b y  e q u i l i b r i u m - c o n t r o l l e d ,  l i n e a r  d e s o r p t i o n  and that the equilibrium distribu- 

tion coefficient is adequately described by the Kd obtatiwd using sequential 

batch leach tests. 

The second condition assumes that dewrption does not 

OCCU; that is, 

Kd is equal to zero. In both cases, the interstitial water 

concentrations measured during batch testing were used as the initial were above detection 86. 

Anaerobic permeameters: organic compounds and DOC. The concentra- - 
tions of most of the 29 organic compounds listed in Table G4 were below detec- 

tion limits in the anaerobic permeameter leachate. Table (~36 is a summary of 

the organic compounds that were not detected. In particular, no PAHs were 

detected in the anaerobic permeameter leachates. One of the Aroclor 1248 con- 

geners, organic compound number 19 was above the detection 



Table G36 

Summary of Organic Contaminants that were llelow the 

Detection Limit in Anaerobic Permeameter Leachates 

Compound 
Detection Limit 

w3/~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

20 

27 Permeameter (15 ) Tj3-0.2456  T2er-6.177r- -0.2 Tj3-0.2456  D 3  Tr (2.u9 5 )57s0.6wr/18.102Tr (2.u9 5 )57s0.-4 

20 
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Table G38 

Comparison of CI to 
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Table 39 

Metal and DOC Coucentrations and Conductivity in Leachate 

from Aerobic Permeameters 

Pore 
Volume 

Metal Concentration, mg/t 
AS Cd Cr Pb Zn - - - 

DOC Conductivity 
mg/e nnhos 

Permeameter 1A 

0.27 0.008 0.0414 0.009 0.002 0.305 603 4500 
0.72 0.003 0.0462 0.008 0.001 0.289 621 4300 
1.06 0.009 0.0412 0.009 0.004 0.454 604 4500 
1.50 0.012 0.0094 0.008 0.003 0.088 394 1190 
1.62 0.013 0.0104 0.008 0.003 0.082 333 390 Tc -0.2355  Tw (394 ) Tj
0  Tr 75.4283 0  TD 3  Tr (1190 ) Tj
085616
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concentration and the corresponding pore volumes for each aerobic permeameter 

are listed in Table G41. Plots similar to those for arnxrobic sediment are 

shown in Figure G22 for total Aroclor 1248 congener concentration and Fig- 

ure G23 for DOC. Examination of these plots and Table G41 provides the fol- 

lowing observations: 

a. Naphthalene was detected in only two samples. No other PAHs were - 
detected. 

b. Total Aroclor 1248 congener concentration ranged from below - 
detection limits to 0.07136 rug/e. 

c. Leachate from one of the aerobic permeameters was consistently - 
higher in Aroclor 1248 congeners than the other two permeameters. 

d* DOC showed a well defined washout effect not observed for total 
Aroclor 1242 congeners. 

90. Consolidation during permeameter testing. At the start of the per- 

meameter leaching tests, a well-mixed slurry of sediment was placed in the 

permeameters at uniform density and moisture content. Initially. the sediment 

was oversaturated and in a fluid state. Once the permeamnsters were placed in 

operation, a downward velocity was imparted to the slurry by momentum transfer 

from the moving water to the fluidized particles. Particles reaching the bot- 

tom were retained by the Teflon fabric in the bottom. Consolidation occurred 

from the bottom up (denser layers at the bottom) as additional 





Figure G23. Dissolved organic carbon concentrations in aerobic 
permeameter leachate during organic leach test 
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conservative, i.e., higher than observed. The differences between predicted 

and observed are discussed below. 

92. Anaerobic permeameters. The anaerobic metals showed lower releases 

during the permeameter tests than predicted. For chromium, lead, and zinc, 

departure of predicted from observed began with the initial value. The 

average value for the interstitial water extractions for these metals did not 

provide a good estimate for CI , the starting point for the predicted curves. 

The average interstitial water concentrations for chromium, lead, and zinc 

were well above the concentrations in the first permeameter leachate samples. 

Consequently, at or near the detection limit throughout the permeameter tests. 

Zinc was initially measurable in the permeameter leachate, but after the first 

sample, zinc concentrations were below the detection limit. 

93. The starting point of the predicted curves for arsenic and cadmium 

was in the range of metal concentrations observed in the first sample col- 

lected from the anaerobic permeameters. However, the concentrations of 

arsenic 



95. The predicted concentrations for total Aroclor 1248 congeners were 

also conservative (larger) compared with the observed concentrations. As 

shown in Figure G16, the predicted leachate concentration did not change from 

5 . 
The observed concentrations tended to persist, although some decrease 

was noted. When Kd is large, the source term completely overwhelms the 

other terms in the permeant-porous media equation. Figure G24 shows the 

results of a sensitivity analysis. Once Kd exceeds a numerical value of 

100 e/kg. the leachate concentration is constant for a long time. Evaluation 

of Equation time. 

O n c e  analy
 3  Tr -0.3453  Tc 0.1351  Tw (concentration ) Tj
0  Tr 95.9996 0  TD 3  Tr -0.1274  Tc 0.5717  Tw (is ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.2874  Tc 0.0689  Tw (necessary ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.453  Tc 0.2582  Tw (when ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4328  Tc 0.235  Tw (Kd ) Tj
0  Tr -512.2266 -18.6  TD 3  Tr -0.1274  Tc 0.5717  Tw (is ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (on ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3786  Tc 0.1731  Tw (order ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.4595  Tc 0.2656  Tw (lo2 ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3434  Tc 0.133  Tw (or ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3664  Tc 0.1592  Tw (greater. ) Tj
0  Tr 67.8855 0.6  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3642  Tc 0.1566  Tw (predicted ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3887  Tc 0.1847  Tw (leachate ) Tj
0  Tr 61.0283 0  TD 3  Tr -0.3453  Tc 0.1351  Tw (concentration ) Tj
0  Tr 95.3139 0  TD 3  Tr -0.4004  Tc 0.1981  Tw (may ) Tj
0  Tr -499.1981 -18.6  TD 3  Tr -0.2994  Tc 0.0826  Tw (simply ) Tj
0  Tr 47.3141 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr 21.2571 0  TD 3  Tr -0.3451  Tc 0.1349  Tw (considered ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.303  Tc 0.0867  Tw (constant ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (at ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.6  Tc -0.2595  Tw (CI ) Tj
0  Tr 21.9428 0  TD 3  Tr -0.2595  Tc 0.0371  Tw (. ) Tj
0  Tr 18.5142 0.6  TD 3  Tr -0.3003  Tc 0.7694  Tw (This ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3006  Tc 0.084  Tw (simplification ) Tj
0  Tr 102.171 0  TD 3  Tr -0.3175  Tc 0.789  Tw (has ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3918  Tc 0.1882  Tw (application ) Tj
0  Tr 82.2854 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr -520.4551 -18  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3957  Tc 0.1927  Tw (field ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3545  Tc 0.1456  Tw (situation ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3232  Tc 0.1099  Tw (also ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.3463  Tc 0.1362  Tw (because ) Tj
0  Tr 56.2284 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3957  Tc 0.1927  Tw (field ) Tj
0  Tr 46.6284 0  TD 3  Tr -1.0322  Tc 0.2344  Tw (V ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.2547  Tc 0.0316  Tw (D ) Tj
0  Tr 7.5428 -7.8  TD 3  Tr -0.3464  Tc 0.1364  Tw (P ) Tj
0  Tr 19.8856 7.8  TD 3  Tr -0.3428  Tc 0.1323  Tw (w:Lll ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.4493  Tc 0.254  Tw (generally ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (be ) Tj
0  Tr -485.4839 -18  TD 3  Tr -0.3602  Tc 0.1521  Tw (lower ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4542  Tc 0.2595  Tw (than ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3462  Tc 0.1361  Tw (those ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.405  Tc 0.2033  Tw (applicable ) Tj
0  Tr 76.114 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3114  Tc 0.0963  Tw (permeameters. ) Tj
0  Tr -211.8849 -18.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (96. ) Tj

0  Tr 33.5999 0  TD 3  Tr -0.4732  Tc 0.967  Tw (As ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4039  Tc 0.2021  Tw (previously ) Tj
0  Tr 76.114 0  TD 3  Tr -0.2333  Tc 0.0071  Tw (discussed, ) Tj
0  Tr 75.4283 0.6  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.315  Tc 0.1004  Tw (interstitial ) Tj
0  Tr 87.7711 0  TD 3  Tr -0.344  Tc 0.1337  Tw (water ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.3618  Tc 0.1539  Tw (extraction ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.3558  Tc 0.1471  Tw (conducted ) Tj
0  Tr -464.9125 -18.6  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.3462  Tc 0.1361  Tw (batch ) Tj
0  Tr 42.5141 0  TD 3  Tr -0.333  Tc 0.121  Tw (testing ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.357  Tc 0.8342  Tw (organic ) Tj
0  Tr 54.8569 0  TD 3  Tr -0.3361  Tc 0.8103  Tw (compounds ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.4595  Tc 0.2656  Tw (did ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (not ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3825  Tc 0.1776  Tw (produce ) Tj
0  Tr 55.5426 0  TD 3  Tr -0.4082  Tc 0.2069  Tw (reliable ) Tj
0  Tr 60.3426 0  TD 3  Tr -0.4068  Tc 0.2054  Tw (val- ) Tj
0  Tr -493.0267 -18  TD 3  Tr -0.303  Tc 0.0867  Tw (ues. ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4427  Tc 0.2464  Tw (Equation ) Tj
0  Tr 62.3998 0  TD 3  Tr -0.546  Tc 0.3645  Tw (Gf3 ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3679  Tc 0.1609  Tw (used ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.3016  Tc 0.0852  Tw (estimate ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.6  Tc -0.2595  Tw (CI ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.344  Tc 0.1337  Tw (curve ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3452  Tc 0.135  Tw (shown ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.4155  Tc 0.2153  Tw (Figure ) Tj
0  Tr 47.9998 0  TD 3  Tr -0.6326  Tc 0.4634  Tw (G16 ) Tj
0  Tr -507.4266 -18  TD 3  Tr -0.3624  Tc 0.1546  Tw (using ) Tj
0  Tr 41.8284 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 33.5999 0  TD 3  Tr -0.4328  Tc 0.235  Tw (Kd ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4995  Tc 0.3114  Tw (value ) Tj
0  Tr 42.5141 0  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.1999 0  TD 3  Tr -0.465  Tc 0.2719  Tw (Table ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.6326  Tc 0.4634  Tw (G27 ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.5191  Tc 0.3337  Tw (and ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4946  Tc 0.3058  Tw (bulk ) Tj
0  Tr 34.9713 0  TD 3  Tr -0.3341  Tc 0.1223  Tw (sediment ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3145  Tc 0.7856  Tw (concentrations ) Tj
0  Tr 102.8568 0  TD 3  Tr -0.3155  Tc 0.101  Tw (listed ) Tj
0  Tr -486.8553 -18  TD 3  Tr -0.4298  Tc 0.2316  Tw (in ) Tj
0  Tr 19.8856 0  TD 3  Tr -0.465  Tc 0.2719  Tw (Table ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.546  Tc 0.3645  Tw (G6. ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.4885  Tc 0.2988  Tw (The ) Tj

0  Tr 28.1142 0  TD 3  Tr -0.3258  Tc 0.1128  Tw (estimated ) Tj
0  Tr 67.8855 0  TD 3  Tr -0.4995  Tc 0.3114  Tw (value ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (was ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.4137  Tc 0.2133  Tw (reasonably ) Tj
0  Tr 75.4283 0  TD 3  Tr -0.2414  Tc 0.0164  Tw (close ) Tj
0  Tr 41.1427 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (to ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.4326  Tc 0.2348  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.3799  Tc 0.1747  Tw (initial ) Tj
0  Tr 53.4855 0  TD 3  Tr -0.322  Tc 0.1085  Tw (permeam- ) Tj
0  Tr -478.6267 -17.4  TD 3  Tr -0.3664  Tc 0.1592  Tw (eter ) Tj
0  Tr 34.2856 0  TD 3  Tr -0.3887  Tc 0.1847  Tw (leachate ) Tj
0  Tr 61.7141 0  TD 3  Tr -0.3109  Tc 0.0957  Tw (concentrations. ) Tj
0  Tr 116.571 0  TD 3  Tr -0.2394  Tc 0.6998  Tw (Estimates ) Tj
0  Tr 68.5712 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (of ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.6  Tc -0.2595  Tw (CI ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3155  Tc 0.101  Tw (for ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.4  Tc 0.1976  Tw (all ) Tj
0  Tr 28.1142 0  TD 3  Tr -0.3258  Tc 0.1128  Tw ('the ) Tj
0  Tr 2
0  Tr 26.7428 0  TD 3mat  Tc 0.1834  Tw (eor-348  Tll ) Tj
012s  Tr -0.3799  Tc 0.1 26.74290.1834  Tw (eor-3361  Tll ) 103Tj
0  Trmpounds7.4  TD 3  Tr -33  11  T876  Tw (all ) T0m- 



Figure G24. Fraction initial concentration 



predictions are needed that are 



a. Initially, contaminants were adsorbed onto the surfaces of col- 
lection vessels and tubing leading from the permeameters to 
the collection vessels. 

b. The permeameter hydraulics were vessels 0  TD 3  Tr -0.3893  Tc 0.1854  Tw (othat) Tj
0  Tr 33.5999 0  TD 3  Tr -0.43624 Tc 0.1576  Tc (coead ) Tj
0  Tr 73 3 yc (coead ) Tj41
phe 



constants. Several of these parameters depend on sediment porosity. The dis- 

persion coefficient D 
P 

and the pore water velocity V are flow-related 

variables that are affected by changes in porosity. During permeameter test- 

ing same sediment consolidation was observed that caused the porosity and 

therefore D 
P' 

VP p, 0 , and the sediment pore volume used to calculate 

the Pore volume throughput for the observed points to change as testing pro- 

gressed. A more sophisticated mathematical description of the permeameter 

test involving solution of a partial differential equation with variable 

coefficients could be used to develop predictive curves that account for con- 

solidation. Although a more sophisticated predictive equation would be 

expected to improve the accuracy of the predicted curves, such an equation was 

not used in this study for two reasons. 

105. First, the prediction of contaminant concentrations in the permeam- 

eter leachate is relatively insensitive to o , e . and V , moderately sen- 

sitive to D 
P' 

and extremely sensitive to CI and 
Kd ' 

Since CI and Kd 

are not related to consolidation, the use of a predictive model that accounts 

for the effects of consolidation would not change the starting point for the 

predictions, CI , or significantly change the shape of the predicted curve, 

106. Second, development of the functional relationships for consolidation 

and the pore volume through the permeameters and the relationship between con- 

solidation and the flow-related variables would require a separate set of 

equations and numerical analysis of these equations by a computer model. The 

effort required to develop reliable input needed for a complicated model was 

not within computer q0n62.n26  Tc 028 2 Tw (wscop ) Tj
0  Tr 20.5714 0  TD 3  Tr -0.3  Tc 0.8071  Tw (analysis ) Tj
0  Tr 61.7141 0  TD 3  Tr -258c 0.807172337  Tw ot el model. to biodegra- 

dation. Equation G7 does not i~nclude a term for biodegradation. For contami- 

nants with high distribution coefficients, Equation G7 predicts that the 

initial leachate concentration will persist indefinitely. In this case, the 

the biodegradation term could become important. The rates at on the structure of the 



Conclusions 





Additional study, development, and verification of the integrated 
approach are needed before it can be adopted for routine 
application. 
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4. Sediment acquisition, mixing, and transportation procedures have been 

previously described in Part II. The sediment was stored at 4 "C 



Table Hl 

Experimental Matrix for Testing of Solidified/Stab:ilized Indiana 

Harbor Sediment* 

Test 
PrOCeSS ucs T P SCT Leach - - - - 

Portland Cement X X X X X 

Lime-Fly Ash 

Portland Cement- 
Fly Ash 

X X X X 

X X X 

Portland Cement- 
Fly Ash-Sodium 
Silicate 

X 

Portland Cement- 
FilXliX 

X X 

Portland Cement-WP X X 

Firmix-WP 

FiVJliX 

X 

X X X 

* UCS = unconfined compressive strength. 
T = trafficability. 
P = permeability. 

SCT = strength-cure time curve. 
Leach = chemical leach testing. 

WP = proprietary polymer WEST-P. 

H3 



conducted on each process formulation and unconfined con~pressive strength 

testing was conducted on all of the process formulations, except the 

0.4 portland cement:1 sediment formulation. 

Physical properties tests 

8. Unconfined compressive strength. Unconfined compressive strength 

(UCS) was determined according to the American Society for Testing and Mate- 

rials 



12. From the desorption isotherm, contaminant-specific coefficients can 

be obtained that describe the interphase transfer of contaminant from the solid 

phase to the aqueous phase. The interpretation of data from serial, graded 

batch leach tests is similar to the interpretation previously described in 

Appendix G for data from sequential batch leach tests. Of particular impor- 

tance is Equation G5. 

9 = KdC + q, 

Equation G5 assumes that a fraction of the solid phase contaminant concentra- 

tion is resistant to leaching and the solid to liquid phase transfer of the 

leachable fraction is governed by a reversible process. In this model, the 

relationship between the solid phase concentration q and the aqueous phase 

concentration C is linear. Two parameters describe the relationship, a dis- 

tribution G5 has not previously been demonstrated as a practical leaching model 

for solidified/stabilized sediment. 

13. Serial, graded batch leach tests can provide the information needed 

for a permeant-porous media mass transport equation, given certain simplifying 

assumptions. (Permeant-porous media equations are discussed in Appendix G.) 

Water is assumed to be the transport medium for the contaminants. Only contam- 

inants on surfaces in contact with moving pore water are available for leach- 

ing. Contaminants that are not solubility limited are released by ion exchange 

and desorption of adsorbed contaminants. It is further assumed that the water 

moves so slowly through the solidified/stabilized material that ion exchange 

and desorption can be modeled as equilibrium controlled. 

14. The equilibrium assumption is a common assumption in the practical 

application of permeant-porous media equations (Grove and Stollenwerk 1985; 

Vallochi 1985). The basis for this assumption involves both hydraulics and 

chemical kinetics. The transfer of contaminant from the solid phase to the 

aqueous phase is assumed to be fast in relation to the rate at which water 

percolates through the solidified/stabilized material. As water percolates 

H5 



through the material. a piecewise equilibrium in space and time is established 

such that the contaminants are distributed between solid and aqueous phases 

according to the chemical thermodynamics of the solid and aqueous phases. 

This distribution is described by a desorption isotherm, i.e., a plot of solid 

phase concentration versus aqueous phase concentration, as in Figure G-2. The 

term "desorption" is used here to represent the net result of all reversible 

processes. 

15. The serial, graded batch leach procedure also assumes that the liquid- 

solids ratio does not affect the chemistry of the leaching process, i.e., the 

distribution coefficient is not dependent on liquid-solids ratio. The litera- 

ture indicates that this assumption is probably not correct for untreated sedi- 

merit, although the reason for this is not entirely clear (Voice, Rice, and 

Weber 1983; Di Toro et al. 1986). For solidified/stabilized sediment, changes 

in the chemistry of the aqueous phase with varying liquid-solids ratio probably 

have a more profound effect on interphase tests. Serial, graded batch leach tests were run on 

samples taken from the center of the 4-in.-diam specimens cast in compaction 

molds. The 4-i". specimens were broken apart in order to obtain the samples 

for chemical leach testing. The samples were ground on a Brinkman centrifugal 

grinding mill to pass a 0.5-mm screen before leach testing. The leach proce- 

dure consisted of contacting solidified sediment samples with distilled- 

deionized water on a mechanical shaker for 24 hr in liquid-solids ratios of: 

100 ml:50 8, 100 ml:10 g, 100 ml:5 g, and 100 ml:1 g. In some of the tests, a 

100 ml:20 g liquid-solids ratio was included. The extractions were run in 

triplicate in 250-1111 polyethylene bottles laid in the horizontal position. 

After shaking, the mixtures were filtered through 0.45-u membrane filters and 

analyzed for 



800 r SEDIMENT: PC RATIO 

a. 



800 r SEDIMENT: 



Mass of Contaminant 

----_---___-----_-- 
Mass Solidified 
Sediment Leached 

(HI) 

4 = total contaminant concentration in the solid phase after 
leaching, mg/kg 

40 
= initial contaminant concentration in the !solid phase, mg/kg 

C = contaminant concentration in the leachate, mg/e 

V = volume of aqueous phase (leachate), a. 

M = mass of solidified V/M 

Equation H1 can be written as 

q = 4,) - CCL/S) (H-2.) 

Equation H-l was used to calculate the solid phase concentration q corre- 

sponding to the aqueous phase concentration determined by chemical analysis 

for the liquid-solids ratio used. Since all the tests used 100 ml of 

distilled-deionized water, the liquid-solids ratio is 100 ml divided by the 

mass of solidified/stabilized sediment leached in grams. 

18. The initial solid phase concentration q, for The 



S x 
4, = _____---------- 

(1 + w) (1 + R) 
(H-3) 

whe.re 

s = contaminant concentration in the sediment before 
x 

solidification, mg/k~g (dry weight basis) 

w = moisture content of the wet sediment, 
kg water/kg sediment solids 

R = dosage of solidification/stabilization reagents, 
kg reagents/kg wet main body of this report. 

19. From the tables of solid phase contaminant concentration q and aque- 

ous phase contaminant concentration C desorption isotherms were developed by 

plotting q versus C . Determination of the distribution coefficient 
Kd 

and the solid phase contaminant concentration resistant to leaching qr varied 

slightly, depending on the liquid-solids ratios at which contaminants were 

detected in the leachates. When the aqueous phase concentration was above the 

detection limit at three or more liquid-solids ratios and the data were not 

clustered 
Kd and qr were determined by least squares analysis of the line 

of best fit. For clustered data qr was determined by averaging the solid 

phase concentrations. Clustering is discussed in the results section of this 

appendix. When the aqueous phase concentrations were below the detection limit 

at the IO:1 and/or 2:l liquid-solids ratios, a distribution coefficient was 

not calculated. The solid phase contaminant concentration at the next highest 

liquid-solids ratio with aqueous phase concentration below the detection limit 

was used as an estimate of the contaminant concentration resistant to leaching. 

In this case qr was reported as a greater than value. 

Results 

Physical properties 

20. Unconfined compressive strength. UCS for portland cement, portland 

cement with fly ash, portland cement with Firmix, portland cement with WEST-P, 

Firmix, and lime with fly ash 



120 - SEDIMENT: FA: LIME RATIO 

. 1: 0.4: 0.1 

100 - 0 1: 0.5: 0.1 
A 1: 0.6: 0.1 

a. Fly Ash with Lime 

450 

F 

SEDIMENT: POLYMER: PC RATIO 

400 l 1:0.01:0.2 
0 ,:0.03:0.2 
A ,:0.05:0.2 350 

t 
300 - 

250 - 

200 - 

150 - 

b. Portland Cement with Polymer 

Figure H3. Unconfined Compressive Strength-Cure Time Curves for 
Indiana Harbor Sediment Solidified/Stabilized Using 
Fly Ash with Lime and Portland Cement with WEST-Polymer 
Processes 

Hl:l 



the figures are averages of either three or six replicates. The 7- and 21-day 

data are averages of three replicates and the 14- and 28-day data are averages 

of six replicates. 

21. The UCS data showed, as expected, that the higher the additive dosage, 

the higher the strength of the solidified product. For example, the 28-day 

UC9 for the 0.1 portland cement:1 sediment weight ratio was 56.7 psi, for the 

O.%:l weight ratio of portland cement to sediment the 28-day UCS was 290 psi, 

and the 28-day UCS for the formulation using a 0.3:1 weight ratio of portland 

cement to sediment was 682 psi. In the processes involving portland cement 

and another additive, the strength of the product increased as the proportion 

of portland cement increased. This is shown in Figures Hlb and H2a for the 

portland cement with fly ash and the portland cement with Firmix processes, 

respectively. The data also showed increased strength with higher dosage of 

fly ash in the fly ash with lime process, Figure H3a. The process using Firmix 

as the setting agent showed increased strength for dosaglzs above a 0.4:1 weight 

ratio of Firmix to sediment relative to the strength of the 0.4:1 product. 

However, the strength versus cure time curves for the 0..5:1 and the 

0.6:1 weight ratios of Firmix to sediment were very similar and probably not 

significantly different. 

22. Strength versus cure time curves were developed for the portland 

cement with WEST-P in order to complement the chemical l,each studies conducted 

on Indiana Harbor sediment solidified with this process. The purpose of the 

polymer is to reduce the leachability of organic contaminants. As indicated 

in Figure H3b, the optimum polymer dosage was the 0.03:0.2:1 polymer:portland 

cement:sediment formulation. 

23. The UCS data in Figures Hlb and H2a show the relative effect of port- 

land cement substitution using either fly ash or Firmix. The UCS for 

0.2 portland cement:1 sediment and 0.3 portland cement:1 sediment formulations 

were compared with the UCS for the 0.1 fly ash:0.2 portland cement:1 sediment 

and the 0.1 Firmix:O.Z portland cement:1 sediment formulations. The data for 

this comparison are summarized in Table H2. It should noted that these formu- 

lations have a total additive-to-sediment weight ratio of 0.3:1. Substitution 

with fly ash produced a product with strength no better than that of the 0.2:1 

portland cement process. These results indicate that there would be no eco- 

nouic advantage to using the fly ash used in this study as a portland cement 

substitute. To achieve a given USC, processes with and without fly ash 
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Table H2 

Comparison of UCS for Various Portland 

Cement/Additive Formulations 

Formulation 

0.2:1 (Pc:s) 

0.3:1(PC:S) 

0.1:0.2:1 (FM:PC:S) 

0.1:0.2:1 (FA:PC:S) 

UCS, psi, for Indicated Cure Time, days 
7 14 21 28 

126 215 268 290 

190 567 640 682 

168.3 226.2 319.1 507.9 

82.4 254.8 270.3 312.8 

* S = sediment. 
PC = portland cement. 
FM = Finnix. 
FA = fly ash with lime. 
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require about the same amount of portland cement. Substitution with Firmix 

provided a product strength in between that for the O.Z:l. and 0.3:1 portland 

cement:sediment formulations. Thus, portland cement substitution with Firmix 

could reduce the cost of achieving a given strength criterion, depending on 

the relative cost of Firmix to portland cement. 

24. The gain in strength with cure time that is evident in Figures HI-H3 

showed that the sediment solidified in spite of the potential for interference 

from the various contaminants in the sediment. If the setting reactions 

responsible for solidification were not occurring, the products would not gain 

strength as they cured. This is a significant finding in light of what is 

known about the potential for interference (Jones et al. 1985). Oil and 

grease, in particular, can interfere with the developmenc of a hardened mass 

(Clark, Colombo, and 

the 1982). On-going research at WES on contaminants 

that interfere with solidification processes applied to industrial sludges has 

shown that the level of oil and grease in Indiana Harbor sediment can interfere 

with setting reactions. Initially, it was thought that solidificati~on might 

not be technically feasible for Indiana Harbor sediment due to the oil There is, however, evidence of retardation in set time. An often-used 

rule of thumb is that Portland-cement-based processes achieve 95 percent of 

final strength in 28 days. With the exception of the portland cement curves, 

the strength versus cure time curves for the various processes showed that 

strength is continuing to develop beyond 28 days. For example, the setting of 

the Firmix process was slow compared with the rate normally encountered with 

clean sediments. Firmix usually reaches maximum strength in about 30 days 

with clean sediments.* 

26. The range in product strengths, 48.5 to 682 psi, is indicative of 

the versatility and flexibility of solidification fl8  astion 

- 0 . 3 3 1 0   T D  3   T r 3 2 1 4 3 3 1 8   T c 0 7  ( f l 8   i m m o l e x i z i n g l i t y  )  T j 
 0   9 . 0 . 2 . 4 2 8 5  0   T D  3   T r  3 2 2 8 0 5 4   T c 3 4  ( f l 8   t h e ( a n d  )  T j 
 0   T r  2 7 . 4 2 8 5  0   T D  3   T r 3 7 4 1 2 1 6 0 l 9  1 6  ( f l 8   c o n t a m i n a t e d l i t y  )  T j 
 0   9 . 0 . 2 . 4 2 8 5  0   T D  3   T r 2 5 7 9 2 1 6 0 l 9  7 2 0 9 1 1 9 7   T w  ( s s t i o n  )  T j 
 0  4 7 . 9 9 9 . 8 5 6 8  0   T D  3   T r 4 2 9 8 8 0 5 4   T c 3 1 6 ( f l 8   i n  ( o f  )  T j 
 0   T r  2 0 . 5 7 1 4  0   T D  3   T r 5 5 4 4 3 3 1 8   T 3 7 4 1 2 1 6 8   I n d i a n a t i o n  )  T j 
 0  5 4 . 1 7 1 2 5 7 1 4  0   T D  3   T r 4 7 2 2 8 0 5 4   T c 8 0 1 2 0 3 8   H a r b o r t i o n  )  T j 
 0  4 7 . 9 9 9 . 8 5 6 8  0   T D  3   T r 3 T w  ( f l 0 l 9  1 6 7 . 1 1 9 7   S e d i m e n t . t i o n  )  T j 
 0  7 4 . 7 4 2 2 8 5 6 8  0   T D  3   T r 3 7 1 4 3 3 1 8   T c 6 4 9 1 1 9 7   F o r t i o n  



Table H3 

UCS of Various Materials 

Material Type ucs, psi 

Clay Very soft <3.5 

Soft 3.5-7 

Medium 7-14 

Stiff 14-28 

Hard 28-56 

Very hard 56 

concrete Low strength 2,000 

Medium strength 5,000 

Soil-like 
solidifed waste 

(Bartos and 

Palermo 1977) 

FGD sludge 23-43 

Electroplating sludge 32 

Nickel/cadmium battery sludge 8 

Brine sludge 22 

Calcium fluoride sludge 25 
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sediments had strengths above the range normally associated with hard clay and 10 -5, 3.9 
-6 

x10 , 

and 6.7 x 10 
-6 

cmlsec, respectively. Permeability partly determines the rate 

at which contaminants can be released by chemical leaching. The permeabilities 

for the portland cement products are in the range of published values for 

solidified wastes (Bartos and Palmero 1977). The solidified dredged materials 

were more permeable than consolidated sediments (see leachate analysis, 

Appendix G), though there is disagreement in the literature as to whether 

these methods of permability analysis are applicable to solidified wastes. 

28. Trafficability. The cone index (CI) for the portland cement and the 

fly ash with lime processes was measured at various cure times. These data 

are presented in Table H4. The use of CI as an indicator of trafficability is 

described in Army TM 5-330. A review of the CI requirements for landfill con- 

struction equipment showed that a CI greater than 75 psi will permit repeated 

passes of tracked vehicles and most all-wheel-drive vehicles. If traffic is 

limited to tracked bulldozers and loaders, a minimum CI of 50 psi is satisfac- 

tory. The CI data showed that all of the portland cement formulations except 

for the weakest (O.l:l weight ratio of portland cement:sediment) were traffic- 

able after 1 day. If traffic is limited to tracked vehicles, the lime with 

fly ash formulations were trafficable after 1 day. In considering traffic- 

ability, a conservative approach is recommended because field application of CI 

to solidified material has not been demonstrated. 

29. In addition to being an index of trafficability, CI is a rapid and 

simple measurement that could be developed for field acceptance testing (Myers 

1986). CI correlates to the amount of critical solidification agent in a pro- 

cess formulation, is indicative of the strength of the solidified product, and 

follows a predictable increase that is a function of cure time. 

Chemical leach data 

30. General. A summary of the analysis of 16 blanks is presented in 

Table H5. Table H5 lists the range, mean, standard deviation, limit of the 

95-percent confidence interval for the mean, and detection limits for arsenic, 

cadmium, chromium, lead, zinc. and organic carbon. The blanks were generally 

near or below the chemical analytical detection limits. Arsenic and organic 
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Table H4 

CI Versus Cure Time for Solidified/Stabilized 

Indiana Harbor Sediment* 

Process** 

Portland Cement Portland ed/Stabilized 



Table H5 

Summary Statistics for Chemical Analysis of Blanks (N=l6) 

Statistic AS Cd Cr Pb Zn - oc* 

Detection Limit 

Number of blanks with 
concentration below 
the detection limit 

Range 

Mean, mg/9.** co.005 0.00048 

Standard deviation mg/E 0.00027 

95% confidence interval 10.005 so.007 

0.005 0.0001 0.001 0.001 0.030 1.0 

1~6 3 5 5 11 16 

(0.005 <0.0001 
to 

0.0010 

<O.OOl <O.OOl co.030 Cl.0 
to to to 

0.005 0.006 0.046 

0.0019 0.0022 co.021 <I..0 

0.0014 0.0017 0.0011 - 

SO.003 so.003 SO.030 51.0 

* OC = organic carbon 
** Values less than the detection limit were assigned a value of one half 

the detection limit. 
Values below the detection limit excluded, n = 13. 

H18 



carbon were below the detection limit in each blank. Zinc was detected in 

five of sixteen blanks. Cadmium, chromium, and lead, were above the detection 

limits in the majority of the blanks, Leachate samples with contaminant 

concentrations within the 95-percent confidence interval were reported as less 

than the 95-percent confidence limit. Except for cadmium, the 95-percent con- 

fidence interval determination used one half of the detection limit for values 

that were below the detection limit. Because most of the leachate samples 

were within the range of values reported for the cadmium blanks, determination 

of the 95-percent confidence interval for the cadmium blank excluded the below 

detection limit values. 

31. For the liquid-solids ratios used in this study, the range in pH for 

a given process formulation was typically less than 0.5. Leachate pH as a 

function of liquid-solid ratio for selected processes is presented in Table H6. 

These data indicate that the liquid-solids ratio probably does not signifi- 

cantly affect interphase transfer through a pH effect. 

32. Desorption isotherm data. The results from the serial, graded batch 

leach tests conducted on solidified/stabilized Indiana Harbor sediment are 

presented in Tables H7-H33. The tables are organized by process and process 

formulation. Each table contains data for one process formulation. The first 

column in each table lists the liquid-solids ratio. The remaining entries in 

each table list aqueous phase contaminant concentration C and the correspond- 

ing solid phase concentration q filtered (0.45-pm) 

leachate. 

33. Less than values for the aqueous phase concentration C were reported 

when the aqueous phase concentration was less than the detection limit (includ- 

ing blank if significant). The solid phase concentration was reported as a 

greater than value when C was below the detection limit. Most of the 

cadmium leachate concentrations were within the range of concentrations found 

in the blanks. Arsenic and zinc were sometimes below the detection limit and 

sometimes not, depending on the solidification/stabilization process and the 

additive dosage. Chromium and lead were above the detection limit in most of 
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Table H6 

Variation in pH with Liquid-Solids Ratio For Solidified/ 

StabiLized Indiana Harbor Sediment 

PlD.X?SS Liquid-Solids Ratio pH 
0.6 Firmix:l sediment 100 9.71 

20 9.68 
10 9.62 
5 9.73 
2 10.02 

0.05 WEST-P:0.5 Firmix:l sediment 

0.15 portland cement:0.15 fly ash: 
1 sediment 

100 10.31 
20 10.26 
10 10.58 
5 10.47 
2 10.57 

100 10.34 
20 10.69 
10 10.85 
5 10.75 
2 10.80 

HZ0 
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the leachate samples. Organic carbon was above the detection limit in every 

sample analyzed. 

34. Data for 157 desorption isotherms are available in Tables H7-H33. 

Representative desorption isotherms are presented in Figures H4-H16. The 

isotherms in this set of figures illustrate the important features of the dif- 

ferent types of isotherms that were obtained. The diffwxnt isotherm types 

are discussed below. 

35. Classification of desorption isotherms. A classification scheme was 

developed to provide a convenient framework for interpreting the desorption 

data. The data from the serial, graded batch leaching tests fall into five 

general classifications, depending on the liquid-solid ratios at which contam- 

inants 
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Figure H4. Arsenic desorption isotherm for 0.2 fly ash: 
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Table H34 

Classification of Desorption Isotherms Obtained from Serial, Graded Batch Leach 

Tests Conducted on Solidified/Stabilized Indiana 



one-point LRI. The zinc d&sorption data for Indiana Harbor sediment solidi- 

fied with portland cement in an additive-to-sediment ratio' of 0.1 portland 

cement: 1 sediment (Table H7) is an example of a two-point LRI. Other pro- 

cesses with contaminant desorption isotherms that were classified as LRI are 

listed in Table H34. 

38. LRIs characterize contaminants that the arsenic desorption 

isotherms were LRIs, solidified/stabilized Indiana Harbor sediment does not 

appear to have significant leaching potential for arsenic. 

39. In some of the serial, graded batch leach tests, the aqueous phase 

concentrations were detectable in leachates from the three lower liquid-solids 

ratios (20:1, lO:l, and 2:l) but not in leachates from the 1OO:l liquid-solids 

ratio. Desorption isotherms with leachate concentrations detectable at liquid- 

solids ratios of 2O:l and lower and that show a well-defined relationship 

between q and C are termed "moderate release isotherms" (KU). A typical 

MRI for arsenic is shown in Figure H4. There were seven MRIs, six for arsenic 

and one for lead. These are listed in Table H34. 

40. The next classification applies to serial, graded batch leach data in 

which contaminant concentrations were detectable at each liquid-solids ratio 

used in the series and the solid and aqueous phase concent,rations follow a 

well-defined relationship, i.e., the points on the desorption isotherm are not 

clustered. The isotherm plots for this classification are termed "well-defined 

desorption phase concentration. 

Most of the organic carbon desorption isotherms were nonlinear, as shown in 

Figures HlO and Hll. The nonlinear desorption isotherms for organic carbon 

are discussed later. Other contaminant desorption isotherms falling into WDI 

category are listed in Table H34. 

41. A well-defined, linear desorption isotherm characterizes a contaminant 

for which the leachable solid phase concentration is high enough that the aque- 

ous phase concentration is detectable after dilution at the highest liquid- 

solids ratio used in the serial, graded series. In the field situation, the 

dissolved concentration of such contaminants in the pore water will initially 

R63 



be well above the detection limits used to develop the desorption isotherms. 

The initial leachate concentration is governed by the field liquid-solids 

ratio, the distribution coefficient K d , and the leachable solid phase 

concentration. The rate at which the aqueous phase concentration decreases leaching tests were 

clustered, indicating that contaminant transfer from the solid phase to the 

aqueous phase did not follow the model in Equation G5. The leaching tests 

that produced clusters are termed "cluster isotherms" (CI). CIs occurred more 

frequently in the chromium data than for any other contaminant. All of the 

chromium desorption isotherms were classified as CIs. The chromium desorption 

isotherms shown in Figures H12 and H13 are typical CI with 

a horizontal orientation indicates that there is leachable contaminant in the 

solidified/stabilized solids and that the leaching of this contaminant is not 

governed by reversible ion-exchange or sorption. In this case, the distribu- 

tion coefficient Kd is zero. When Kd is zero, all of the leachable con- 

taminant concentration in the solidified/stabilized sediment is released in 

each test in the graded series; i.e., the leachable mass is not partitioned 

between solid and aqueous phases. The solid phase concentration at the end test in neither reversible exchange nor sorption occur, the aqueous phase concentration 

C depends only on the dilution provided by the various liquid-solids ratios 

used in the series. The aqueous phase concentration therefore decreases by 

dilution with increasing liquid-solids ratio. Theoretically, the q versus 

C plot should be a horizontal line that intercepts the ordinate at qr . The 

CI shown in Figure HI6 is an example of a q versus C plot that closely 

approximates the theoretical result for 

K 
d 

equal to zero. 

44. If the leachable solid phase concentrati  TD 3  pi (If ) -0.3453  Tc 0.1544 (CI ) Tj
0  21 tr914 l equal zero. equal closely 

phase in v e r s u s  phase concentrati  TD 3  p313r 54.8569 0  TD 346r -0.48336 .4833    TvideTw (solid ) T61.028r 34.9713 0  TD 35 Tr -0.25937Tc -0.21by7  Tw (d ) Tj
0  Tr j
0  28  Tw (zero. ) Tj
0  Tr -342.1701 -1nu3687(equal ) Tj
0  280e0. Figure Tj
0  280e0. in 

K 



ratio will be correspondingly small. If these differences are small relative 

to the combined precision of the leaching tests and chemi'cal analytical proce- 

dures, the data will be scattered about the true result, depending on the 

variability associated with the leaching and chemical analysis procedures. 

Since analytical precision is poorest near the detection limit, clustering may 

be due in part to the variability inherent in testing near the detection limit. 

The clustering or scatter shown in Figures H13-H15 is prolbably due to a combi- 

nation of K d equal to zero and low release relative to ,the testing variabil- 

ity. In the field situation, the combination of a leachable solid phase 

contaminant concentration that is low and a Kd equal to zero is characteris- 

tic of a contaminant that is initially present at low concentration and that 

does not persist once the initial pore water has moved oult. 

45. Process effectiveness for contaminant immobilizai* If a process 

provides complete immobilization for each contaminant, all of the contaminant 

desorption isotherms will be NRIs. None of the processes investigated in this 

study completely immobilized all of the contaminants in Indiana Harbor sedi- 

ment. Several of the processes in Table H34 had NRIs for two contaminants, 

cadmium and zinc. On the basis of the number of NRIs, however, no one process 

had better metal immobilization characteristics than all the others. 

46. When a simple scheme such as one based on the number of NRIs does not 

indicate which process has the best chemical stabilization potential, a more 

detailed analysis is required. A contaminant specific methodology for compar- 

ing process effectiveness is outlined below that involves the distribution 

coefficient 
Kd 

and the amount of contaminant that is leachable q1 . The 

methodology is used to compare the leachability of metals from solidified/ 

stabilized sediment to the leachability of metals from untreated sediment. A 

different basis, discussed later, was used to compare procfess effectiveness 

for immobilizing organic carbon. 

47. The distribution coefficient 
Kd 

as previously discussed, is a con- 

taminant-specific and solidified-sediment-specific composite coefficient that 

represents all equilibrium-controlled interphase transfer processes. since it 

is a measurement of the relative affinity of a contaminant for the solid phase 

versus the 



also an important index of contaminant mobility since this quantity is the 

mass of contaminant available for partitioning between solid and aqueous 

phases. For qL = q. - qr 

(H4) 

where 

qL 
= leachable contaminant concentration in the solidified/ 



50. The effectiveness of solidl:ication/stabilizatio" es a technology for 

immobilizing arsenic, lead, zinc, and chromium in Indiana Harbor sediment was 

evaluated by using the parameters discussed above. Values for qL , 4"L , 

and K d for solidified/stabilized sediment were compared with those for 

untreated, anaerobic sediment. The data are presented in Tables H35-38, for 

arsenic, lead, zinc, and chromium, respectively. 

51. The data showed that in most cases solidification/stabilization 

reduced the mess of leachable arsenic in the sediment. This is indicated in 

the normalized leachable arsenic concentrations presented in Table H35. The 

portland cement with fly ash and/or sodium silicate, portland cement with 

Firmix, fly ash with lime, and portland cement with WEST-P-polymer processes 

were particularly effective in reducing the normalized leachable arsenic con- 

centration q 
"L * 

The portland cement process was also effective when the 

portland cement dosage was greater than 0.1 portland cement to 1 sediment. 

The process formulation with the lowest q"L for arsenic 'was the 0.03 West-P: 

0.5 Firmix:l sediment formulation. With the exception of this one formula- 

tion, the Firmix with West-P and the Firmix processes, however, did not reduce 

the normalized leachable arsenic concentration, although the polymer reduced 

P "L 
compared with Firmix without polymer. Comparison of the qnL data for 

the portland cement with Firmix process with the data for the 0.3 portland 

cement:1 sediment portland cement formulation shows that peortland cement 

replacement with Firmix did not increase the nord40 0.e Tr 26.73Tr 75.4283 0  TD 3  Tr -963759  Tc 94.101  Tle,achablease 

replacement with s 0  0 . e  T 
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Table H35 

Summary of Arsenic Leaching Indices for Solidified/Stabilized 

Indiana Harbor Sediment 

Process 

Untreated anaerobic sediment 

Portland cement 
0.1 PC:1 sediment 
0.2 PC:1 sediment 
0.3 PC:1 sediment 
0.4 PC:1 sediment 

Portland cement with fly ash 
0.2 FA:O.l PC:1 sediment 
0.1 FA:O.Z PC:1 sediment 
0.15 FA:0.15 PC:1 sediment 

Portland cement with fly ash 
and/or sodium silicate 

0.05 NaSi:O.l FA:O.l PC:1 sediment 
0.05 NaSi:O.l FA:O.Z PC:1 sediment 
0.05 NaSi:0.25 FA:0.25 PC:1 sediment 
0.05 NaSi:0.25 PC:1 sediment 
0.05 NaSi:0.5 PC:1 sediment 

Portland cement with Firmix 
0.2 FM:O.l PC:1 



Table H35 (Concluded) 



Table H36 

Summary of Lead Leaching Indices for Solidified/Stabilized 

Indiana Harbor Sediment 

Pr0CeS.S 

Untreated anaerobic sediment 

Portland cement 
0.1 PC:1 sediment 
0.2 PC:1 sediment 
0.3 PC:1 sediment 
0.4 PC:1 sediment 

Portland cement with fly ash 
0.2 FA:O.l PC:1 sediment 0.11 0.27 0 
0.1 FA:O.Z PC:1 sediment 0.48 1.17 12.1 
0.15 FA:0.15 PC:1 sediment 0.35 0.85 0 

Portland cement with fly ash 
and/or sodium silicate 

0.05 NaSi:O.l FA:O.l PC:1 sediment 
0.05 NaSi:O.l FA:O.Z PC:1 sediment 
0.05 NaSi:0.25 FA:0.25 PC:1 sediment 
0.05 NaSi:0.25 PC:1 sediment 
0.05 NaSi:0.5 PC:1 0.15 FM:O.15 PC:1 sediment 

0.17 0.42 
0.32 0.78 
0.36 0.88 

Fly ash with lime 
0.4 FA:O.l L:l sediment 
0.5 FA:O.l L:l sediment 
0.6 FA:O.l L:l sediment 

1.16 3.27 
1.38 4.15 
2.10 6.71 

Firmix 



Table H36 (Concluded) 

PI-OCSSS 

Firmix with WEST-P 
0.01 WP:O.5 FM:1 sediment 
0.03 wP:O.5 FM:1 sediment 
0.05 WP:O.5 FM:1 sediment 

qL 
lnJl& 

0.05 
ND 

0.05 

9 
& 

0.14 
ND 

0.15 

Kd 
alkp 

0 
ND 

0 

Portland cement with WEST-P 
0.01 WP:O.2 PC:1 sediment 
0.03 WP:O.2 PC:1 sediment 
0.05 WP:O.Z PC:1 sediment 

0.35 0.80 11.5 
0.27 0.62 10.9 
0.36 0.85 0 

H71 





Table H37 (Concluded) 

PlXWXSS 

Firmix with WEST-P 
0.01 WP:O.5 FM:1 sediment 
0.03 WP:O.5 FM:1 sediment 
0.05 WP:O.5 FM:1 sediment 

FL 
mg/kg 

x0.3 
co.3 
co.3 

Kd 
alkg 

Portland cement with WEST-P 
0.01 WP:O.Z PC:1 sediment 
0.03 WP:O.Z PC:1 sediment 
0.05 WP:O.2 PC:1 sediment 

<O.l co.3 
co.1 co.3 
co.1 co.3 
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Table H38 

Summary of Chromium Leaching Indices for Solidified/Stabilized 

Indiana Harbor Sediment* 

Process 

fly ash 
0.2 FA:O.l PC:1 sediment 
0.1 FA:O.Z PC:1 sediment 
0.15 FA:O.15 PC:1 sediment 

Portland cement with fly ash 
and/or sodium silicate 

0.05 NaSi:O.l FA:O.l PC:1 sediment 
0.05 NaSi:O.l FA:0.2 PC:1 sediment 
0.05 NaSi:O.25 FA:O.25 PC:1 sediment 
0.05 NaSi:O.25 PC:1 sediment 
0.05 NaSi:0.5 PC:1 sediment 

Portland cement with Firmix 
0.2 FM:O.l PC:1 sediment 
0.1 FM:O.2 PC:1 sediment 
0.15 FM:O.15 PC:1 sediment 

Fly ash with lime 
0.4 FA:O.l L:l sediment 
0.5 FA:O.l L:l sediment 
0.6 FA:O.l L:l sediment 

Firmix 
0.4 FM:1 sediment 
0.5 FM:1 sediment 
0.6 FM:1 sediment 

4L 4 nL 
mg mg/kR 

1.19 1.19 

0.96 1.98 
0.18 0.41 
0.27 0.66 
0.39 1.03 

0.67 1.64 
0.43 1.05 
0.44 1.08 

0.30 0.70 
0.54 1.37 
0.51 1.49 
0.43 1.05 
0.34 0.99 

0.82 2.00 
0.39 0.95 
0.47 1.15 

0.40 1.13 
0.23 0.69 
0.18 0.58 

0.33 0.87 
0.33 0.93 
0.26 0.78 

(Continued) 

* Kd = 1.85 &/kg. 
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53. The data for zinc showed that, in general, solidification/stabiliza- 

tion reduced the mass of leachable zinc in the sediment. As was the case with 

lead, the lime in the fly ash with lime process apparently increased the 

leachability of zinc. The other processes involving fly ash did not show com- not 

Table H38 lists the leachable and normalized leachable concentrations 

for chromium. Since all of the chromium desorption isotherms were CIs, Kd 

is equal to zero in every case. Some of the solidification/stabilization pro- 

cesses slightly reduced the normalized leachable in pro- normalized 



Table H39 

Process Effectiveness for Metal Imn?obFlization Ranked According 

to the Sum of the Nomalized Leachable Metal Concentrations 

4 “LX 
Ranking 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Untreated anaerobic sediment 

0.01 WEST-P:0.5 Firmix: sediment 

0.05 WEST-P:O.S Firmix: sediment 

0.2 portland cement:1 sediment 

0.1 Firmix:0.2 portland cement:1 sediment 

0.4 Firmix: sediment 

0.5 Fir&x:1 sediment 

0.6 Firmix: sediment 

0.15 fly ash:0.15 portland cement:1 sediment 

0.15 Fi+mix:0.15 portland cement:1 sediment 

0.1 Fly Ash:0.2 portland cement:1 sediment 

0.03 WEST-P:O.Z portland cement:1 sediment 

0.2 Firmix:O.l portland cement:1 sediment 

0.2 Fly a6h:O.l portland cement:1 sediment 

0.05 WEST-P:O.Z portland cement:1 sediment 

0.01 WEST-P:0.2 portland cement:1 sediment 

0.05 Sodium silicate:0.5 portland cement:1 sediment 

0.05 Sodium si1icate:O.l fly ash:O.Z portland 

(mglfi) 

13.47 

1.49 

1.76 

2.09 

2.16 

2.35 

2.35 

2.41 

2.45 

2.46 

2.69 

2.84 

2.85 

2.98 

3.01 

3.06 

3.47 

3.60 

cement:1 sediment 

0.05 Sodium silicate:0.25 fly ash:0.25 portland 

cement:1 sediment 

3.79 

0.1 Portland cement:1 sediment 

0.05 Sodium si1icate:O.l fly ash:O.l portland 

cement:1 sediment 

3.81 

4.63 

0.05 Sodium silicate:0.25 portland cement:1 sediment 5.07 

0.3 Portland cement:1 sediment 5.43 

(Continued) 

4 nL = q nL,As + qnL,Cr + qnL,Pb + qnL,Zn 
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Table H39 (Concluded) 

Ranking 

23 

24 

25 

26 

9 

Pl3XXSS (mg% 

0.4 Portland cement:1 sediment 7.49 

0.4 Fly ash:O.l lime:1 sediment 18.05 

0.5 Fly ash:O.l lime:1 sediment 32.40 

0.6 Fly ash:O.l lime:1 sediment 40.05 
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top three process formulations probably would have been Fixmix with WEST-P 

formulations. The second best process for metal immobilization was the Firmix 

process. The three Firmix formulations ranked fourth, fifth, and sixth. The 

0.2 portland cement:1 sediment process formulation ranked number 3. The other 

portland cement formulations, however, ranked at the other end of the scale, 

numbers 19, 22, and 23. and aqueous phase organic car- 

bon concentrations. Figures HlO and HI1 are typical of phase of HI1 



For comparison, Equation G3 and equation H7 were fitted to the organic carbon 

desorption isotherm data for untreated anaerobic sediment and solidified/ 

stabilized Indiana Harbor sediment. The coefficients of determination, r* 

values, are presented in Table H40. As the r2 value approaches unity, the 

regressed equation fits the data better. 

60. The fit of the linear desorption model, Equation G3, was good for 

some data and poor for other data. The fit of the nonlinear desorption model 

provided by the Langmuir equation was good for all of the data and was better 

than the linear desorption model in every case. H&WJeI-, since fitting Equa- 

tion H7 involves regressing c against itself, comparison of r2 values for 

Equations G3 and H7 has limited meaning. An inspection of the desorption plots 

showed the nonlinearity of the process controlling organic carbon desorption 

to be unmistakable. Thus, a nonlinear model, such as the Langmuir equation, 

is more appropriate. In addition, the consistency of the r2 values for the 

Langmuir equation furnished a consistent basis for comparing the effectiveness 

of different solidification/stabilization processes that the linear desorption 

model could not provide. 

61. The Langmuir coefficients determined by regression of Equation H7 

onto the organic carbon desorption data are presented in Table H40. The 

values for the sorption capacity of the solids Q were normalized with respect 

to the mass of wet sediment solidified using the same approach previously 

described for normalized 



Table H40 

Langmuir Coefficients For Organic Carbon in Leachates 

From Solidified/Stabilized Indiana Harbor Sediment 

Process 

Untreated sediment 

Portland cement 
0.1 PC:1 sediment 
0.2 PC:1 sediment 
0.3 PC:1 sediment 
0.4 PC:1 sediment 

Portland cement with fly ash 
0.2 FA:O.l PC:1 sediment 
0.1 FA:O.Z PC:1 sediment 
0.15 FA:0.15 PC:1 sediment 

Portland cement with Firmix 
0.2 FM:O.l PC:1 sediment 
0.1 J?M:O.Z PC:1 sediment 
0.15 FM:O.15 PC:1 sediment 

Fly ash with lime 
0.4 FA:CI.l L:l sediment 
0.5 FA:O.l L:l sediment 
0.6 FA:O.l L:l sediment 

Firmix 
0.4 FM:1 sediment 
0.5 FM:1 sediment 
0.6 FM:1 sediment 

Firmix with WEST-P 
0.01 WPzO.5 FM:1 sediment 
0.03 WP:O.5 FM:1 sediment 
0.05 WP:O.5 FM:1 sediment 

Portland Cement with 
WEST-P 

0.01 WP:O.Z PC:1 sediment 
0.03 WP:O.2 PC:1 sediment 
0.05 WP:O.2 PC:1 sediment 

‘ 

(Et C5) 

0.9175 

L 

(E; H7) 

0.9999 

b 
al!% 

0.95 23400 23400 

0.7799 0.9999 0.64 10900 22600 
0.7712 0.9999 0.52 10300 23200 
0.8269 0.9999 0.80 2.01 9350 22800 

0.6428 0.9999 O.!Jl 8220 23200 
0.1233 0.9994 0.80 

7740 23300 
0.7445 0.9999 2.09 7220 23100 

0.4520 0.9999 1.22 8690 22900 
0.7216 0.9999 1.02 0.9999 1.02 7610 22900 

0.4713 0.9999 1.22 8050 22800 
0.2111 0.9999 -8.6 7860 22600 
0.3765 0.9999 2.88 

7780 22700 

0.6314 0.9998 0.61 10000 22800 
0.6574 0.9999 0.66 9790 22600 
0.6868 0.9999 0.71 9660 22700 
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organic compounds such as humic and fluvic acids that are normally found in 

high concentration in sediments. Hence, the organic carbon desorption iso- 

therms may reflect primarily the desorption characteristics of these sub- 

stances. The ability of special solidification/stabilization agents, such as 

WEST-P, to reduce the leachability of specific 



Conclusions 

67. The range in 28-day UCS was 48.5 psi (334 kPa) to 682 psi (4700 kPa), 

depending of the agent(s) used for solidification and the dosage applied. This 

range in product strength is indicative of the versatility of solidification 

as a physical stabilization process for Indiana Harbor sediment. The technol- 

ogy has the flexibility to meet specifications for physical stability ranging 

from primarily immobilizing sediment solids in a low strength product to pro- 

ducing a material suitable for end uses typical of soft concrete. 

68. Solidification/stabilization reduced the leachability of arsenic, 

cadmium, chromium, lead, and zinc. Cadmium and zinc were completely immobi- 

lized by some processes. Because some solidification/stabilization tend to 

increase the leachable metal concentration, careful process selection is needed 

to maximize chemical stabilization. The most effective processes for metal 

immobilization were Firmix with WEST-polymer and Firmix. 

69. Solidification/stabilization did not significantly alter the sorption 

capacity of the sediment for total organic carbon. Data were not available to 

evaluate the potential of solidification/stabilization tectmology to reduce 

the leachability of specific organic compounds. 
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4. The second step was to site and size the required excavation for the 

full-volume site and to design the cap. Based on available current data (both 

normal and extreme environments), the stability of the proposed sand cap was 

evaluated. Due to the negative results of the study, the long-term monitoring 

was not addressed. In addition to the references cited, a general bibliog- 

raphy containing several related subjects is included at the end of the main 

text. 

Area of Concern 

5. The areas for potential CAD sites included the entrance channel, the 

Indiana Harbor Canal, and the branches of the Federal 



study were the US turning basin and adjacent canal and the entrance channel 

(Figure 11). 

9. There is a very limited amount of flow information available for 

these areas. The velocity and direction of flow is apparently related to con- 

ditions in Lake Michigan. From various sources, we found that the flow may be 

either in or out of the entrance channel and velocities may range from 0 to 

1 fps.* A criterion of 3 fps was selected as the flow speed for incipient 

motion of the cap. 

10. Another consideration was the physical characteristics of dredging 

equipment to be used. The depth of the design cross section was limited to 

approximately 50 ft so that most dredge types could be used. 

11. The disposal location for the materials dredged to create the dis- 

posal trench was not addressed in this effort. 

12. A literature search revealed that typical vessels could have a 

length over all of 600 to 800 ft and greater. These tankers and freighters 

have drafts up to 30 ft and propeller diameters in the :range of 7.0 ft. Some 

of these vessels already operate in the entrance channe:L area. 

Cap Stability 

Natural flows 

13. To address grain-size requirements for capping materials under 

natural flows, the Ackers-White Method was utilized (Ac'kers and White 1973). 

This method uses the various parameters of particle diameter, velocity, bed 

shear stress, etc., to arrive at the critical flow condition for initiation of 

sediment motion. By varying the average grain size (D5,0), the method indi- 

cates that at project depths a mixture of coarse sands and fine gravels will 

withstand velocities of over 3 fps under normal conditions. A cap thickness 

of 3 ft was chosen as protection against major storm events, so that some 

erosion of the cap could occur without exposing the contaminated material. It 

also provides flexibility in replacement 

additional materials immediately. A thicker cap would be more costly 

and reduce the available containment area even more. At the Duwamish Waterway 

* Personal communications, Howard A. Benson and Robert F. Athow, 1985, and 
US Army Engineer Waterways Experiment Station (1959) 'Northwest Bulkhead 
studies. 
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contaminated dredge disposal site (Seattle, Wash.), a sand cap of approxi- 

mately 2 ft was used (Sumeri 1984). However. the site was located in an 

existing 75-ft-deep depression, and the final elevation Iof the cap surface was 

55 to 60 ft mllw. There to 



15. Once the value of D 
g= 

has been derived, the value of n , the 

transport exponent, can be determined as follows: 

for D s 1.0 n = 1 
g= 

for 1.0 < D 5 60 n = 1.0 - 0.56 
g= 

log I! 
I:= 

for D >60n=O 
g= 

and the value of the sediment mobility number calculated from Equation II. 

16. The Ackers-White approach uses dimensionless expressions for sedi- 

ment transport based on the stream power concept. In th<? case of coarse sedi- 

ments, it uses the product of net grain shear stress and stream velocity as 

the power per unit area of bed; and for fine sediments, it uses the product of 

the total shear stress and velocity. The dimensionless sediment transport 

rate G 
!z= 

is described by the equation 

F m 
G =C+-l 

g= 

where 

C = coefficient in sediment transport function 

A = value of F at nominal initial motion 
g= 

m = exponent in sediment transport function 

The values of C , A , and m can be derived as follows: 

for 1 < D 
g= 

S 60 log C = 2.86 

17. Once the dimensionless sediment transport rate has been derived from 

Equation 13, the sediment transport in mass flux per unit mass flow rate 

X can be determined from the equation 

16 



G SD V" 
X=-&L 

d ;" 
(14) 

18. By reworking the Ackers-White formulation with the variables of both 

grain size and depth as functions of flow speed, the initiation of motion, or, 

conversely, the cap stability was determined for capping materials. Figure 12 

illustrates these results graphically as a family of curves, each curve repre- 

senting a diffe -0.3701 TD 3  Tr -0.(res0  TD 3  Tr -0r -491.6552 -1r1 Tw (the ) Tj
0  Tr 2depth.569 0  TD 3  Tr1 -0r 4326  Tc 0.2348   -0(the ) T980  Tr 2T.4285 0  TD 3  8 -0.0r -491.6552 -1r1 48 (graphi25) Tj
0  
0  T57 0  TD 3  T1rsel.3434  Tc 0.133  T16 (a ) Tj78.3701 TDindr 82.2854 0  TD 3  Tr -0.2294  Tc 0.6883  Tw (the ) Tj
0  Tr 27.4285 0  TD 3  Tr -0.4072  Tc 0.2058 372(for ) Tj66 ) Tj
0veloc7.88569 0  TD 3 69i250.5191  Tc 0.3337 4T98(the ) Tj1es of 





where 

n = number of revolutions per second of propeller 

D 
P 

= diameter of propeller 

KT(prop) = propeller thrust coefficient 

23. The next value to be calculated is the initial diameter of 

slipstream behind the propeller DO : 

“s 
Do= 2 

24. Laboratory tests indicated that the area in which maximum scour of 

the channel bottom occurs is 0.10 < Z/X < 0.25. 



26. The median size (D50) of bottom protection can be computed by: 

(19) 

where 

A = relative density of bottom material = 's - ' 
P 

ji = shear stress parameter (given, between 0.02 and 0.06) 

Ps 
= density of bottom protection 

27. It was decided to analyze the entrance channel area first since it 

would be the major containment site. 

28. Tugs are not used in the canal. Current practice in the Indiana 

Harbor Canal by commercial vessel operators is to "coast" through the canal, 

then move through the bridges under power. HOW‘ZVC??I, should a vessels be in an 

emergency situation such as possible collision or an extreme storm event, a 

vessel may use full power, forward or reverse, and perhaps even drag the ves- 

sel's anchor(s). An emergency situation must be considered since this CAD 

site lifetime will be many years and, as the length of t:Lme increases, so does 

the probability of a potential problem. 

29. The entrance channel was chosen as a realistic case since there is 

more traffic in and around the harbor area. At this loc,ation, project depth 

is 27 ft plus 2 ft overdepth, or 29 ft, which was rounde'd to 30 ft. A 

realistic 20-ft-diam propeller was selected with rotation at 50 rpm. Based on 

these parameters, the Blaauw and van de Kaa method indicated that 6-in.-diam 

rock would be required to protect the cap from scour due to propeller wash. 

At 100 rpm, still a realistic possibility, the rock size increases to just 

over 2 ft (Figure 13). 

30. A method to determine the effects of a pressure gradient beneath a 

passing vessel (coasting and not under power) on a channel bottom has not been 

considered. The dropping of an anchor or dragging anchor cannot be easily 

addressed but will have a major impact on any cap material. These effects 

were not considered further since the simple calculation showed the cap to be 

infeasible. 
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Figure 13. Armor stone size as a function of vessel speed 
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filter cloth or netting prior to its placement over the unconsolidated or 

"liquefied" dredged material. These factors together with the cost of a stone 

armor layer cost 2r layer side scan 

sonar combined with regular echo sounding. The layer would be mapped when 

placed and then remapped and compared periodically. Depending upon turbidity 

levels in the area, closed circuit television is a possibility. Due to the 

results of this limited study, a detailed monitoring program was not addressed 

pending further decision on the CAD. 

Conclusions 

36. Storage volume in the amount of 220,000 to 400,000 cu yd is needed 

for contaminated materials. There is 150,000 to 170,000 cu yd of storage vol- 

ume available in the entrance channel and canal areas with a 3-ft sand cap and 

3- to 6-ft stone armor layer. Protection of the 0.14 in. in the cap. Protec- 

tion of the cap against erosion by vessel propwash will require an armor layer 

3 to 6 ft thick of minimum 6-in.-diam stone. Use of the stone armor layer 

will cause operational difficulties and reduce the storage space available. 

Alternate sites for a CAD appear more favorable than the entrance channel and 

canal. 
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APPENDIX 3: CONTAINED AQUATIC DISPOSAL: SITE LOCATION study Indiana, with the Grand Calumet River. In these investiga- 

tions, regions in and around Indiana Harbor were evaluated for their potential 

as contained aquatic disposal (CAD) sites. CAD involves placing contaminated 

it with a layer 

of clean sediment (primary cap) to prevent contaminants from escaping into the 

overlying water column. A protective cover layer or armor cap may be placed 

over the primary cap to protect it from erosion by wave action or currents. 

Problem Statement 

2. The investigations described in this report were performed in 

response to a study need to identify potential CAD sites and develop design 

guidance for erosion-resistant armor caps. Locations in southern Lake Michi- 

gan and Outer Indiana Harbor were evaluated for potential CAD 
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Figure J1. Eleven-mile radius of Indiana Harbor 



The minimum depth was selected so as to limit the possibility of a large ship 

running aground on the CAD site and cutting through the primary cap. Based on 

recommendations in Engineer Manual (EM) 1110-2-1603 (Office, Chief of Engi- 

neers 1983) a minimum study depth of 30 ft "as selected to allow for squat, 

pitch, roll, and heave of the 26-ft draft vessels that use Indiana Harbor. 

This minimum depth excludes Indiana Shoals, which is a large area of convo- 

Luted bathymetry extending 4 miles to the northeast of Indiana Harbor. 

Although large ships usually avoid this area, the shoals are regularly sub- 

jected to breaking waves, making the area unsuitable for CAD consideration. 

Outer Indiana Harbor 

4. The southern half of the Outer Harbor of Indiana Harbor (Figure 52) 

was also considered as a potential site for CAD. The trapezoidal area shown 

allows 200 ft of clearance between the navigation project boundaries and the 

edge of the potential CAD site. Calculations show that a dredged hole in this 

area, 15 ft deep below the authorized project depth of 28 ft with side slopes 

of 4 to 1, would have to capacity to hold 580,000 cu yd of contaminated sedi- 

ments. This volume should be adequate to hold 200,000 c" yd of contaminated 

sediment with a conservative bulking factor, the primary cap, and an armor 

cap. Therefore, this site was initially considered as a potential site for 

CAD. 

Ice Gouging 

5. The term "ice gouging" refers to moving ice cutting furrows or tracks 

in the bottom of a body of water. The potential for ice gouging was examined 

in this study because of the possibility of damaging a CAD armor or primary 

cap. Discussions with NCD, the Fleet Operations Office of Inland Steel Corp- 

oration, and the US Coast Guard indicated that drifting ice reaches maximum 

thicknesses of 6 to 8 ft along the breakwaters outside the harbor and that ice 

thickness within the harbor usually does not exceed 1 ft. Fast ice along the 

shore usually does not exceed 1.5 ft in thickness 
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Forcing Functions 

6. To initially select a stable CAD armor cap material, the maximum 

anticipated total bottom shear stress must be known. Bottom shear stress is a 

function of the bottom current; consequently, those factors capable of produc- 

ing significant bottom currents were examined. These 



selected for use in this study. It is the nearest site to Indiana Harbor and 

is subjected to the longest fetch in southern Lake Michigan (approximately 

250 miles). Maximum deep-water wave heights for all return intervals which 

occurred during the winter period (January-March) were selected as most appro- 

priate for this study. Table Jl summarizes each design deep-water wave used 

for subsequent calculations. 

Transformation of deep-water waves to shore 

9. A strict interpretation of the concept "deep-water wave" for the 

longest period (12.1 set) requires that the above wave conditions be applied 

in a water depth of about 380 ft. Thl.s corresponds to a" offshore distance of 

about 45 miles, thus necessitating a fairly large computational domain for the 

refraction-diffraction wave transformation model. The bounds of this domain 

are shown in Figure 53. The point labeled "IH" is the computational site at 

which boundary conditions for the Outer Harbor model were obtained. 

10. The computational domain contains a square grid system of 5,000-ft 

spacing. There are 47 steps in the offshore direction (44.5 miles in length) 

and 41 steps in the alongshore direction (38.8 miles in length). Bathymetry 

data were obtained from US Lake Survey Chart No. 75 (Lake Michigan, Waukegan, 

Ill., to South Haven, Mich.). These data were the" adjusted to the design 

lake level of 2.0 ft below LWD. 

11. The computational model used is the Regional Coastal Processes Wave 

Kefraction-Diffraction (KCPWAVE) model, developed by Ebersole et al. (1985). 

The governing equations are the "mild-slope" velocity potential equations for 

monochromatic waves. They are valid when applied to regions with bottom 

slopes less than approximately 1:lO. Combined refraction and diffraction 

effects caused by bathymetric variations are accurately modeled as long as the 

mild-slope constraint is satisfied. Waves can be taken to the breaking limit. 

Beyond breaking, computations are continued by using standard depth-limited 

criteria, coupled with dissipation as a function of propagation distance. 

12. The wave conditions from Table Jl were applied uniformly on the deep 

water edge of the computational domain. Computed wave heights in the interior 

of the domain are used in estimating CAD armor cap material sizes for poten- 

tial disposal sites lying in the shaded area shown in Figure Jl. 

Wave characteristics in the Outer Harbor 

13. Estimation of wave conditions in a harbor requires a carefully 

designed computational procedure. Account must be taken of cross-harbor 



Table Jl 



Figure 53. Wave transformation computational boundaries 
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Table 52 

Design Wave Conditions at Channel Entrance 

Return sig. Wave 
Interval Height 

years ft 

20 13.5 

50 12.7 

100 13.6 

sig. Wave 
Period 

set 

10.6 

11.5 

12.1 

Direction 
deg true * 

193 

194 

195 

* Degrees relative to true north. 

15. A mea" direction of 194 deg true was adopted for all three cases. 

Reflections off the western breakwater cause the waves to arrive essentially 

normal to the radiation boundary of the computational region, correspmding to 

a propagation direction of 130 deg true. Frictional losses in propagation 

from the channel entrance to the model boundary were not considered. 

16. The finite element model for the interior region requires at least 

four or five points per wavelength. The shortest period wave at the harbor 

entrance has a wavelength of approximately 300 ft. Thus, a maximum spatial 

element size of 70 to 90 ft is required. The selected network is shown in 

Figure 55. It consists of 1,351 nodes and 2,521 computational elements. 

Depth at all points within the navigation project boundaries was assumed to be 

authorized project depth. Data from a 1984 bathymetric :survey by Chic5a2724 0  TD 3  Tr -0.3d.3694  Tc 0.1626  Tw (Chic5a2724 0  TD 3ey6.5191  Tc 0.3da.0.2uct5.3d052D 3  TrD3896856  Tc 0.2348  Tw7(within ) Tj
0  Tr 46  TD 3  T8902772o.aj
0  Tr 54.8569 0  TD 3  Tr -0.4326  T13  T 0  TD 3ey6ih- 3  Tr (1984 ) Tj
0 ta ) Tj
tct fo ron  within Daation project. All depths were corrected 

for design lake level before computations were made. A reflection coefficien10  TD 3  77ri63s level 75.vel 754e A l l  for f o r  l e v e l  7 5 . v e l  an amplification factor (wave height at an 

interior point divided by input wave height at the radiation boundary), 

Values at the points indicated in Figure 54 radiatsher  Tr -0.446  Tc 529.1999 0  TD 3  Tr -0.3652  Tc 0.1n9 Tr 1u31Tc 0.1n9 3  Trprcod0Fer Tr -0.4298  Tc tn 6rV21.2571 0  TD 3   Tr -0.4326  Tc 0.23426  Tc 0.2348  Tw (the ) Tj
0  Tr 26.7428 0  TD 3  Tr -0.dicated size determinations. 

Wave heights at the 16 points were all less than 0.2 ft. These long period 

waves should produce no appreciable bottom stresses at the potential CAL! site. 

These waves are considered in Part V of this appendix. 

JlO 



7- 
.l. 0 -5.0. -3.08 -I.@. 

HORIZONTAL COORDINAii? CM) 
3.0 

*la' 
I.@( 

Figure 55. 



fluctuations associated with frontal passage can supply energy at low frequen- 

cies, but the HARBS model cannot be used for such an investigation. 

Maximum bottom currents due to waves 

19. Bottom currents due to waves result from the orbital motion of the 

water particles as the waves pass overhead. In deep water these water parti- 

cle orbits are circular. As the waves move into shallow water, the orbits 

become elliptical, and near the bottom they approach horizontal. 

20. Linear wave theory predicts that the maximum horizontal velocity " 

at the bottom is: 

1 

sinh 2nd 
I. 

(Jl) 

where 

H = wave height 

T = wave period 

d = water depth 

L = wavelength 

21. To calculate maximum bottom orbital velocities due to waves in the 

southern Lake Michigan study area, the wave height and length calculated by 

RCPWAVE were used in Equation Jl together with the depth and wave period. 

Currents Due to Wind 

22. Bottom currents due to winds were calculated using the following 

methods and assumptions. First, wind data were determined from fetch-limited 

wave forecasting c"r"es. These data were then used as input to standard 

physical oceanography equations (Neumann and Pierson 1966) for drift and slope 

currents. Drift currents result from the transfer of wind stress on the water 

surface through the water column. Slope currents flow along the bottom away 

from areas where wind has caused an increase in water levels. Values for 

drift and slope currents were calculated at depths from 30 to 70 ft at lo-ft 

increments. Values for the two currents were added together vectorially to 

give a maximum current at each depth. These total values were plotted, and a 
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curve drawn between points. Maximum wind-induced bottom current velocities 

were read off the curve for specific locations in southern Lake Michigan. 

23. Vincent's (1983) report on fetch-limited wave predictions was used 

to determine wind velocities and durations. The fetch and the wave period and 

height predicted by WIS data for Lake Michigan (Resio and Vincent 1976). 

determined the wind velocity and duration. For the ZO-year return period, 

winds were 55 knots for 8.7 hr; for the 50-year return period, winds were 

55 knots for 10.5 hr; and for the loo-year return period, winds were 55 knots 

for 11.5 hr. 

24. The time limits of this study did not allow running the three- 

dimensional numerical model needed to accurately calculate the site-specific 

bottom currents due to winds associated with the ZO-. 50-, and loo-year condi- 

tions. There simulating 

the wind field-generated bottom currents. Consequently, physical oceanography 

theory was used to estimate these currents. The assumptions made in applying 

this theory were selected to result in conservative answers. 

Drift currents 

2s. The following discussion is based on information found in Neumann 

and Pierson's (1966) text on physical oceanography. The frictional drag of 

wind passing over water produces a surface, or drift, current. With time, due 

to the viscosity of water, momentum will be transferred vertically and produce 

currents to significant depths. Because of the Coriolis force, the current in 

each succeedingly deeper layer of moving water is directed 
the 

right (in the northern hemisphere) of the one above it. A necessary assump- 

tion to use Eckman's equations for the velocity of these drift currents is 

that the wind field is uniform, constant in speed and direction everywhere, 

and has been blowing for a sufficient length of time to allow the currents to 

reach a steady-state. 

26. These assumptions are conservative for the shallow depths at the 

southern end of Lake Michigan, where land and bathymetry modify current direc- 

tion and speed. The actual wind field is not uniform in direction, speed, or 

duration. Since duration cannot be included in the Eckman equations, the 

currents associated with the various return periods are all assumed to be 

equal and based on a 55-knot wind. This will make the answers for the 20- and 

50-year return periods even more conservative. Cu,rrent forecasting curves for 

the open ocean (Gaythwaite 1981) predict surface currents that vary 
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? 15 percent when going from the 50- to ZO- and 50- to loo-year return period 

wind durations. 

27. The depth of the basin used in these equations is the mean depth of 

Lake Michigan, 280 ft. The southern basin of Lake Michigan has an average 

depth of 390 ft, and would allow larger currents. HOWeVer, since the currents 

of interest are actually occurring at much shallower depths, the shallower 

average depth of the lake was used. 

28. Eckman's equations for a drift current in an ocean of finite depth 

are: 

Ud = aA - 8B 

'd 
= o,B + BA 

where 

"d 
= drift current velocity =  cash p  cash  =  cash p  



p=ad 

a = (f P/V)“2 

d = average basin depth 

f = Coriolis force 

P = density of seawater 

B = cash q sin q 

A = sinh q cos q 

z = depth of the current 

Slope currents 

29. In addition to causing a drift current, the wind can eventually pile 

water up against the coast. This increase in height will produce a flow away 

from the high area and counternct to some degree the drift current. The slope 

current can be treated separately from a pure drift current. 

30. Eckman’s equations for slope currents assume there is no wind at the 

sea surface. The wind duration factor is not a significant problem for the 

calculatio” of slope currents. Once the slope is set up “earshore, the cur- 

rents start almost immediately. 

31. Eckman’s equations for slope currents are: 

v = 22 
 Tr 12.3428 2.2.7 T4  Tr -0.4862  Tc0020995  Tw261r r 42.R Tr 12.3428 96.6853  Tr -0.3664  Tc 0760835  Tw 062 r 42.) Tr 12.3428 209 TD 2 6Tc Tr /F0 11.4  Tf
 -0.0835  T0431592  Tw 3 



where 

"s 
= slope current velocity component offshore (positive to 

(positiveTj
4!23g4 63.082Tr 6666-!!952  Tc 0.07 3   T7-7Tj
0 positive 

R = cash 2 d + cos 2ad 
2 2 

vs = slope current velocity component parallel to shore (positive to the 
west) 

32. The results of the wind current calculations are presented in 

Table 33. Drift and slope currents were combined vectorially to give a total 

wind current. The vector direction of the total wind current deviates from 

north-south due to the V-component of the drift current. HOWeVer, since the 

refracted wave directions are not consistent throughout the grid, the absolute 

value of the total wind current was added to the wave-induced bottom current. 

This produced a conservative estimate of total bottom current, with an accu- 

racy consistent with the time limits of this study. 

Bottom Currents Due to Propeller Wash 

33. Ships perform docking maneuvers in Indiana Harbor using the combined 

action of their main propeller and bow thrusters. The main propellers of 

these large (up to 1,000 ft long) ships generate high velocities, which have 

the potential to cause significant disruption and erosiorr of the bottom. 

These effects could seriously impact on the capability of the Outer Harbor to 

serve as a successful CAD site. Co"seq"e"tly, a preliminary investigation was 



Table 53 

South Lake Michigan Bottom Currents Due to Winds 

Depth U drift* 
ft ftfsec 



established Outer Harbor CAD site could be immediately below a 

large vessel, the remaining discussion is restricted to velocities in that 

region. 

38. The velocities produced by a propeller are a function of the diam- 

eter D , the speed at which the propeller revolves n , and the thrust 

coefficient of the propeller KT . Based on information from the Fleet Opera- 

tions Office at Inland Steel Corporation, the largest ships now using Indiana 

Harbor 



Bottom Stresses 

41. Shear stresses are exerted on the bottom material by currents, 

increasing in proportion to the current velocity squared. For a conservative 

CAD armor cap design, the armor cap material should be able to resist the 

design current-induced shear stress without any motion. 

42. When the bottom shear stress exceeds a critical value, movement of 

the bottom material will begin. Initiation of motion is a complex phenomenon, 

a function of the current's vertical velocity profile, fluid viscosity, and 

the size, shape, density, and exposure of the bottom material. At the point 

of initial motion, the combined lift and drag forces produced drag p o i n t 5 0 9 8  0 . 0 4 c j 
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where 

W = stable particle weight 

V = bottom velocity 

Wr = unit weight of particle 

g = acceleration of gravity 

W, = unit weight of water 

46. For fresh water and particle with a unit weight of 165.4 pcf, 

Equation J9 reduces to 

W = 2.44 x 1O-5 V6 (JlO) 

This is also the empirical equation recommended by EM 1110-2-1601. This equa- 

tion was used with the wave, wind, and propeller wash velocities calculated in 

this study. Prototype tests used to derive this equation included particles 

over 1.5 ft in diameter and velocities over 17 fps, which are in the range of 

velocities found in this study. 

v460sult Lake Michigan 

47. In the southern Lake Michigan area, the maximum bottom currents due 

to wavee and wind were combined to give a conservative estimate of the total 

maximum bottom velocity at a specific point. Total velocity magnitudes ranged 

from a low of 6.0 fps for a 17.7-ft wave with a 10.5-set period at a depth of 

64 ft (ZO-year wave) to a high 50-, and lOO-year design waves. 

48. It was not necessary to compute the particle weights at each of the 

172 grid points falling within the boundaries of the study area. Instead, 
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stable weights were calculated at a sufficient number of selected points to 

allow the drawing of weight contours. This involved calculating the stable 

particle weights at 52 points for the ZO-year design wave, 46 points for the 

50-year wave, and 89 points for the loo-year wave. 

49. 20-year design wave. Figure 56 shows that areas requiring the 

smallest stable particle weights closest to Indiana Harbor for the 20-year 

wave are east of Indiana Harbor. Areas requiring stable weights of 5 to 20 lb 

are less than 5 miles away, 2- to 5-lb areas are 6 miles away, and l- to 2-lb 

areas can be found just over 8 miles away. 

50. 50-year design wave. Figure 57 shows stable weights for the 50-year 

design wave. It exhibits the same pattern as Figure Jl, with the smallest 

stable material east of Indiana Harbor. Areas requiring stable particle 

weights of 5 to 10 lb are 5 miles away, and 2- to 5-lb areas can be found 

8 miles away. 

51. loo-year design wave. The pattern of stable particle weights 

remains consistent for the loo-year design wave (Figure J8). Rapid shoaling 

of the loo-year wave conditions produces high bottom velocities and corre- 

spondingly large particle sizes 
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17-ft, 7.5-set wave at the entrance channel, produced a wave 4 ft high in the 

potential CAD location. Experienced Inland Steel fleet operations personnel 

have reported approximately 3-ft waves inside the harbor, which is in reason- 

able agreement with the model tests. 

54. A 7.5-set period wave, 4 ft high in 26 ft of water produces a maxi- 

mum bottom velocity of 1.8 fps. The studies of Hallemeier (1980) and Ham- 

mond, Heathershaw, and Langhorne (1984) predict that a medium coarse sand, 

with a mean diameter of just over 2 mm, would be stable under these 

conditions. 



DiSCUSSiOIl 

58. Interpretation of the location and stable material sizes required 

for potential CAD sites in southern Lake Michigan was relat:Lvely straightfor- 

ward and requires no additional discussion. However, results of the Outer 

Harbor CAD site investigation require some expansion. 

59. Although the Outer Harbor CAD armor cap design described in Part V 

is possible, ship operators using Indiana Harbor may object to having a large 

portion of the Outer Harbor covered with armor stones. Ships occasionally 

must use their anchors as emergency brakes in critical situations, and anchors 

are not as effective for that purpose :in a stone bottom. In addition, ships 

now enter and exit Indiana Harbor with minimum keel clearance due to the soft 

bottom. A stone bottom may force ship operators to increase keel clearance, 

thereby reducing their cargo load. The armor cap will al~so increase the 

potential for damage to a ship if it hits bottom. 

60. Future dredging considerations may also affect an Outer Harbor CAD 

site design. The area now under consideration as a potential CAD site has 

experienced shoaling in the past. If n CAD site were constructed in the Outer 
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Harbor, maintenance dredging would need to be done with good control on 

maximum digging depth. 



Recommendations 

64. 

and its underlayers for physical stability. Such analyses 

should also optimize the armor cap design by assessing the possibility of 

limited motion versus repair cost. Should the Outer Harbor or southern Lake 

Michigan potential CAD sites be considered for actual di:sposal, several steps 

should be taken during more detailed investigation of these sites. 

Southern Lake Michigan 

65. By making additional runs of RCPWAVE at a grid spacing of 2,500 ft 

or 1,250 ft, the stable material size at a given location could be determined 

more accurately. Improved bathymetric data may show existing bottom depres- 

sions that could be used to reduce the required armor material 

to 
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66. Earlier physical model tests with a slightly he worthwhile running the HARBS model under a variety of short period 

wave conditions. Also, a more thorough investigation into propeller wash 

effects would give more o condopeller 89Alsor of of oo wave typical velocities and durations of 

emergency ship maneuvers should reduce the size of the presently recommended 

armor material. A thicke0.1223  j
0  p78 TD 3  41  Tc 0.1223  T


