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EXECUTIVE SUMMARY

Y

The Lower St. Johns River Basin (LSJRB) is a complex ecosystem subject to a variety
of natural and anthropogenic effects. The system is comprised of the main St. Johns
‘River and twelve major tributaries where tidally-driven ocean water is mixed with
freshwater from inland drainage. The river sediments consist primarily of inorganic
substances of marine origin mixed with fine particulate matter resulting from
decomposing organic materials.

Intensive human interference in the form of urbanization, industrialization, agricultural
practices and recreational activities have resulted in elevated concentrations of various
pollutants at a number of locations throughout the riverine system. There are
approximately 360 domestic and 49 industrial permitted point sources which release more
than 2 billion gallons per day into the surface waters of the LSJRB. There are also about
70 point sources discharging directly into the groundwater. Due to the ability of aquatic
sediments to function as sources and sinks for suspended and dissolved pollutants,
concerns have been raised about sediment quality and its impact on environmental
condmons of the LSJIRB.

Understandmg and quantifying the water-sediment dynamics and environmental issues in
the LSJRB require an extensive database of physicochemical and biological parameters.
The database should include information on hydrometeorology, geomorphology, sediment
characterization, hydrodynamics, land-uses, natural habitats, aquatic flora and fauna, and
any other relative information on the riverine system and its drainage basins.

Development of a comprehensive sediment quality management study for environmental
protection of the LSJRB involves three major components: estimation of the sediment
mass-balance, characterization of the physicochemical and biological characteristics of
the aquatic ecosystem, and assessment of the overall environmental conditions.

Presently, there is not any quantitative data pertaining to the movement of the suspended
and bottom sediments in the river and its tributaries other than the navigation channel
dredging records. However, this information is not sufficient to establish a reliable mass
balance of the transported sediments. Knowledge of the sediment mass balance is
essential for assessment of the pathways of transported sediments and the sediment-bound
contaminants.

Regarding sediment quality, six field studies have been conducted since 1982, at various
sampling locations throughout the LSJRB system. These studies document the existence
of "enriched" levels of nutrients, trace metals (i.e., cadmium, chromium, copper,
mercury, nickel, lead and zinc), polychlorinated biphenyls (PCBs), polynuclear aromatic
hydrocarbons (PAHs), aliphatic hydrocarbons, chlorinated pesticides and coprostanol in
the sediments and aquatic biota of the main river and its tributaries. These pollutants are
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indicative of agricultural and industrial runoff, residues of fuel combustion, boat traffic
and leachate from septic tanks. Locations with elevated contaminant concentrations were
found near the Jacksonville metropolitan area, at the confluence of the Cedar and Ortega
Rivers, and at Julington Creek, Durbin Creek, Rice Creek, Trout River, Arlington River
and Pottsburg Creek.

In spite of these studies, the existing sedimeat quality data and the bioassessment records
of the Lower St. Johns River Basin are too few by far and cover a relatively short period
of time. Thus, they are inadequate for a comprehensive analysis that would support any
drastic remedial action or any major sediment management plan other than control of the
point sources. However, the mere fact that elevated contaminant concentrations have
been documented in the estuary and its tributaries justifies development and
implementation of a continuous and systematic sediment quality monitoring program.

Such a program would establish a broad database of the historic changes and trends of
sediment quality that could be used in future environmental studies or for development
of a comprehensive sediment quality management/remedial plan. Initially the program
would be focused on the sites with documented high contaminant concentrations, and it
later would extend to other locations suspected of having low environmental quality. In
addition to sediment data, hydrologic, hydrodynamic and anthropogenic activities data
must be collected concurrently. These data are necessary for the calibration and
verification of any modeling efforts which would simulate the dynamics and sediment
quality of the LSJRB.

Dr. P.D. Scarlatos
Principal Investigator

Dunn & Associates
Boca Raton, Florida
July 1993

iii



TABLE OF CONTENTS

EXECUTIVE SUMMARY ... it ittt ittt ittt etena s ii
TABLE OF CONTENTS . ... . ittt it ittt itnenee e eeanennaanenan iv
>LIST OF FIGURES .. ...t iitiiiee ittt ieeeenoineoesonaeoenososnenenansas xiii
LIST OF TABLES .. ...ttt ititiettteietsonenenneasnoonsnneaeensnsenna xvi

CHAPTER 1
SEDIMENT DYNAMICS AND MODELING

A. BACKGROUND AND GENERAL DESCRIPTION OF THE LOWER ST. JOHNS RIVER BASIN . 1

1.1 Locationand Geography .. . ... ... ...ttt innt et 1
1.2 Hydraulics and Drainage . ................... e e e 3
1.3 Dredging and Navigation ................... ..................... 9
1.4 Hydrology and Climate . ...........ccuti it insnnnnnonaennneeeas 9
1.5 Geomorphology and Sediments . ... ............. .. 000t tiiieeerenennnn 10
1.6 Water Quality . . ... .. ... ittt iiinrinneenennaenoeeeneeennnenas 15
1.7. Public Concerns and Legislature ................ 15
1.8 Purpose and Objectivesof this Study .. .. .. ... ... .. ... L 16
B. PHYSICOCHEMICAL CHARACTERISTICS AND SEDIMENT DYNAMICS ............. 17
1.9 Introducticn . . . o .t ittt i e ettt e e 17
1.10 Physicochemical Characteristics . . . . . ..o .ttt ittt iiietineeeeenenenns 18
1.10.1 Sediment Classification . .. ... it iuieet o nnn e nonnnns 18
1.10.2 Particle Frequency Distribution . .................. RPN 22
1.10.3 Cohesive Sediments . ... .......cituuiueeinnnnnnenennnanaoas 24
1.10.3.1 Aggregation-Flocculation .......................... 25
1.11 Sediment Dynamics . ... .. ... ...ttt ittt 32
1.11.1 Mechanics of Granular Material . ............................ 32
1.11.1.1 Particle Incipient Motion . ........... e 34

iv



1.11.1.2 Bedload Discharge ...............c0ctiieurunnnn.

1.11.1.3 Bedforms

....................................

1.11.2 Cohesive Sediment Dynamics . ............. ..ttt tinnenr..

1.11.2.1 Sediment Erosion ... .....c.iueieeeenneneennnens

1.11.2.2 SedimentDeposition . ............c0cetrincannnn

1.12 Sediment Modeling ........

....................................

1.12.1 Cohesive Sediment Dynamics Modeling ........................

1.12.2 Remarks on Modeling of Turbulent Flows ............. .00 n...

C. DATANEEDS .........cccccv
1.13 LaboratoryData ..........
1.13.1 Laboratory Methods

1.14 FieldData .............

------------------------------------

....................................

1.14.1 Field Methods for Data Collection . ... ..... ... ¢t ernennnn

1.15 Cost Estimates for Establishing Sediment Mass Balances ....................

D. PRELIMINARY ANALYSIS AND RECOMMENDATIONS . .......................

1.16 _Preliminary Analysis .......

1.17 Recommendations .........

....................................

....................................

CHAPTER I _
SEDIMENT REMEDIATION AND ENVIRONMENTAL IMPACT ASSESSMENT

E. REMEDIATION TECHNIQUES FOR POLLUTED ESTUARINE SEDIMENTS ............

2.1 Sediments as Pollution Sources and Sinks . . . ... . ... ..ttt ittt e

2.1.1 Exchange Processes of Particulate-Bound Pollutants . ................

2.1.2 Release or Burial of Pollutants in Oxygenated and Anoxic Sediments . ......

2.1.3 Physicochemical Phases of the Water-Sediment System . ..............

2.2 Sediment Remediation Assessment

2.2.1 Reconnaissance Phase

...................................

....................................



2.2.1.1 Quality Control/Quality Assurance for Contaminated Sediments .76

) 2.2.2 Investigation Phase .. ........... .0ttt 77
2.2.3 Bioavailability Assessment Phase . .................. .. 0 ... 78

2.2.3.1 Chemical Extraction . ...........cituuiuecuennnenas 78

2.23.2 Toxicity Tests .. ... coueiiieniininneanennnneans 79

2.3 Techniques for Sediment Remediation .................. 0., 80
2.3.1 Removal of Contaminated Sediments .............c.0iuviienn.. 80

2.3.1.1 Environmental Problems Related to Dredging .............. 81

2.3.2 In-Situ Treatment of Contaminated Sediments . .................... 82

2.3.2.1 Mechanical Encapsulation . .................... .. .... 83

2.3.2.2 Chemical Treatment ......... P R 83

2.3.2.3 Diminution-of-Concentration . . .. . ... ....c.uernrenn..n 84

2.3.2.3.1 Accelerated Deposition .. ................... 84

23232 PloughiE . v vvvii et e 85

2.3.2.4 Bioremediation . ... ... ..t e e e 86

2.4 Disposal of Dredged Material .. .. ... ..ottt iitninne ittt eennaneeens 88
24.1 OceanDumping ... ...ttt ittt 88

2.4.2 Disposal into U.S. Waters ... ..ot tvivnittnnnnetneeseneenns 88

243 Inland Disposal . . ... .. ittt i e e e 92

2.5 Strategic Management Planning for Contaminated Sediments . .. ................ 93
F. ENVIRONMENTAL IMPACT ASSESSMENT . ...... ... .. ... ... ..., 98
2.6 Environmental Impact Assessment (EIA) Issues and Methods . ... ............... 98
26.1 EIACOMPODEDS . ... ...t cvvvetinnneensennoensnneeanansen 98

2.6.2 EIAMethodologies . ...........coutiitiiiinennnnnnnnnan 99

2.6.2.1 Interaction Matrix Method ... ............. ... ....... 99

2.6.2.2 Checklist Methods .. ....... ... ... 101

2.6.2.3 Network Methods . .. ... .. .ottt 101

vi



2.6.2.4 EnergeticMethods .. .............. 0., 104

2.7 Indicators of Sediment Polution . . ... ... ...t ttiin et . 105
2.7.1 Water Quality Indices . ........... ... ... it 105

2.7.2 Sediment Quality Indices . ......... ... ittt 109

2.7.2.1 Sediment Toxicity Assessment . ..........ccoceevuuuan. 110

2.7.2.2 Chemical Assessment of Sediments ... ................. 110

2.7.3 Sedimentological Risk Index . ................ .00 uenn... 111

2.7.3.1 Pollutant Concentration Requirement . .................. 111

2.7.3.2 Number of Pollutants Requirement .................... 111

2.7.3.3 Toxic Factor Requirement . ...............c.00 0. 112

2.7.3.4 Sensitivity Requirement ....... e e e e 113

2.7.4 Metal-Aluminum Ratio ............. ;- .................... 114

2.7.5 BioticIndices ... .. ... ...t i e e et 115

2.7.5.1 BiodiversityIndices . ............ ... . i i 115

2.7.5.2 Similarity Indices .. ........ ... .. i i i 116

2.7.5.3 Karr's Index of Biotic Integrity ............. ... 116

2.7.5.4 Rapid Bioassessment Protocols . ..................... 118

2.8 Human Health Hazards from Contaminated Sediment Sites . .................. 120
2.8.1 Animal Risks from Contaminated Sediments ............... 125

2.9 Socio-Economic Ramifications Related to Contaminated Sediments .............. 126
2.10 Recommendations . . ... .....c.ieeuecetneneeesnnnnnnnaaseeonnnas 127

CHAPTER Il

SEDIMENT QUALITY DATA

G. ENVIRONMENTAL CONDITIONS OF THE LOWER ST. JOHNS RIVER BASIN .. ....... 130
3.1 PollUtion SOULCES . . . . v i it ittt et ettt et te et ettt aaneeaan 130
3.2 Sediment Quality Studies . . . . .. ...l e e 140

vii



32,1 Heavy Metals . . . . .ttt it ittt cin it et s itonntneenneeens 141

3.2.1.1 Metal Apalyses . .. . ... v vt ittt i e e 141

3.2.1.2 Metal:Aluminum Ratio ............................ 143

32.2 Organic Pollutants . .........00iiiiiiiiinnninnnennennnnnn 144

3.3 Dames and Moore Maintenance Dredging Study (1983) . . .. ... ............... 148
3.3.1 Sampling Stations and Collected Parameters . . ... ................. 148

3.3.2 Data Analysesand Results . . . ... ... ... ... ... 152

3.4 Mote Marine Laboratory Study (1987-1988) . . . .. .. ..... ... ... ... 154
3.4.1 Sampling Stations and Collected Parameters . . .. .................. 154

3.42 LaboratoryMethods . . . . . ... ...t i i e e 158

3.4.3 Data Analysesand Results . . ........... G 159

3.5 Jacksonville Port Authority Study (Savannah Lab. & Enyifon. Serv.1988a) ......... 184
3.5.1 Sampling Stations and Collected Parameters . . .. .................. 184

352 DataAnalysesand Results . . .. ... ......... ... .00, 184

3.6 Coastal Zone Management, FDER, Study (Savannah Lab. & Environ. Serv. 1988b) . ... 192

3.6.1 Sampling Stations and Collected Parameters . . . ... ................ 192

3.6.2 Data Analysesand Results . . .. ... ... .. ... . ... unn.. 193

3.7 University of Florida Study (Delfino etal. 1989) . . ... .................... 205
3.7.1 Sampling Stations and Collected Parameters . . . ... ... ............. 205

3.7.2 Data Analysesand Results . . . . ... .......... ... .. i iiiin... 205

3.8 Bio-Environmental Services Division Laboratory Studies (1989-91) .............. 216
3.8.1 Sampling Stations and Collected Parameters . . . ................... 216

3.8.2 Data Analysesand Results . . ... ............ ... ... ... ....... 217

3.9 Comparison of Sediment Quality Data and Trend Analysis . . . ................ 230
3.9.1 Contaminationby ToxicMetals . . . . ... ....................... 231

3.9.2 Contamination by Organic Pollutants . ......................... 232

H. FUTURE NEEDS OF SEDIMENT QUALITY DATA . .......... ... ... .. .. 234

viii



3.10 SedimentQuality Data . .........iiiiiittiieee ... 234

3.11 Sub-basin Prioritization Based on Sediment Pollution Data . . ................ 237
3.11.1 Optimal Sampling Locations . . .. ... ..oietieiinenennnennnn. 238
CHAPTER 1V

SEDIMENT CHEMISTRY AND QUALITY INDICES

I. SEDIMENT QUALITY MODELING, SAMPLING, AND ANALYSIS .................. 241
4.1 Modeling of Sediment-Induced Contamination ........................... 241
4.1.1 Modeling of Physical Processes . ..........coiuiiieeiiennenn.. 242
4.1.2 Modeling of Chemical Processes . .............00ittiius.n. 244
4.1.2.1 Adsorption ................. o 246
4.1.2.2 Volatilization - . ... ...l 249
4.1.2.3 Oxidationand Reduction ... ........................ 249
4.1.2.4 PhOWOIYSIS « .« v evveereennnn.. PP 251
4.1.25 Hydrolysis . . . .. .. .. . it e 251
4126 Jonization ... .. ... ...ttt i e e 252
4.1.2.7 Complexation . . . .. .. ..ottt et ennns 253
4.1.2.8 Biodegradation . ............ ... R 253
4.1.2.9 Biological Uptake and Clearance . ... .................. 253
4.1.3 Statistical Modeling . ... ... .. ... i i e 255
4.1.3.1 Geostatistics . . . . . . v ittt i e e 255
4.1.3.2 Time Series Analysis ............. e e et 256
4.1.3.3 Empirical Models . . ..o oovuei e 257
4.2 Sediment Sampling and Analysis . . ... .. ... it ittt e 259
4.2.1 Sampling Designs .. . . .. . ..o i e e e e 259
4.2.1.1 Random Sampling .......... e e e e e 260
4.2.1.2 Weighted Random Sampling . . . . ..................... 260
1x



4.2,1.3 Systematic Sampling . .. ... ...t e 260

4.2.1.4 Fixed LocationSampling . . .............. ... ..., .. 260
4.2.2 Preliminary Analysis of SedimentData ........................ 261
4.2.3 Sediment Sampling Devices . .........c.0uict ittt 261
4.2.4 Sampling of Suspended Sediment .. .......................... 261
4.2.5 Bottom Sediment Sampling Devices . ............ ... . . ... 265

4.2.5.1 Grab Samplersand Dredges . .............. .. ....... 266
4.2.6 Deep-Bed COMNE .+ . vttt vttt nenennctetteeeenaeenenannn 267

42.6.1 CoringSamplers . ....... .ottt 267
4.2.7 Sampling of Interstitial Water . . . ....... ..., 269
4.2.8 Containers for Sediment Samples ........ FEREE R R R 271

4.2.8.1 Container Cleaning Procedures for Inorganic Contaminants . ... 271

4.2.8.2 Container Cleaning Procedures for Organic Contamigants ... .. 272

4.2.9 Analysis of Sediment Data . . . .. ..ot evennenat 272
4.2.9.1 Field Handling of Sediment Samples . ................. 272

4.2.9.2 Sample Pfreparation ............. e 273
4.2.9.2.1 Wet Sediment Analysis .................... 273

4.2.9.2.2 Dry Sediment Analysis . ................... 274

4293 Grain Size Distribution . . .. .......... ... . ... . ..., 275

4.2.9.4 Particle Specific Surface Area . . .. ............ ... ..., 276

4.2.9.5 Substrate Geochemistry and Sediment Quality ............. 277

4.2.9.6 Protection of Organic Matter in Sediment Samples . ......... 279

4.2.9.7 Pollutant Extraction .................. e 279
4.29.10 Sediment Age Determination ....................... 281

4.2.10 Differences Between Fresh and Saltwater Sediments . . . ... ......... 282
4.2.10.1 Characteristics of Marine Water/Sediments . . ............ 284

4.2.10.2 Characteristics of Fresh Water/Sediments . . ............. 285



4,2.10.3 Analysis of Marine Versus Fresh Water Sediments .. ....... 287

J. SEDIMENT QUALITY CRITERIA . ............ e 290
4.3 Assessment of Sediment Quality ........... i it e, 290
4.3.1 Apparent Effects Threshold Approach (AETA) .................... 291

4.3.2 Equilibrium Partitioning Approach (EqPA) . ..................... 292

4.3.3 National Status and Trends Program Approach (NSTPA) . ... .......... 292

4.3.4 Sediment Background Approach (SBA) . ........ ................ 293

4.3.5 Screening Level Concentration Approach (SLCA) .................. 294

4.3.6 Sediment Quality Triad Approach (SQTA) ....................... 295

4.3.7 Spiked>Sediment Bioassay Approach (SSBA) . .................... 295

4.3.8 Tissue Residue Approach (TRA) ......... W e e ae et 296

4.3.9 Weight-of-Evidence Approach (WEA) e 296

4.3.10 Comparison of the Sediment Quality Assessment Approaches .......... 298

4.4 Summary of Sediment Quality Assessmentand Modeling . . ................... 298

CHAPTER V

DREDGING ACTIVITIES

K. DREDGING ACTIVITIES AND ASSOCIATED ISSUES . ........... ..., 302
5.1. Major Waterways of the St. Jobns River Estwary . ........................ 302

5.1.1 Jacksonville Port Authority Terminals . ..................... ... 303

5.1.2 Commercial Tonnages .. .. ........c.ui it ttimretenenennnenn. 305

5.1.3 Dredging Activities . . .. .. ...t o e rnncnnneannen. e 307

5.1.4 Submerged Land Marinas ............... i, 307

5.2 Environmental Concerns Related to Navigation, Mannas and Dredging ........... 309

5.2.1 Critical Issues in Dredging Operations . ....................... 311

5.2.2 Marine Protection, Research and Sanctuaries Act .. ................ 315

5.2.3 Management and Monitoring of Disposal Sites . . . . ............... 318

X1



5.2.4 Estimation of Chemical Contamination Levels

5.2.5 Summary and Conclusions ............

LITERATURE CITED .. ... ¢t teinnereneanaannnnnn

xii

....................

....................

....................



LIST OF FIGURES

(9

Figure 1.1 Geographic map of the St. Johns River (Bergman, 1992) ...................... 2

Figure 1.2 Map of Lower St. Johns River Basin (Campbell etal. 1989) .................... 4
Figure 1.3 U.S. Army C.O.E. planning regions of the LSJRB (Campbell et al. 1989) ........... 8
Figure 1.4 Geological districts of the LSJRB (U.S. Army C.O.E. 1986) .................... 12

Figure 1.5 Surficial sediments of the LSJRB (American Association of Petroleum Geologists, 1991) .. 13

Figure 1.6 Triaxial particle shape (Vanoni, 1975) . ... .... ... ... .0ttt innennnnenn. 21
Figure 1.7 Histogram and frequency distribution curve (Garde and Ranga Raju, 1985) ........... 22
Figure 1.8 Cumulative particle distribution curve (Vanoni, 1975) ........................ 24
Figure 1.9 Octahedral unit structure of clay minerals (Partheniades, 1973b) .................. 26
Figqre 1.10 Tetrahedral unit structure of clay minerals (Partheniades, 197;b) ................. 26
Fig:ﬁre 1.11 Edge-to-face particle aggregation . .. .. .. ... ciet it tnnneeeennnnneeenn. 28
Figure 1.12 Possible aggregate-flocculate particle states . . ... ... ..........00uuuuvnn.... 29
Figure 1.13 Shield’s curve for particle incipient motion (Vanoni, 1975) .................... 35
Figure 1.14 Transport rate function ¢ versus mobility number ¥ (Raudkivi, 1976) ............. 38
Figure 1.15 Si;non and Richardson classification of bed forms (Simon and Richardson, 1966) . ... .. 40
Figure 1.16 Schematic sketch for ripples and dunes (Haque and Mahmood, 1986) .............. 41
Figuré 1.17 Einstein-Barbarossa'’s function (Einstein and Barbarossa, 1952) .................. 43
Figure 1.18 Typical suspended sediment profile (Mehta, 1989) .......................... 45
Figure 1.19 Hindered settling (Mehta, 1986) .. .. .. ...... ...t reerenennennnenn 49
Figure 1.20 Salinity effects on settling velocity (Burt, 1986) ........................... 49
Figure 2.1 Compartments and interactions of toxic chemicals (Eadie etal. 1983) ............... 70
Figure 2.2 Sequence of redox reactions (Stumm and Baccioni, 1978) ...................... 72
Figure 2.3 Strategic sediment management plan (Lee etal. 1987) . ....................... 95
Figure 2.4 Flow chart for sediment remediation management plan (Thomas, 1987) ............. 97
Figure 2.5 Conceptual approach to EIA (Beanlands, 1987) . ................ ... ....... 100

X1il



Figure 2.6 Interaction matrix method for EIA . ... ... ...iiiruernnnnnennnnannnennn. 100

Figure 2.7a ;\letwork diagram for EIA (U.S. Soil Conservation Service, 1977) ............... 103
Figure 2.7b~ Network diagram for dredging project (Unknown Source) .................... 104
Figure 2.8a Water quality indices (WQIs) (Horton, 1965) ................ .. ... .. ... 107
Figure 2.8b Water quality indices (WQIs) (Horton, 1965) ....................... co... 108
Figure 3.1 Clean sediment sampling locations (Schroppetal. 1990) ...................... 142

Figure 3.2a Metal: Aluminum ratios for natural sediment: As, Cd, Cr and Cu (Schropp et al. 1990) .. 145
Figure 3.2b Metal:Aluminum ratios for natural sediment: Pb, Ni and Zn (Schropp et al. 1990) ..... 146
Figure 3.3 Sampling locations of sediment quality (Dames and Moore, 1983) ............... 149

Figure 3.4a Sampling locations, Mote Marine Lab. study, May and September 1987 (Pierce et al. 1988) 155

Figure 3.4b Sampling locations, Mote Marine Lab. study, March 1988 (}’ierce etal. 1988) ....... 156
Figure 3.5 Nitrogen:Phosphorus ratios in the LSIRB sediments (Pierce etal. 1988) ............ 161
F:igure 3.6 Stations with enriched metal concentrations in sediments (Pierce etal. 1988) ......... 166
Figure 3.7a PAHs distribution in the LSJRB sediments, May 1987 (Pierce etal. 1988) . ......... 169
Figure 3.7b PAHs distribution in the LSJIRB sediments, September 1987 (Pierce et al. 1988) ...... 170
Figure 3.7c PAHs distribution in the LSJRB sediments, March 1988 (Pierce etal. 1988) ........ 171
Figure 3.8a Cl-pesticides distribution in the LSJRB sediments, May 1987 (Pierce etal. 1988) ..... 173

Figure 3.8b Cl-pesticides distribution in the LSIRB sediments, September 1987 (Pierce et al. 1988) .. 174
Figure 3.8¢c Cl-pesticides distribution in the LSJRB sediments, March 1988 (Pierce et al. 1988) .... 175
Figure 3.9a Total PCBs distribution in the LSJRB sediments, May 1987 (Pierce et al. 1988) ...... 178
Figure 3.9b Total PCBs distribution in the L STRB sediments, September 1987 (Pierce et al. 1988) .. 179
Figure 3.9¢ Total PCBs distribution in the LSJRB sediments, March 1988 (Pierce et al. 1988) ... .. 180
Figure 3.10a Coprostanol distribution in the LSJRB sediments, May 1987 (Pierce et al. 1988) ... .. 181

Figure 3.10b Coprostanol distribution in the LSTRB sediments, September 1987 (Pierce et al. 1988) . 182

Figure 3.10c Coprostanol distribution in the LSJRB sediments, March 1988 (Pierce et al. 1988) . ... 183
Figure 3.11a As:Al ratio in LSJRB sediments (Savannah Lab. & Environ. Serv. 1988a) ......... 187
Figure 3.11b Cd:- & Cr:Al ratios in LSJRB sediments (Savannah Lab. & Envirou.‘Serv. 1988a) .. 188

X1v



Figure 3.11c Cu:- & Hg:Al ratios in LSJRB sediments (Savannah Lab. & Environ. Serv. 1988a) ... 189

Figure 3.11d Pb:- & Zn:Al ratios in LSTRB sediments (Savannah Lab. & Environ. Serv. 1988a) ... 190

Figure 3.12a Sampling stations of sediment quality (Savannah Lab. & Environ. Serv. 1988b) ..... 195
Figure 3.12b Sampling stations of sediment quality (Savannah Lab. & Environ. Serv. 1988b) ...... 196
Figure 3.12c Sampling stations of sediment quality (Savannah Lab. & Environ. Serv. 1988b) ...... 197

Figure 3.13a Data collection sites in Deer Creek: Creosote Tanks - Talleyrand Rd. (Delfino et al. 1991)207

Figure 3.13b Data collection sites in Deer Creek: Creosote Tanks - Talleyrand Rd. (Delfino et al. 1991)208

Figure 3.14a Data collection sites in Rice Creek: Georgia-Pacific (Delfinoetal. 1991) .......... 210
Figure 3.14b Data collection sites in Rice Creek: Georgia-Pacific (Delfinoetal. 1991) .......... 211
Figure 3.15a Data collection sites in Sixmile Creek: Picketville Rd. Landfill (Delfino et al. 1991) ... 212
Figure 3.15b Data collection sites in Sixmile Creek: Picketville Rd. l.angﬁll (Delfino et al. 1991) ... 213
lﬁgure 3.16 Data collection sites in St. Johns River, NAS Jax (Delfino -et al. 1991 ............ 214
li'igure 3.17 Sampling stations of sediment quality (BES Division Lab. 1992) ............... 218
Figure 3.18 PAHs distribution in a sediment core from Lake Zurich (Wakeham et al. 1980) ...... 235
Figure 4.1 Finite-element configuration for sediment-pollutant mass balance . ................ 243
Figure 4.2 Suspended sediment trap device (Hakanson etal. 1989) ...................... 262
Figure 4.3 Rates of gross sedimentation (Hakansonetal. 1989) ........................ 264
Figure 4.4 Van Veen type of sediment grab sampler (Mudroch and MacKnight, 1991) .......... 267
Figure 4.5 Sediment box corer (Mudroch and MacKnight, 1991) ....................... 268
Figure 4.6 Sediment piston corer (Mudroch and MacKnight, 1991) ...................... 268
Figure 4.7 Interstitial water sampling device (Whitman, 1989) ......................... 269
Figure 4.8 Dialyzer samplers (Mudroch and MacKnight, 1991) ......... I 270
Figure 5.1 ODMDS monitoring (USEPA, 1992) .. ... ..ttt niieennnnnn 321

XV



LIST OF TABLES

Table 1.1 Characteristics of the LSIR drainage tributary sub-basins (Bergman, 1992) ............ 6
Table 1.2 Soil classification according to SCS for the LSIR sub-basins (CDM, 1989) ............ 14
Table 1.3 Specific gravity of some common minerals (Garde and Ranga Raju, 1985) ............ 19
Table 1.4 Wentworth scale for particle size diameters (Vanoni, 1975) ................... ... 20
Table 1.5 Triaxial particle shape classification (Vanoni, 1975) .................. ... ..... 2]
Table 1.6 Clay minerals (Van Olphen, 1977) ... .. ... ittt ittt iienrnnnnnns 27
Table 1.7 Common propertiesof sediments .. .......... 000ttt rioneasnensnnns 31
Table 1.8 Parameter © versus D. (Van Rijn, 1982) .. ......... . ... ... ... 39
Table 1.9 Types of bedforms (Simon and Senturk, 1977) ........... ... ... 39
Table 1.10 Cost estimates for development of sediment budget for the IjSIRB ................ 63
';l'able 2.1 Processes involved in pollutant exchange in aquatic ecosystems (Fostner, 1987) ......... 70
Table 2.2 Trace metal and OPP water quality criteria for the State of Florida (FAC, Ch. 17-3) . ... .. 91
Table 2.3 Environmental quality indices (Canter and Hill, 1979) .......... ... v 102
Table 2.4 Water Quality Index environmental factors and weights (Horton, 1965) ............. 106
Table 2.5 Water quality as defined by the WQI (Horton, 1965) ........................ 106
Table 2.6 EPA sediment quality criteria (Masters, 1991) . . .. ... ... .t 109
Table 2.7 Preindustrial standard values for toxic chemicals in lakes (Hakanson, 1980) . .......... 112
Table 2.8 Degree of contamination according to the factor C, (Hakaoson, 1980) .............. 113
Table 2.9 Toxic factor (S,) and toxic-response factor (T, (Hakanson, 1980) ................. 114
Table 2.10 Assessment of ecological risk (Hakanson, 1980) .............. ... ... 114
Table 2.11 Biotic integrity classes (KT, 1981) - . ..o evvneemsnn e e eeennens. 117
Table 2.12 Parameters used in assessment of fish communities (Karr, 1981) ................ 117
Table 2.13 Comparison of rapid bioassessment protocéls (Plafkinetal. 1989) ............... 119
Table 2.14 PCB levels in persons who consume fish from Lake Michigan (Humphrey, 1987) ...... 120
Table 2.15 Potency factor for selected potential carcinogens (Masters, 1991) ................ 123

XVi



Table 2.16
Table 2.17
Table 3.1
Table 3.2

| Table 3.3
Table 3.4
Table 3.5
Table 3.6
Table 3.7
Table 3.8
Table 3.9
Table 3.10
Table 3.11
Table 3.12
Table 3.13
Table 3.14
Table 3.15
Table 3.16
Table 3.17
Table 3.18
Table 3.19
Table 3.20
Table 3.21
Table 3.22
Table 3.23
Table 3.24

Table 3.25

Bioconcentration factors for selected chemicals (Masters, 1991) . ................ 124

Maximum allowed concentration of toxic subs:an_ce's for EP toxicity tests (Masters, 1991) . 124
Lower St. River wastewater discharging facilities (SJRWMD, 1991) ............... 131
Groundwater discharging facilities (SJRWMD, 1991) ........................ 138
EPA's Superfund cleanup sites in the LSJRB (U.S. Army C.O.E. 1986) ............ 139
Department of Defense cleanup sites in the LSJRB (U.S. Army C.O.E. 1986) ......... 139
Linear log-log relation coefficients for metals/aluminum (Schropp etal. 1990) ......... 144
Sampling stations of sediment quality (Dames and Moore, 1983) ................. 148
General physical and chemical sediment data of the LSJRB (Dames and Moore, 1983) .. .. 150
Metal concentrations in the LSJRB sediments (Dames and Moore, 1983) . .. ... ....... 151
Metal:Aluminum ratios in the LSIRB sediments (Dames and h_r'i_oore. 1983) ........... 152

Pesticides, DDE, PCBs, oil/grease in the LSJRB sediments (Dames and Moore, 1983) . .. 153

Mean values of phenols in the LSJRB sediments (Dames and Moore, 1983) .......... 153

Sampling stations of sediment quality (metals and OPPs) (Pierce et al. 1988) ......... 157

Physicochemical characteristics of the LSJRB sediments (Pierce etal. 1988) . ... ...... 160

M_etal concentrations in the LSJRB sediments (Pierceetal. 1988) ................ 163

Interpolated metal:aluminum enrichment ratios (Pierce etal. 1988) ............... 164

Changes in metal:aluminum ratio from May to September, 1987 (Pierce et al. 1988) .... 167

PAHs, Cl-pesticides, PCBs and coprostanol in the LSJRB sediments (Pierce et al. 1988) . 168

Sites with "epriched” céntamination levels in the LSIRB (Pierceetal. 1988) ........ 177

Sampling stations of sediment quality (Savannah Lab. & Environ. Serv. 1988a) . ...... 184

General sediment chemistry data (Savannah Lab. & Environ. Serv. 1988a) .......... 185

Metal concentrations in the LSIRB sediments (Savannah Lab. & Environ. Serv. 1988a) .. 186

Metal:Aluminum ratios in the LSJRB sediments (S;vanmh Lab. & Environ. Serv. 1988a) . 186

Aliphatic hydrocarbons in the LSIRB sediments (Savannah Lab. & Environ. Serv. 1988a) . | 191

Chlorinated hydrocarbons in the LSIRB sediments (Savannah Lab. & Environ. Serv. 1988a) 191

PAHs in the LSIRB sediments (Savannah Lab. & Environ. Serv. 1988a) ... ... ...... 192

Xvil



Table 3.26 Sampling stations ;)f sediment quality (Savannah Lab. & Eanviron. Serv. 1988b) ....... 194
Table 3.27 tPhysical descriptiop of the LSJIRB sediments (Savannah Lab. & Environ. Serv. 1988b) .. 198
Table 3.28 Metal concentratioas in the LSJRB sediments (Savannah Lab. & Environ. Serv. 1988b) .. 199
Table 3.29 Metal:aluminum ratios in the LSIRB sediments (Savannah Lab. & Environ. Serv. 1988b) . 200
Table 3.30 Cl-pesticides, toxaphene and arochlor in sediments (Savannah Lab. & Environ. Serv. 1988b)200
Table 3.31 PAHs, aliphatics and other OPPs in sediments (Savannah Lab. & Eaviron. Serv. 19§8b) .. 201

Table 3.31a PAHs, aliphatics and other OPPs in sediments (Savannah Lab. & Environ. Serv. 1988b) . 203

Table 3.32 Sampling stations of sediment quality (Delfinoetal. 1991) .................... 206
Table 3.33 Water quality data of the LSJRB (Delfinoetal. 1991) ...................... 215
Table 3.33a Organic priority pollutants in the LSJRB sediments (Delfino et al. 1991) ........... 215
Table 3.33b Organic priority pollutants in the LSJRB sediments (Delfino etal. 1991) ........... 216
-
'{able 3.34 Sampling stations of sediment quality (BES Division Lab. 1992) ................. 219
'i'able 3.35 Moisture content of sediment samples (BES Division Lab. 1992). ................ 220
Table 3.36 Trace metals in the LSJRB sediments (BES Division Lab. 1992) ................ 221
Table 3.37 Metal:Aluminum ratios in the LSJRB sediments (BES Division Lab. 1992) .......... 223

Table 3.38 Detection limits: PAHs, phenols, pesticides, & PCBs in sediments (BES Division Lab. 1992)225

Table 3.39 OPPs in the LSIRB sediments (BES Division Lab. 1992) . . ... ... ... ........... 226
Table 3.39a OPPs in the LSIRB sediments (BES Division Lab. 1992) . ... ................. 226
Table 3.39b OPPs in the LSIRB sediments (BES Division Lab. 1992) ... ................. 227
Table 3.39c OPPs in the LSIRB sediments (BES Division Lab. 1992) . ... ................. 227
Table 3.39d OPPs in the LSIRB sediments (BES Division Lab. 1992) ... ................. 230
Table 3.40 Metal enrichment in LSIRB tributaries based on all sediment quality studies . . . . ...... 232
Table 3.41 Hakanson’s contamination factors based on the BES Div. Lab.data .............. 234

Table 3.42 Prioritization of remedjation/protection of LSJRB sub-basins based on sediment quality data 238

Table 4.1 Adsorption isotherm equations (Kinniburgh, 1986) ................. ... ..... 248
Table 4.2 Empirical models for heavy metals (Horowitz, 1991) ........................ 259
Table 4.3 Water samplers (Mudroch and MacKnight, 1991) .......................... 263

X viii



Table 4.4 Most commonly used grab sampling devices (Horowitz, 1991) .................. 265

Table 4.5 f&ost commbnly used core samplers (Horowitz, 1991) ..............c v un.. 266
Table 4.6 Analysis of sediment grain size (HOPOWtZ, 1991) . ..o oo vvreeseenennennnnnn.. 276
Table 4.7 Preservatives and poisons used in sediment traps (Mudroch and MacKnight, 1991) ..... 280
Table 4.8 Reagents employed in partial extraction methods (Horowitz, 1991) ................ 281
Table 4.9 Methodologies for aquatic sediment dating (Geyh and Schleicher, 1990) ............ 283
Table 4.10 Properties of water (Horne, 1978) .. ... ... vuurirenennennenennnnnnnn. 284
Table 4.11 Composition of seawater (Fergusson, 1990) . ........... [ 285
Table 4.12 Composition of freshwater - Median values (Fergusson, 1990) ................. 286
Table 4.13 Trace metal concentration in freshwaters (Fergusson, 1990) ................... 286
Table 4.14 Selected freshwater udim;nt toxicity tests (Burton and Scott,«1992) .............. 288
Table 4.15 Selected estuarine and marine sediment toxicity tests (Burto; and Scott, 1992) ....... 289
Ta:able 4.16 Sediment quality criteria - Weight-of-Evidence approach (MacDonald, 1992) ........ 299
Table 4.17 Comparison of sediment quality assessment approaches (MacDonald, 1992) ......... 300
Table 5.1 Rivers and harbors Acts for the St. Johns River estuary (US Army COE. 1992) ........ 304
Table 5.2 Commercial tonnages in the St. Johns River waterways (US Army COE. 1986) ........ 306
Table 5.3 Freight traffic during 1982 in the St. Johns River waterway (US Army COE. 1986) ..... 306
Table 5.4 History of dredging operations in the Jacksonville Harbor (US Army COE. 1992) .. ... .. 308
Table 5.5 Types of subinerged land leases (Barber, 1992) . ........... .. it nnn. 310
Table 5.6 Submerged lands marinas in the LSIRB (Barber, 1992) . ...................... 311
Table 5.7 Statutes for environmental requirements (US EPA, 1992) ...................... 312
Table 5.8 Detection limits for water and sediment samples (Florida DER, 1992) .............. 322
Table 5.9 Procedures for brackish water chemical analysis (Florida DER, 1992) .............. 33
Table 5.10 Laboratory procedures for sediment chemical analysis (Florida DER, 1992) .......... 324

Xix



CHAPTER I

SEDIMENT DYNAMICS AND MODELING

A. R ENERAL DES N_OF WER ST.
HNS RIVER BA

1.1 Location and Geography.

The St. Johns River drainage basin extends from céntral-east Florida to north-east
Florida between 27.7° to 30.5° north latitude and 80.6° to 82.1° west longitude. The
river flows in a general south-to-north direction for approximately 300 miles from its
headwaters inland of Ft. Pierce to its mouth east of Jacksonville (Figure 1.1). The river
borders or crosses through ten different counties, i.e., Brevard, Orange, Seminole,
Volusia, Lake, Marion, Putnam, Clay, St. Johns and Duval. Also, a very small area of
the riverine basin lies within the Alachua, Baker and Bradford counties. Along its
upstream stretch, the basin encompasses a number of major and minor lakes including
Lake Hellen Blazes, Sawgrass Lake, Lake Washington, Lake Winter, Lake Poinsett,
Lake Hamey, Lake Monroe, Lake George and Crescent Lake. The system includes a
variety of diverse elements such as wildlife refuges, the Ocala National Forest, state
parks and other recreation areas, historical sites, agricultural lands, rural developments,
industrial complexes and urban communities. The urban communities and some of the

rural ones affecting the water quality of the Lower St. Johns River Basin (LSJRB) are:
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Figure 1.1 Geographic map of the St. Johns River (Bergman, 1992).



Jacksonville, Orange Park, ‘Middleburg, Green Cove Springs, Palatka, Pomona Park,
Keystone Heights, Hastings, and Bunnell. Industrial activities within the LSJRB include
electric power generation, pulp and paper production, food processing, chemical

factories, general manufacturing and maritime works. In addition, there are intensive

agricultural, silviculture and cattle grazing activities.

1.2 Hydraulics and Drainage.

The lower 101 miles of the main river, downstream of Oklawaha Canal (near
Palatka) is considered for management purposes to be the Lower St. Johns River Basin
(Figure 1.2). The drainage area of this lower basin is abo;t 2,200 square miles, which
répresents 22 percent of the total area of the St. Johns River Water Management District
(Campbell et al. 1989). The total area of the drainage basin of tﬁe St. Johns River and
its main tributary, the Oklawaha River, is approximately 12,400 square miles, i.e., about
one-sixth 6f the total area of the State of Florida (St. Johns River Water Management
District, 1990). The drainage area of the tidally affected section of the river is about
7,200 square miles.

The bed of the estuary is below sea level and tidal fluctuations penetrate to a
distance of 200 miles upstream. The average water surface gradient of the river is 0.1
ft per mile, i.e., S, = 1.89 x 10”° (U.S. Army Corps of Engineers, 1986). The gradient
at the lower part of the river is extremely small, i.e., 0.05 ft per mile or S, = 0.95 x
107 (Snell and Anderson, 1970; Keller and Schell, 1992). The width of the river north

of Palatka (downstream) ranges from 1.5 to 3 miles. Near the City of Jacksonville, the

river narrows to about a quarter of a mile. The widest section of the river is across the
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Figure 1.2 Map of the Lower St. Johns River Basin (Campbell et al. 1989).



mouth of the Ortega River. The main tidal constituent at Mayport is semi-diurnal
(M2-tide)_,‘ with a period of 12.42 hours and an average tidal range at the river’s mouth
of about 4.9 ft Near Palatka, the mean tidal range is reduced to 1.2 ft. Between Orange
Park and Palatka it has been reported that the tide maintains the characteristics of a
standing wave, while downstream and upstream of these locations the flow has the typical
reversing motion tidal characteristics (Haight, 1938).

The Lower St. Johns River receives drainage water from twelve main tributaries
and the land adjacent to its main course. The names of these tributaries along with their
drainage area, inflowing minor streams, length, discharge, land use and water quality are
given in Table 1.1 (Bergman, 1992). For management pu;poses, the LSIRB is divided
l;y the U.S. Army Corps of Engineers into three planning regions, i.e., the East Region,
the West Region, and the North Region (Figure 1.3).

From a twelve year record (1969 to 1982), the average discharge at Palatka (river
mile 83.1j is estimated as 5,945 cfs, with a maximum daily downstream discharge of
31,300 cfs and a maximum daily reverse flow of 20,400 cfs. From a twenty-two year
period of data (1954-76) the average flow at the City of Jacksonville (river mile 25) is
estimated as 5,687 cfs with a maximum daily downstream discharge of 64,000 cfs and
a maximum daily reverse flow of 62,700 cfs. Finally, at the mouth of the St. Johns
River the maximum daily flood flow is found to be about 61,100 cfs and the maximum
ebb flow about 51,040 cfs (U.S. Army Corps of Engineers, 1986). The net downstream
velocity of the river is very small. At State Road 44 (SR44) near DeLand (river mile

142) the average velocity is approximately 0.44 fps. At the river’s mouth, during ebb

or flood, flow velocities can reach 4 fps.



Table 1.1 Characteristics of the LSJR drainage tributary sub-basins (Bergman, 1992).

(3

Drainage Basin Tributary Length Discharge Land Use and Pollution Issues
Basin Arca (sq mi) (mi) MCAN-MAX-MIN
Aglington River 32.4) *Arlington River 1.9 Rapidly growing resideatial developmeats (50%). Water quality
*Pottsburg Creek 15 is fair to poor.
*Ls. Pousburg Cr 32
°Strawberry Creck 33
*Silversmith Creck 21
lack Creck (496, *Black Creek 133 Silviculture and natural vegetation cover, largely undeveloped.
Bradicy Creck 53 ‘Water quality is good to fair.
®Peters Creck 6.7
Little Black Cr 10.1
Double Branch 23
North Proog 23
South Prong 28
*N. Fork Black Cr. 282 200-11200-10
Big Branch 5.0
Loog Branch 4.2
Yellow Water Cr. 11.0
*S. Fork Black Cr. 23 148-10300-4
Bull Creek 8.5
Grecos Crock 107
Ates Creck 10.5 <«
rowa iver 26.8 Broward River 4.0 Residential, industrial, agricultural, airport (15%). Water quality
*Cedar Creck 5.5 is fair. )
*Liuie Cedar Cr. 4.2
C t Lake (605. Dunns Creck 8.5 Silviculwre (57%), row crops (15%), cattlc operations (8 %).
Haw Creek 4.8 Water quality is good. Algac blooms are common.
Middle Haw Creck 9.9 T7-1810-0 K
Litle Haw Creck 72 84-1600-0
Black Branch 3.8
Decp Creek (91.0) Deep Crock 104 9.2270 Mainly sgricultural production. Water quality is good.
Sixteenmile Creek 1.0
Dunn Creek 23.3) Dunn Creek 2.0 Forest (80%), agricultural, urban, industrial, wetlands. Water
Terrapin Creek 08  quality is fair.
Rushing Branch 1.7
Caney Branch 23 :
Etonia Creck (355.0) *Rice Creck (Main) 64 45.2000-0 Mainly agricultural production, paper mill. Water quality is
Exonia Creck 17.5 100-1160-35 good to poor.
*Simms Creck 148 47-1300-4
Rice Creek 16.1
Julington Cr. (104.3)  Julington Creck 8.5 Mainly undeveloped, ntural cover, agriculture/sitviculture (40%)
: Fiora Brench 1.0 Water quality is fair.
Big Davis Creck 38 11.735-0
*Durbin Creek 4.0
Sampsoa Creck 1.1
Oldficld Creek 22
Sweectwater Creek 23
McCullough Cr. (61.8) McCullough Creek 3.2 Mainly egricultural. Watcr quality is good.
Ortega River (99.2)  *Ortega River 16.0 36-2500-0 Residential (33 %), industrial, Commercial, vacantlands. Water
*Fishing Creek 34 quality is fair to poor.
McGirts Creck 7.4
*Cedar River 8.0
*Butcher Pen Creck 1.7
*Wills Branch 4.5
Sixmile Creek (121.8) °Sixmile Creek 49 Mainly agricultural. Water quality is fair.
 Mill Creek 2.3
*Trout Creek 3.6
Tumbull Creek 15.0
. Johns River (210.0) Newcastle Creck 1.2 Residential, commercial, industrial, undeveloped. Water quality
Jones Creek 24 is good to fair.
Ginhouse Creck 29
Mt. Pleasant Creck 5.0

Continued:



Table 1.1 Characteristics of the LSJR drainage tributary sub-basins (Bergman, 1992)
« (Continued):

Drainage Basin ~ Tributary Length  Discharge Land Use and Pollution Issues
Basin Area (sq mi) (mi) mean-max-min

*McCoy Creck 34
*Hogan Creek 24
Loog Branch 1.8

Craig Creck 1.7

Miller Creck 1.0

Goveroors Creck 8.4

Clarkes Creek 7.6

Cedar Creek 35

Camp Branch 9.1

Tocoi Creck 36

Dog Branch 1.8 «

Mill Branch 20 )

Trout River (34.0) *Trout River 19.2 Residential, commercial, agricultural. Water quality is poor.

. *Moncrief Creek 5.5 » .

Blockbhouse Creck 27

Half Creck 27

Gulley Branch 1.8

Little Trout R 1.8

*Ribault River 7.6

*Sixmile Creck 6.5

West Branch 1.9

Note: An asterisk () indicates tributarics with water and/or sediment quality problems.

The St. Johns River exhibits typical characteristics of an estuary, where saline
water from the ocean mixes freely with fresh water from inland drainage. Stratification
between fresh and salt water (i.e., formation of saline wedge) is observed from the
mouth to a distance of 40 miles upstream. The water becomes well-mixed near the
Duval-Clay county line. Under drought conditions, sea water intrusion extends upstream
until it reaches Palatka. Further upstream from Palatka, salinity increases due to
chlorides introduced from groundwater seepage and salt water springs (Odum, 1953;

Brody, 1992).
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Figure 1.3 U.S. Army C.O.E. planning regions of the LSJRB (Campbell et al. 1989).



1.3 Dredging and Navigation.

F_o; navigation purposes, a channel of adequate dimensions is maintained from the
mouth of the river to Lake Harney. The dimensions of this artificial channel vary along
the river. Thus, the navigation channel is 38 ft deep (Mean Low Water - MLW) along
the first 20 river miles to White Shells Cut Range, 34 ft deep to Commodore Point and
30 ft deep to the Florida East Coast Railroad Bridge in Jacksonville. The width of the
channel from its mouth to the City of Jacksonville varies from 400 to 1,200 ft.
Upstream from Jacksonville, the channel is maintained at 13 ft deep and 200 ft wide
from Jacksonville to Palatka, 12 ft deep and 100 ft wide from Palatka to Sanford, and
5, ft deep and 100 ft wide from Sanford to Lake Harney (US Army Corps of Engineers,
:1989). The spoil material from maintenance dredging is presently disposed of on

Bartrum and Blount islands, which were created totally from dredge spoil.

1.4 Hydrology and Climate.

The Lower St. Johns River basin is classified as humid subtropical and is located
in the transitional zone between the humid continental climate of the northern Florida and
the subtropical climate of southern Florida. In summer the average daily temperature
maximum and minimum are respectively 90°F and 72°F. In winter, frontal activities may
cause temperatures to fall below freezing throughout the basin at an average frequency
of 10 to 15 times. However, freezing temperatures are primarily limited during night
and the early morning hours (Campbell et al. 1989). Freezes may occur in northem
parts of the basin anytime between November and March.

The prevailing wind direction in the basin is generally from the northeast during



the September to Janual;y period, and from the southwest or southeast in February
through A:lgust. The northeaster winds are characferized by sustained velocities of 20
to 30 mph and a light'min which typically last for 3 to 4 days. Thé average monthly
'wind speeds range from 6 to 10 mph. However, during episodic events (e.g.,
thunderstorms, tropical storms, hurricanes) wind speeds can reach hurricane strength
wind velocities (120 mph). Since the directions of prevailing winds are aligned
approximately with the longitudinal axis of the main river, winds have a strong effect on
the hydrodynamics of this wide and shallow riverine system.

Annual precipitation within the basin is characterized by a "wet" season from June
mmugh September and a "dry" season from October throu';h May. Most of the annual
pi'ecipitaﬁon occurs during the "wet" season in the form of short duration, but high
intensity thunderstorms. Based on rainfall records for the years 1947-1976, the basin’s
annual precipitation ranged from 48.99 to 59.14 inches, with an annual maximum of
84.95 inches and an annual minimum of 27.44 inches (U.S. Army Corps of Engineers,
1986). In the southern part of the basin, short intensive rainfall events exceeding 1 inch
per event were not unusual. Snow rarely fell in the basin (i.e., once every few years).
Analysis of precipitation records indicated a higher correlation between rainfall in the
north-south direction than in the east-west direction (Bergman, 1992). This shows that

frontal activities follow mostly a north-to-south direction. Evapotranspiration losses from

the basin are estimated at an annual rate of 35 to 40 inches.

1.5 Geomorphology and Sediments.

The geomorphological features of the drainage basin are relatively low and flat.

10



Generally, the LSJRE is bounded by three geological districts, i.e., the Sea Island
Distric1 along the north-northwest, the Eastern Flatwoods District along the east, and the
Central Lake District along the south-southwest (Brooks, 1981) (Figure 1.4). Each of
these three districts is divided into smaller subdistricts. The Sea Island District includes
the Okefenokee Upland (maximum elevation 240 ft), the Duval Upland (maximum
elevation 100 ft), and the Northern Coastal Strip (maximum elevation 95 ft). The
Eastern Flatwoods District includes the Palatka Anomalies and the Volusia Ridge Sets
(maximum elevation 55 ft). The Central Lake District includes the Interlachen Sand
Hills (maximum elevation 220 ft), the St. Johns Offset, and the Crescent City-Deland
- Ridge (maximum elevation 100 ft) (Bergman, 1992).

| It is believed that the Lower St. Johns River valley was formed during the time
of the Talbot shoveling when the mean sea level was approximately 42 ft above the
current level. During that time, most of what is now Duval and western St. Johns
counties was inundated, forming a 20 ft deep lagoon. Sand bars and barrier islands
separated this lagoon from the ocean (Struthers, 1981). After recession of the sea level,
thousands of years of surface hydrogeologic processes shaped the present system of the
LSJRB stream network. The majority of the surficial layers of the river bed and the
surrounding watershed areas contain Pleistocene and Holocene sediments (Figure 1.5).
Pockets of Miocene sediments exist east of Green Cove Springs, near Palatka, at
Crescent City, and at Deland (American Association of Petroleum Geologists, 1991).
In addition, it has been documented that the bottom of the man-made navigation channel

has penetrated into deposits of Miocene or Pliocene sediments (Boehnke et al. 1983).

Soils in the LSJRB vary from well-drained sands in the uplands (soils of the

11
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Figure 1.5 Surficial sediments of the LSJRB (American Association of Petroleum
Geologists, 1991).
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Central Ridge), to mostly saturated organic peat and muck in the lowlands (soils of the
Flatwoods or soils of Organic Origin) (Fernald and Patton, 1984). Using the A, B, C,
D sail classiﬁcat.ion established by the Soil Conservation Service (SCS), it has been
found that in all of the subdrainage areas excluding Arlington River, soils belong
predominantly in category D (Table 1.2). Soils in category A are very well drained thick
sands, sometimes with loamy subdeposits; soils in category B are moderately well
drained very thick sands with loamy or clayey subdeposits; soils in category C are
somewhat poorly drained, comprised of primarily sands with subsoils from loamy, clayey
or weakly cemented sands; soils in category D are very poorly drained and they range
from sandy soils with loamy subsoils, to purely organic soils ;n layers of more than 50
inchés thick. Within the LSIRB, large peat deposits can be found near Palatka, in the

Oklawaha River Valley, near Lake Jessup, in Julington Creek and in Pablo Creek.

Table 1.2 Soil classification according to SCS for the LSJR sub-basins (CDM, 1989).

Category
Sub-basin A B C D
Arlington River 70% 2% 28%
Black Creek 24% 24% 52%
Broward River 38% 12% 50%
Crescent Lake Poorly to very poorly drained
Deep Creek Poorly drained
Dunn Creek 40% 12% 48%
Etonia Creek Moderately to poorly drained
Julington Creek 23% 11% 6% 60%
McCullough Creek Well to poorly drained
Ortega River 22% 8% ' 70%
Sixmile Creek Well to poorly drained
SJR downstream of Trout River 25% 5%
SJR upstream of Trout River 28% 9% 63%
Trout River 11% 13% 76%

14



1.6 Water Quality.

‘The major land use in the LSJRB is forest land (i.e., silviculture and natural
forests). However, the Jacksonville metropolitan area and other residential, agricultural
and industrial units generate substantial amounts of pollutants leading to degradation of
surface water quality. Pollution is produced by both point and non-point sources. Point
sources include 48 industrial complexes; 116 A, B and C domestic waste water plants;
and another 206 permitted sources each of them producing an average of 25,000 gallons
per day (See Chapter III, Table 3.1). Thus, there are at least 370 known point sources
releasing pollutants directly into the n'veﬁne system (U.S. Army Corps of Engineers,
. 1986). Besides the point sources, household and agn'cu]tural chemicals (e.g., nutrients,
pesticides, herbicides, insecticides, etc.) are released ir;to the river through surface runoff

and groundwater seepage. Tributaries with significant water quality problems were

identified in Table 1.1.

1.7 Public Concerns and Legislature.

Sewage discharges, industrial wastes, seepage of agricultural chemicals, health
warnings to the public, littering of the riverine water and banks, mangrove losses,
destruction of bemhic communities, fish-kills, algae blooms and numerous other
incidents, have aroused serious public concerns regarding the quality of the Lower St.
Johns River system (Keneagy, 1991a; 1991b). Most environmental degradation is caused
by various human activities especially in Duval county and the Jacksonville metropolitan
area.

In order to assess the environmental conditions of the St. Johns River, the Energy
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and Water Development Appfopriation Act, 1984 (Public Law 98-50) authorized the U.S.
Army Corps of Engineers to conduct reconnaissance investigations. Subsequently, the
Corps produced in 1986 a report entitled “St. Johns River Basin - Florida Interim Water
Quality Management" which identified data deficiencies and suggested plans for detailed
studies to provide more information. The report noted the lack of technical information
pertaining to riverine water quality. It also emphasized the need for a thorough
investigation into temporal and spatial variations of the physical, chemical and biological

components of the St. Johns River. Such an investigation would require synoptic studies

. pertaining to basin hydrology, estuarine hydrodynamics, geological and geomorphological

«

detail;, groundwater movement, overland runoff, tributary inflows, sediment transport,
benﬂﬁc and sessile communities, point and non-point contamination sources,
physicochemical aspects, and microbial information for the water column and surficial
sediments.

The St. Johns River Water Management District initiated a comprehensive
reconnaissance study of the LSJRB which iﬁcludes: basin hydrology; surface water
hydrology; hydrodynamics of surface water; water quality; river sediment characteristics
and quality; biological resources; economic values; and intergovernmental management.
This study will identify the need for more research and assimilation of information

leading to development of a management strategy for the estuary.

1.8 Purpose and Objectives of this Study.

This study is part (Task # 4 - Sediment Management) of a broad ongoing project

pertaining to St. Johns River Water Quality Management. The purpose of this study is
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to provide a better undérstanding of sediment properties and dynamics and to: document
their imi)ortance in environmental degradation; identify problems and data needs; and
develol; guidelines for establishment of future detailed studies and management
procedures. The study will summarize the state-of-the-art on: sediment dynamics and
modeling; contaminant decomposition, precipitation or partitioning in aquatic ecosystems;
environmental impact assessment methods; and techniques for establishment of
quantitative environmental indices. Pollution effects on benthic and sessile communities
will be assessed, while information will be collected for point and non-point pollution
sources within the Lower St. Johns River Basin. Emphasis will be placed on sediment
~management as related to urban expansion, industrial acti;ities and agricultural practices.
: The study will entail a collection of existing data and information, evaluation and analysis
of available resources, and suggestions for further studies. Some information that may
not be directly applicable to the LSJRB will also be included for completeness and

continuity of the study.

B. PHYSICOCHEMICAL CHARACTERISTICS AND SEDIMENT DYNAMICS

1.9 Introduction.

The extent of contamination of aquatic ecosystems can often be determined by
analyzing sediments for metals and organic pollutants. Contrary to the once popular
belief that sediments are acting only as pollutant traps, resuspended contaminated
sediments can substantially contribute to the degradation of an ecosystem (Hunsaker and
Carpenter, 1990). Indeed, mobile sediments in an estuarine system may reduce

navigability by shoaling, undermine the integrity of the foundation of marine structures
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by scouring, or increase tux;bidity levels and contaminant concentrations of the ambient
water duriné resuspension events (Partheniades, :l§73a). Suspended or dissolved
pollutants in aquatic environments can pose a very serious problem to cohesive sediment
bottoms (Medina and McCutcheon, 1989). Due to their small particle size (high specific
surface) cohesive sediment particles have an affinity for dissolved or suspended
pollutants. Understanding water-sediment interaction is very important for environmental
quality assessment of aquatic ecosystems. The impact of sediments on aquatic
ecosystems is now being considered in rule-making. For example, on April 27, 1991,
Washington became the first state which adopted standards for contamination of marine
| sedixpents,. These standards developed by the Washingtbn De’p;rtment of Ecology apply
to 4’:7 chemicals and include five different biological tests for quantifying the effects of
polluted sediments in Puget Sound. In Florida, the Department'.of Environmental
Regulation (FDER) completed a report for evaluation of contamination of Florida’s
coastal areas By using an effects-based numerical chemical sediment quality assessment
(MacDonald, 1992).

Within the LSJRB urban growth, intensive agricultural practices and industrial
activities h?ve significantly increased the rates of sedimentation and chemical pollution

during the past 40 years. In certain tributaries concentration levels of nutrients, metals,

and organic pollutants exceed the levels allowable by the FDER.

1.10 Physicochemical Characteristics.

1.10.1 Sediment Classification. Sediments originate from weathering of rocks by

physical forces (abrasion, temperature variations, etc.), chemical reactions (oxidation,
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vapor, CO,, etc.), aﬁd/or biological processes (e.g., animal burrowing, plant roots)
(Garde‘and Ranga Raju, 1985). Besides sediments of mineralogical composition there
are se;iiments originating from decomposition of organic matter. Individual sediment
particles are primarily characterized by their specific gravity (v,), particle size (D), and
particle shape. Most sediments are comprised of a variety of parent rock minerals. For
alluvial sediments, the specific gravity usually ranges b_e_tween 2.56 to0 2.76 (Table 1.3).
If there are not enough field data to calculate a local value for specific gravity, an

average value of 4, = 2.65 is commonly used.

. Table 1.3 Specific gravity of some common minerals. 1('Garde and Ranga Raju, 1985).

Mineral Specific gravity Mineral Specific gravity
(Parent Rock) (7o) (Parent Rock) (CA)
Barite 4.5 Basalt 2.7-3.2
Clay shale 2.7-2.9 Corundum 3.9-4.0
Feldspar 2.7 Flint 2.7
Garnet 3.2 ' Granite 2.5-3.1
Hornblende 3.2 Limestone 2.5-2.8
Magnetite 5.2 Quartz 2.7
Sandstone 2.2-25 Serpentine 2.4-2.7
Seynite 2.6-2.8 Tourmaline 3.5-4.3
Trachyte 2.6-2.8 Zircon 4.6

Several classifications have been developed for particle size but perhaps the
best-known is the Wentworth scale (Vanoni, 1975). This scale uses a geometric series
with base 2, (i.e., D = 2°, n = 0 to 12) (Table 1.4). .

In the LSJRB, sediment particle diameters largely fall within the last two particle

groups, i.e., from very coarse sand to very fine clay. For large size particles shape can
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Table 1.4 Wentworth scale for particle size diameters (Vanoni, 1975).

LS

Name Size in mm  Remarks

Very large boulders 4096-2048  Size of individual particles easy to measure.
Large boulders 2048-1024  Difficultto establish particle size distribution.
Medium boulders 1024-512

Small boulders 512-256

Large cobbles 256-128 Important to local scouring and resistance to
Small cobbles 128-64 flow. Less important to bed load.

Very coarse gravel 64-32

Coarse gravel 32-16

Medium gravel 16-8

Fine gravel 8-4

Very fine gravel 4-2

Very coarse sand 2-1 Overall very important to sediment transport
Coarse sand 1-1/2 in alluvial channels. Particle diameter is
Medium sand 1/2-1/4 measured by sieving or visual accumulation
Fine sand 1/4-1/8 tubes.

Very fine sand 1/8-1/16

Coarse silt 1/16-1/32 Important to total sediment load, density
Medium silt . 1/32-1/64 currents, consolidation, channel stability and
Fine silt 1/64-1/128  development of berms. Particle size is
Very fine silt 1/128-1/256 measured by microscopic indirect methods.
Coarse clay 1/256-1/512

Medium clay 1/512-1/1024

Fine clay 1/1024-1/2048

Very fine clay

1/2048-1/4096

be described using an orthogonal triaxial system, i.e., by approximating the particle by

an ellipsoid with main axes a, b, and c, where a = b = c (Figure 1.6). Based on these

three axes particles are classified as spheroid, disk, roller and blade (Vanoni, 1975)

(Table 1.5).
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Figure 1.6 Triaxial particle shape (Vanoni, 1975).

Table 1.5 Triaxial particle shape classification (Vanoni, 1975).

Spheroid: 1.0 =b/a=22/3 ad 1.0=c/b =273
Disk: 1.0=2b/a=2/3 and 23=chb=0
Roller: 23 =2bla= 0 and 1.0=c/b = 2/3

=0 and 2/3=2c¢cb= 0

Blade: 2/3 = bl/a

Other features indicative of particle shape are the sphericity and the roundness.
Sphericity describes how close the shape of a particle compares to that of a sphere, while
roundness indicates the presence of comners and edges on particle surface. Sphericity
depends on mineralogical composition, while roundness on particle weathering and

abrasiveness (Garde and Ranga Raju, 1985). For small particles it is very difficult to
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quantify and utilize information based on individual particle sizes. Therefore, bulk
properties such as density and mean fall velocity are commonly used to describe particle
distribution.

1.10.2 Particle Frequency Distribution, Sediment frequency distribution is usually
expressed in terms of particle diameter versus percentage by weight, plotted on a
histogram or frequency distribution curve (FDC) (Fig_ure 1.7). The main characteristics
of a FDC are its spread, skewness, and kurtosis. Spread represents the uniformity of a
sample; the smaller the spread the more uniform the sample is. The mid-point of the
range is the median diameter Dy, while the center of gravity of the area under the FDC
gives the mean diameter D,,. For a symmetric frequency‘&'isttibution curve Dy,=D,.
: Uéfomity is a very important feature of sediments because it is directly related to

porosity and void ratio. Porosity (n) and void ratio (e) are defined respectively as
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Figure 1.7 Histogram and frequency distribution curve (Garde and Ranga Raju, 1985).
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where V. is volume of voids, V, is volume of solids, and Vj is the bulk volume. For
nonuniform sediments, porosity is less than the porosity of uniform sediments of similar
particle diameter. Skewness quantifies the asymmetry of the FDC and can be either
positive (skewed to the right) or negative (skewed to the left). A positively skewed FDC
indicates that the majority of sediment particles have a diameter larger than the median
diameter. Kurtosis quantifies the pointness of the peak of a FDC. The importance of
skewness and kurtosis of particle FDC on sediment transport dynamics has not as yet
- been determined. )

From a frequency distribution curve equation f(D), a cumulative distribution curve

F(D) can be generated as follows:
D
FD) = § fOdr .. ... e (1.3)
0

where r is a dummy variable of integration. The cumulative distribution function (CDF)
is plotted on normal coordinate paper, on semi-logarithmic paper, on semi-probability
paper, or on logarithmic-probability paper. The logarithmic scale is always used for the
particle diameter and the probability scale for the particle distribution. The reason for
using logarithmic and/or probabilistic paper is that particle distribution of riverine
sediments usually approximates to a Gaussian (normal) distribution. Therefore, plotting
on a logarithmic-probabilistic paper gives a linear distributio; (Vanoni, 1975). This is

particularly true for the F(x) section between particle diameters of Dy, , and D54, where

- D, denotes the particle diameter that is larger than x% of the sample (Figure 1.8).
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1.10.3 Cohesive Sediments.

Particle diameter and its distribution drastically affect

Figure 1.8 Cumulative particle distribution curve (Vanoni, 1975).

sediment dynamics. Based on particle size, two major sediment groups are recognized:
granular and cohesive. The separation line between these two groups is fine silt (D=15

um). The basic difference between granular and cohesive sediments is the type of forces
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that govern their dynahic behavior. Granular materials are subject only to mechanical
forces, }.e., inertial, gravitational, drag, and buoyancy (Ibad-zade, 1987). Cohesive
sediments, in addition to the mechanical forces are subject to electrochemical forces.
These electrochemical forces include primary bonds (ionic and covalent), secondary
bonds such as Van der Waal’s, residual electric surface forces, double-layer forces, etc.
(Van Olphen, 1963). Therefore, the physicochemical behavior of cohesive particle
sediments in aquatic ecosystems is much more complex than the behavior of granular
materials. Estuarine bottoms, which are protected from direct current, tidal or wind
action, may contain high percentage of fine material. Fine material (less than 60 ym)
s comprised of fine silt, clay minerals and decomposedgrganic matter.

Clay particles have a diameter of less than 2 um and a crystalline shape with a
primarily sheet-like structure. However, needle-like and tube-like clay particles also
exist. There are two main building blocks of clay minerals: the octahedral and the
tetrahedral units (Chamley, 1989). The octahedral unit is comprised of aluminum (Al),
iron (Fe), or magnesium (Mg) atoms enclosed equidistantly by six oxygen atoms (Q,) or
hydroxy! molecules (OH), located on the vertices of a octahedral configuration (Figure
1.9). The Eetrahedral unit is comprised of a silicon (Si) atom enclosed equidistantly by
four oxygen atoms (O;) or hydroxyl molecules (OH) located on the vertices of a
tetrahedral configuration (Figure 1.10). Both units form sheet-like structures. The most -
common clay minerals along with their schematic molecular structure and chemical
formulas are given in Table 1.6. -

1.10.3.1 Aggregation-Flocculation. Due to the electrochemical forces, cohesive

sediments tend to aggregate and flocculate. The mechanisms that promote aggregation-
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F@ure 1.9 Octahedral unit structure of clay minerals (Partheniades, 1973b).

(c) (d)
Qona ;- Oxygen Oond @ = silicon

Figure 1.10 Tetrahedral unit structure of clay minerals (Partheniades, 1973b).
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Table 1.6 Clay minerals (Van Olphen, 1977).

[

Name Molecular structure Chemical formula
Kaolinite O<«0« ALSi,0,,(0OH),
Na, 35
t
Montmorillonite avr[Ja» (Al sMgg13)S1,0,4(OH),
ilite <o» o K,(Al,Fe,MgMgy)Si; ,Al,)O,(OH),

< : octahedral unit; [J : tetrahedral unit; ¢ : K molecules

<

ﬂo_cculation are: Brownian motion, differential settling, and velocity gradients. Brownian
motion develops weak and low density aggregates that\can easily break under flow shear.
Differential settling, caused by differences in particle fall velo;:ities, develops weak and
low density aggregates. The stronger aggregates are developed by moderate velocity
gradieﬁts. High velocity shear causes aggregate disintegration (Krone, 1978). In high
concentration environments (turbidity maximum), Dyer et al. (1990) observed a decrease
in floc size, which they attribute to floc disruption through particle collision. In estuarine
environments, it is very hard to establish a representative cohesive particle diameter
because there is a substantial difference between the size of the individual particle and
the sizes of aggregates and flocs (Eisma, 1990). The higher the order of aggregation,
the less is the density of the aggregate.

During flocculation, particles are bonded togethe; either edge-to-edge, or
edge-to-face. A schematic representation of an edge-to-face flocculent at microscopic

level is given in Figure 1.11. Possible aggregation-flocculation micro-structure states of
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Figure l.ll‘ Edge-to-face particle aggregation.

estuarine sediments are as follows: a) dispersed and deflocculated, b) aggregated but
defloccula}ed, c) edge-to-face flocculated but dispersed, d) edge-to-edge flocculated but
dispersed, e) edge-to-face flocculated and aggregated, f) edge-to-edge flocculated and
aggregated, g) edge-to-face and edge-to-edge flocculated and aggregated (Figure 1.12).
Williams (1986) presented a mathematical model for representation of the various modes
of particle interaction by using the free energy of interaction, V; (i.e., the sum of the
Van der Waals’ attractive energy, V,, and the double-layer coulombic energy, V). The

processes of aggregation-flocculation depend on the chemical features of the soil and the
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Figure 1.12 Possible aggregate-flocculate particle states.

ambient water. Salinity and organic matter promote aggregation (Parthéniades, 1973a).
Suspe;lded particles are primarily attracted by general Van der Waal's forces. These
particles remain in a stable, dispersed state by means of repulsive electric forces which
counteract the attractive forces. The repulsive forces become less effective with
increasing concentration of salt ions (Van Olphen, 1977). Since clay suspensions are
considered as hydrophobic colloidal suspensions (sols), the rate of flocculation is
substantially increased in the presence of even small amounts of salt. In salt-free
environments flocculation still occurs but at an extremely low rate. Other chemical
factors affecting particle flocculation are the pH of water, the sodium adsorption ratio

(SAR), and the cation exchange capacity (CEC). In natural estuarine waters, pH is

typically about 8. However, the presence of dense algal mats can increase pH to about
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10 during photosynthesis-or decrease it to around 5.5 during respiration (Montague,
1986). pH‘drastically affects the erodibility of abioﬁc sediments. Raising pH from 5.6
. to 8.2 the -critical shear' stress for erosion was increased, in salt water, by an order of
magnitude (Arulanandan, 1974). The sodium adsorption capacity is a measure of the
ratio of exchangeable sodium ions to those of calcium and magnesium found in the
diffusive layer of clay surfaces, i.e.,

SAR = Na*/[a(Ca**+Mg* "] . . . ... .. .. (1.4)
The higher the SAR, the greater is the mutual repulsion between clay particles
(Ariathurai and Arulanandan, 1986). The range of SAR is from 0 to oo; for SAR values
| greater than 14, clay particles are in a diffused state since I:I-a has a lower valence and
laréer hydrated radius than Ca or Mg. Cation exchange capacity is defined as the
capacity of negatively charged surfaces to attract cations and neufralize their negative
charge. This is measured in milli-equivalents per 100 grams of clay mineral (meq/100
g). Typical CEC values for clay minerals are: kaolinites 3-8 meq/100 g, montorillonites
80 meq/100 g, illites 40 meq/100 g. However, CEC is a property of the sediments and
not of the water system, while sediment deposition depends on the properties of both
sediments iand water (Partheniades, 1973b). In very low suspended sediment
concentration environments, the effects of aggregation-flocculation are insignificant.

Organic material (humic substances) in aquatic ecosystems is comprised of
decomposed flora and fauna. The four major type.s of organic matter include fulvid
acids, humic acids, humins, and yellow organic acids (J;masson, 1977). Organic

substances are characterized by a large surface area, high cation exchange capacity

(CEC), and a high negative charge.
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Quantitative assessment of sediment dynamics requires knowledge of a number

of physical parameters such as density, porosity, shear strength, angle of repose,

coefficient of consolidation, effective cohesion, liquid and plastic limits, etc. Since the

value of these parameters falls within a narrow range, in many practical situations an

average value can be preselected (Table 1.7).

Table 1.7 Common properties of sediments.

ranular Material:
Relative density

Bulk density (kg/1)
Dry density (kg/l)
Porosity (%)

Shear strength (kPa)
Angle of repose

Cohesive Matter:

Relative density

Bulk density (kg/l)

Dry density (kg/1)

Void ratio (%)

Liquid limit (%)

Plastic limit (%)

Coefficient of consolidation (m%yr)
Effective cohesion (kPa)

Effective angle of repose

Organic Soils and Fill:

Relative density

Bulk density (kg/1)

Dry density (kg/1)

Void ratio (%)

Liquid limit (%)

Plastic limit (%)
Moisture content (%)
Effective cohesion (kPa)
Effective angle of repose

ravels
2.50-2.80

1.45-2.30 .
1.40-2.10- - -

20-50
200-600
35-45°

Silts
2.64-2.66
1.82-2.15
1.45-1.95
35-85
24-35
14-25
12.2

75

32-36°

Peat

1.30-1.70
0.91-1.05
0.07-0.11
12.7-14.9

650-1100
20
50

Sands
2.60-2.70
1.40-2.15
1.35-1.90
23-35
100-400
32-42°

Clays
2.55-2.75

1.50-2.15
1.20-1.75
42-96
>25
>20
5.0-20.0
20-200

Coarse fill
1.80-2.70
1.20-2.40
1.05-2.00
35-100
23-45
0-35

6-14
20-50
28-40°
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1.11 Sediment Dznamigl.

Sed?r‘nent dynamics is a very complicated phenomenon. In general, sediment
dynamics is a time-dependent, multi-phase, nonlinear phenomenon subject to physical,
chemical and biological effects. Sediments continuously undergo cycles of erosion,
transport, deposition and resuspension. Of course, the sediment particles that participaté
in these cycles exchange continuously (i.e., particles continuously move in and out of the
cycles). Based on their transportation mode, riverine sediments are classified as bed load
or suspended load‘. In bed load, the sediment particles move by rolling, dragging, or
making shoﬁ 'jumps. In suspended load, particles are transported while in suspension
(Si[r}ons and Senturk, 1977). There is no clear distinction between bed load and
sus;:)ended sediments other than the time period that particles move continuously in
suspension.

Based on their place of origin, sediments are classified as bed load or wash load
materials. Bed load matenal is the part of the sediment that has the same composition
as that of the soils in the riverine bed. On the other hand, wash load is the part that has
compositions different from those in the riverine bed (Simons and Senturk, 1977). Bed
load is com_prised mostly of granular material while suspended sediments from cohesive
inorganic and organic sediments. The technical approach of studying granular or
cohesive sediments differs substantially.

1.11.1 Mechanics of Granular Materials. The main physical parameters that govern
the mechanics of granular sediment transport depend on water and sediment physical
characteristics as well as on riverine geometry. The parameters pertaining to the water

phase are as follows: water density (p) and dynamic viscosity (u); the parameters
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pertaining to the sediment phase are: sediment density (p,), and particle diameter (D);
and tl'_ne riverine related characteristics are: width (B), depth (h) and bottom slope (S).
In addition to these paraméters, gravity (g) is very important. By using dimensional

analysis (x-theorem), the following dimensionless parameters pertaining to sediment

transport can be established (Yalin, 1977).

X,=puDlp=uDlv ...... .. . . . ... .. (1.5)
X, = pu/(y,'D) = /(v,w'D) . (1.6)
Xy = 00 o e e e e e e e e e (1.7)
Xe=D/h . e e (1.8)
Xs=D/B ... .. -.*. ................ (1.9)

where u. is the shear velocity and %,’ is the buoyant p;n'ticle specific gravity. The shear
velocity is defined according to the bottom shear stress 7 as follows:

U = (/) = (ghS) 2 . . ... (1.10)
“and thé buoyant particle specific gravity as

N = B0 D) = Ve oY e e e e e (1.11)
Parameter X, is the particle shear Reynolds number, Re., which demonstrates the relative
importance of shear forces versus viscous forces. Parameter X, is called the mobility
number and quantifies the balance between the traction and resistance forces. The‘
physical meaning of the dimensional parameter, X, is related to particle ballistics, while
parameters, X, and X, show the influence of riverine depth and width. Based on the
these five parameters some property P pertaining to the mec;hanics of granular material

transport can be expressed in a functional form as follows:

P = P(X;, X5, X3, X Xs5) o o i o e e e (1.12)
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1.11.1.1 Particle Incipient Motion. Using Equation 1.12, particle incipient

(Y

motion can be effectively established. During incipient motion since no inertia is
involved, the parameter X, can be neglected. Also, since the phenomenon is restricted
to the bottom, both X, and X can also be neglected. Thus, the resulting functional

relationship for initiation of particle motion is reduced to

so that D cancels. Experimentally it was found that C = 0.1. For large X,, viscosity
effects are minimal so that » is no longer a characteristic parameter (e.g., estuarine
systems). But » appears only in the X, so that X, has to be a constant independent of

X, i.e.,

Experimentaily it was found that for sand and gravel C, = 0.05. The aforementioned
relationship between the shear particle Reynolds number (X,) and thé -mobility number
(X,) establishes the well-known Shield’s curve for particle incipient motion (Figure 1.13).
One shoulq keep in mind however, that this curve represents conditions of initiation of
a general bottom movement and not of sporadically transported particles. Also, both
theoretical and experimental results assume uniform and steady state flow conditions.
An extension of the Shield’s curve for extreme values of the particle shear Reynolds
number was investigated by Wang and Shen (1985). The san-le authors also investigated

incipient motion under wave conditions and the mobility number was modified in the

following form:
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Figure 1.13. Shield’s curve for particle incipient motion (Vanoni, 1975).
X, = 7/(7.'D) = fpu /2y, D) ... (1.16)

where u, is the amplitude of the orbital velocity and f is the wave friction factor. The

velocity amplitude u, is estimated as follows:
u, = A/[TSINNRARLY] .« oo oot (1.17)

where 7 is the wave height, T is the wave period, L is the wave length, and h is the

mean water depth. Setting
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a = n/[2sinh@ah/L)] .. (1.18)
the friction factor can be expressed as follows:

£ = f(a) for rough bed, and -+« v\ (1.19)

f = f(a,u,») forsmoothbed. ........................ (1.20)
The above functional relations can be defined experimentally. The Reynolds number is
modified as follows:

Re. = (fu/2)™D/v . .ot e e e e e (1.21)
For 3x10° > Re. > 10? the Shield’s curve is the same for both unidirectional and wave
motion; but for Re. < 107 the particles are more resistant to erosion for wave motion
' thz_m for unidirectional flow. This analysis neglects any elec’:lrochemical effects of the
watér-sediment system, since these effects are insignificant for granular materials.

1.11.1.2 Bedload Discharge. Once the sediment incipient motion is
determined, then the next step is to estimate the rates of bed load transport. This can be
achieved by a.variety of existing methods. The most commonly used methods are those
based on the Schoklitsch formula, the Meyer-Peter-Muller formula, the Bagnold’s
formula, and the Einstein-Brown and Van Rijn methods.

Thg Schoklitsch formula estimates the bed load by weight (q,,) based on some
"excessive" c.jischarge, i.e.,

Qow = 2500 832(G-qQ) - - v o v e e e e e e (1.22)
where S is the bed slope, q is the flow discharge, a:.1d q. 1s the critical flow discharge
defined as follows: .

Qe = 0.26(y /) PDYS™ (1.23)

Schoklitsch’s formula is expressed in metric units.
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‘The Meyer-Peter-Muller formula is written in terms of the submerged weight of
the tra;lsported materials q,,’ in a dimensionless form as follows:
Qoo /(0U?) = 8[1 - 0.047%,'D/(udP? . ... (1.24)

where the submerged weight is estimated as

and q,, is the bed load discharge by volume.

The Bagnold’s formula is based on energy considerations and yields

Qow = (8.5€,/S)(7-7TJu. . . . .. (1.26)
where e, is an experimental coefficient and 7 is a critical shear stress for initiation of
} erqsion (Yalin, 1977). The value of e,/S varies from »(‘)-.09 to 0.5 for particle diameter ‘
between 0.1 and 4 mm. The Meyer-Peter-Muller and Bagnold’s formulas are both valid
for small riverine slopes and for fine to medium sand beds.

Einstein (1950) was the first to introduce stochastic concepts in sediment transport
mechanics. The Einstein-Brown method utilizes a dimensionless expression:

=11/¥) ... i e e (1.27)
where ¢ is the sediment transport rate function and ¥ is the inverse of the mobility
number, i.g.,

® = Q/[VKe(v:' DY)l . (1.28)

Y o= 4 D/ e e e e e e e e (1.29)
The constant K is defined as follows:

Ke = [2/3 + 36pvY (v, D)2 - [36p2/(v,DHI'? . . . .. ... (1.30)
The relationship between $ and 1/V¥ is presented in Figure 1.14 (Raudkivi, 1976). Using

the & ~ 1/¥ curve, the bed load discharge can be estimated directly.
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Figure 1.14 Transport rate function ¢ versus mobility number ¥ (Raudkivi, 1976).

One of the latest methods for estimation of bed load and suspended granular
materials in alluvial channels was developed by Van Rijn (1982). Van Rijn’s bedload

estimation is based on the relation

Q@ /17, 70)Ds?™ = 0.053T*/DS* . ... ... (1.31)
where |

D. = Doy O]« e e e (1.32)

T = (U2- ) U e (1.33)

The critical shear velocity u.. can be estimated by using the dimensionless parameter ©
and Table 1.8, where

0 = . V{[(pP)-108Dso} -« e (1.34)
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Table 1.8 Parameter O versus D. (Van Rijn, 1982).

.

O = 0.240D.'%
© = 0.140D.°%
© = 0.040D.%1°
6 = 0.013D.°%
© = 0.055

For D.<4

For 4<D.<10
For 10<D. <20
For 20 < D. < 150
For 150 < D.

133101

Van Rijn’s formula requires the use of metric units and is valid for particle diameters
between 200 and 2000 mm. A detailed discussion on the performance of the various bed
load methods can be found in Simons and Senturk (1977).

1.11.1.3 Bedforms. Another important issue_fhat should be considered during “
studies of sediment dynamics in alluvial channels {s bed formation. Bed forms are
observed in sandy soils and depend strongly on the flow regime (Table 1.9). Since flow
conditions within the main St. Johns River are within the subcritical range, the bed forms

are anﬁcipated to be either ripples or dunes. However, this may not be true for the

Table 1.9 Types of bedforms (Simon and Senturk, 1977).

Bedform Type Flow Regime Remarks

Ripples Subcritical Particles migrate downstream; less than 1 ft
in length; water surface is not effected.

Dunes Subcritical Particles .migrate downstream; much larger

than ripples; surface water waves out of
phase with bed form waves.

Antidunes Supercritical Particles can migrate upstream, downstream,
or form a standing wave; surface water
waves are in phase with bed form waves;
very unstable.

39



upstream regions of some tributaries immediately after a storm event. Simons and
Richardsort (1966) developed a graph where the various bed form regimes are identified

based on the stream power and median particle diameter Dy, (Figure 1.15).
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Figure 1.15 Simon and Richardson classification of bed forms (Simon and Richardson,
1966).

The stream power is defined as the product between shear stress 7 and mean velocity u.
A comprehensive analytical study on ripple and dune formation has been given by Haque
and Mahmood (1985, 1986). These inves;tigators considered that the most discriminating
features of ripples and dunes are the separation point, the stagnation point, and the
free-streamline, and based their analysis on the free-streamline method of Helmholtz

(Figure 1.16).
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Figure 1.16 Schematic sketch for ripples and dunes (Haque and Mahmood, 1986).

<

Ripple formation under wave action was studied by Vongvisessomjai (1984). It was

concluded that ripple geometry depends on the nipple function ¥, defined as follows:

Ve = Fo Al e e (1.35)
where‘

Foo = Wy /7-1)8Da] - o o e (1.36)

A.=2a,/D, ... e (1.37)

and u, is the wave-induced velocity amplitude, a, is the orbital amplitude of water
particle motion outside of the laminar boundary layer, and a, 8 are experimental

exponents. Then, the ratio of ripple wave height a; to ripple wave length L; is given by

where A and r are experimental constants. Understanding of riverine bed formation is
essential for a correct estimation of flow resistance. Indeed, besides the skin friction,

bed forms induce an additional resistance on the flow. There are two main approaches
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that have been used to estimate bed form effects. One approach is based on a modified
energy gradient and the other on a modified hydraulic radius approach. A representative
example of. the former abproach is the Engelund and Hansen method (1967), and for the
latter approach the Einstein-Barbarossa method (1952).

The algorithm of the Engelund and Hansen method is as follows: Given the depth
(h) and slope (S) of the river, a parameter 6 is computed as

0 = hS/{[(e/o)-11ID} ... . e (1.39)
Then another parameter 6’ is estimated based on the following relations

0 =0.06+046° for 6 <08 ...................... (1.402)

| 0 =0.46> for6 > 08 ................ e (1.40b)
if tﬁc bed forms are dunes (8’ < 0.5), and |

O =8 e I (1.41)
if the bed forms are antidunes. Then an equivalent depth h’ is estimated using the
equation

0 = n’S/{[(/p)-1ID} . .. (1.42)
Finally, the velocity is obtained from the relation

6 = 0 + [u/QgL))@h)2 .. ... (1.43)
where L is the wave length and a is the amplitude of the bed form.

The algorithm for the Einstein-Barbarossa method is as follows: given the flow
discharge Q and the bed slope S, a hydraulic radius Rh’ is assumed and the function ¥’
is estimated as follows: ‘

V' = 4."'Dys/(R)S) . o e (1.44)

Then from Figure 1.17, the value of u/u." is obtained and subsequently R," is calculated
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Figure 1.17 Einstein-Barbarossa’s function (Einstein-Barbarossa, 1952).

by using the relationship
Ry = u(gS) . e (1.45)

The algorithm is repeated until

Bedforms are not found in beds comprised of cohesive materials. The aforementioned
discussion on granular materials is applicable to areas where sandy bottoms are exposed,
i.e., near the inlet, the dredged navigation channel, and sections where strong current

velocities occur. For these areas of exposed sandy beds, the analytical methods for
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granular sediments can be- applied even if they are tidally influenced. This can be
achieved by ;epamﬁng' the tidal cycle into ebb and flood flow.

1.11.2 Cohesive Sediment Dynamics. The behavior of cohesive sediments is more
complicated than that of the granular material. Due to their small particle size, cohesive
sediments resuspend easier, remain in suspension for long time periods, and bind to each
other forming aggregates and flocculates. The sedimentation cycles of cohesive
sediments involve erosion, advective transport, diffusion-dispersion, aggregation-
flocculation, deposition, consolidation, and resuspension (Scarlatos and Partheniades,
1986). While in suspension, cohesive sediments do not have a uniform vertical
concentration profile. Suspended cohesive sediments in aqu‘atic systems are normally
fou;ld in a stratified state comprised of seven different layers (Ross and Mehta, 1989;
Mehta, 1989). Counting from the top, these layers include: the mixed layer mobile
suspension, the stratified mobile suspension, the lutocline shear layer, the mobile
hyperpycnal lﬁyer (fluid mud), the stationary mud, the deforming cohesive bed, and the
stationary cohesive bed (Figure 1.18). The mixed layer mobile suspension behaves as
a Newtonian fluid and the particles are in a dispersed state. The stratified mobile
suspension_ demonstrates increasingly non-Newtonian behavior and the effect of
flocculation on particle settling. In the following three layers (i.e., lutocline, fluid mud
and stationary mud), the rheological properties are highly non-Newtonian and settling is
hindered by a weak soil matrix. Particles in the upper five layers are suspended and do
not have any effective stress. In the two bottom layers (i.c., deforming and stationary

bed) there is a measurable effective stress introduced by a strong soil structure. Within

these two layers, dewatering and consolidation effects take place.
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Figuré 1.18 Typical suspended sediment profile (Mehta, 1989).

The lutocline is the zone of steep suspended sediment concentration gradient.
Suspended particles within the fluid mud layer are supported partially by turbulent flow
fluctuations, and partially by a weak soil matrix established between the aggregates.
Recognizing the existence of the fluid mud layer is very important for environmental
studies, since fluid mud resuspends very easily and can cause substantial pollution.

1.11.2.1 Sediment Erosion. Erosion of settled l;eds of cohesive sediments

depends on the magnitude of the bottom shear stress. Once the shear stress exceeds a

critical value (7.), the material from the bottom starts to erode and entrain into the water
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column. Erosion process-es show different behavior for uniform beds and for beds
resulting from differential deposition. This is due to the fact that in the former case
properties ére uniform along the bed thickness, while for the latter case erosive resistance
increases with increasing depth (Partheniades, 1986). Physicochemical properties,
benthic communities, and time history of the deposited bed are all important to the
erosion processes (Montague, 1986). Increased NaCl concentrations result in increased
bottom yield stresses of clay deposits (Williams, 1986). Also, the bottom shear stress
of clay minerals increases with increased consolidation time (Partheniades, 1986). The
temperature effect on erosion of kaolinite clays by deionized water was studied by
Rgudldvi and Hutchison (1974). From their experiments it .'v:"as concluded that erosion
rate: is a U-shaped function of temperature (i.e., initially, the erosion rate decreases with
increasing temperature until it reaches a minimum value for 'a critical temperature; after
that temperature the erosion rate increases with furthér increasing temperature).
However, expériments conducted by Kelly and Gularte (1981) on illite clays, eroded by
saline water, have shown a monotonically decreasing rate of erosion for increasing
temperature. The same investigators demonstrated the existence of an exponential
relationship between critical shear stress and the number of interparticle bonds. Another
factor affecting the erosivity of cohesive sediments is the sodium adsorption ratio, SAR.
Experiments on Yolo-Loam (i.e., mixture of sand, silt, montmorillonite, kaolinite, mica
and vermiculite) indicated that under the same shear stress, the rate of erosion increases
with increasing SAR (Arulanandan et al. (1975). For ;rganic matenials, erosive
properties are expected to depend on the redox potential. However, there is not any

available quantitative relation between the rate of erosion and the redox potential.
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For uniform l;eds, the erosion rate (S,) is linearly related to the excessive bed
shear Vs‘tress (Arulanandan, 1974),

S.=M(r/r-1)/h forT > 7. ... ... . .. .. (1.47)
where M is the erodibility constant that incorporates the physicochemical features of the
bed.

For stratified beds, erosion tests revealed a rate of erosion which exponentially
decreases in time (Mehta, 1986),

S, =Cbhexp(-bt) . ... ... . e e, (1.48)
where C, and b are parameters depending on sediment characteristics. Additionally, C,
- is linearly related to the bottom shear stress. The abov; rates of erosion are valid only
for settled, consolidéted beds. For modeling purposes, the bed can be treated as a
stratified system comprised of layers of different thickness and erosive characteristics.
Erosion of the fluid mud layer follows a different pattern from the one observed in
consoliaated beds. Generally, resuspension of fluid mud can be simulated as an
interfacial instability problem between two fluids of different density. Under parallel
flow conditions, breaking of the interface resembles the Kelvin-Helmholtz or Holmboe
instability !nodes (Scarlatos and Mehta, 1990).

1.11.2.2 Sediment Deposition. Similarly to the erosion rates, the rate of
deposition (S,) is related to some shear stress as (Krone, 1962):

Se = -Wl-1/1x)JC/h for 7 < Tg .« o v i i e (1.49)
where 7, is the threshold shear stress for deposition to occur, C is the sediment

concentration, and w is the particle fall velocity. The above formula has been extended

in order to incorporate the effects of different particle size groups, i.e., aggregates and
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flocculates, as (Krone, 1986)

Sa =l;N[wi(l--r/r,,,,-,)/h]Ci e (1.50)
i=1
where the sub-index i indicates each of the N different particle groups, and C, is the
concentration of each subgroup. Therefore,
i=N '
C =L G .. i e e e (1.51)
i=1
where C is the total suspended sediment concentration. Another expression for the
deposition of cohesive sediments was de\(eloped by Partheniades (1971). Partheniades’
| analysis is based on results from a non-advective system (;ecirculating channel) and
reqmres a variety of physical inputs. If treated properly however, Partheniades’
expression can be applied to advective systems (Scarlatos and Partheniades, 1986).

An interesting feature of cohesive sediment deposition is the dependence of the
particle fall Qelocity on the suspended sediment concentration (hindering settling).
Experimental data supporting the concept of hindered settling are presented in Figure
1.19 (Thorn, 1981). Deposition is also affected by the salinity content of the ambient
water. However, in spite of the fact that laboratory experiments have shown a
well-defined direct relationship between fall velocity and salinity content (Krone, 1962),
in-situ measurements in Thames estuary were inconclusive (Figure 1.20). At this point
it should be emphasized that modeling of the erosior; and deposition processes require
extensive field data and laboratory analysis of water and seéiment samples in order to

characterize the various physicochemical properties of the system and quantify the

pertinent parameters.
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Figure 1.20 Salinity effects on settling velocity (Burt, 1986).
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1.12 Sediment Modeling.
1.12.1 Q(;hgive Sediment Dynamics Modeling. For quantification of riverine

dynamics, a number of mathematical models have been developed. These models are
based on different assumptions, have different input requirements, and their applicability
and performance varies for each case. All of these models require information of the
hydrodynamic field. The hydrodynamics of the system can be provided either from field
measurements and/or historical records, or by numerical solution of the hydrodynamic
equations, i.e., mass continuity and momentum balance equations (Pinder and Gray,
1977).

All of the sediment transport models are based on a’q-generalized mass balance
m@ﬁon. Due to the complexity of the system, bed load and suspended matter are
treated separately. For estimation of the bed load discharge any of the aforementioned
formulas and approaches can be utilized. For detailed estimation of the suspended
sediment trahsport, the full advection-dispersion equation should be applied. In
one-dimensional form this equation reads

aC/at + udC/ox - a[DaC/ax)/ax + Sy =S, . ........ ... ... (1.52)
where C 1s the suspended sediment concentration and D, is.the dispersion coefficient.
In the following, various mathematical models for simulation of cohesive sediment
transport are discussed.

Sayre (1969) and Jobson and Sayre (1970) studied, both theoretically and
experimentally, the vertical distribution of silt and fine sar;d particles under turbulent -

shear flow in uniform two dimensional open channel flow. The study involved advection

only; erosion and deposition were not included. As initial conditions, they considered
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an instantaneous plane; source uniformly distributed along the cross section. Their theory
is valid‘ only for particle fall velocities within the Stoke’s range. However, they found
that for particles of sizes less than 100 um, the Reynolds analogy holds, i.e., momentum
and mass diffusivities can be considered to be equal (Schmidt number = I).

One of the first attempts to include erosion, deposition, and transport into a single
model was done by Odd and Owen (1972), and Owen and Odd (1972). This was a one-
dimensional, two-layered mathematical model of mud transport for the well-mixed
Thames estuary. The regular configuration of the estuary allowed a simplified geometric
description of a rectangular cross section with an exponentially varying width. The main
- purpose of the model was to predict the siltation regi:ne in a system of various tidal
barriers proposed for flood protection. Based on the fact that flow and sediment
concentration change significantly over the depth and especially near the bottom, Odd and
Owen assumed two bettom layers in which internal circulation, induced by density
currentg took place. The properties in each layer were taken as uniform. The lower
layer was of constant thickness and much smaller than the upper layer which had variable
thickness. The equations of water mass continuity and momentum were solved by using
a finite difference scheme, while for the sediment balance the method of characteristics
was applied. The rate of deposition was taken from the experimental work of Krone
(1962), and for the rate of erosion a linear expression was used (Arulanandan, 1974).
The disadvantage of the model is that it neglects advection and that depth-averaging
causes distortion of the inertia effects of tidal currents. ‘

Ariathurai (1974) developed a time-dependent, two-dimensional model using the

advection-dispersion equation. The physical domain was subdivided into a finite element
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grid and solution was obtained by means of Galerkin’s weighted residual method.
Erosion an;l deposition were included in the form of source and sink terms. The
expressions for these terms were similar to the ones used by Odd and Owen. Depending
on the situation, the model could be used either as depth-averaged or as width-averaged.
Flow dynamics, diffusion coefficients and certain sediment properties must be provided
as input in this model. Also, the settling velocity of the suspended phase must be known
a priori. By assigning appropriate settling velocities for each time step, the model can
account also for particle aggregation. Another important feature introduced in this model
was the differentiation between surface erosion, i.e., layer by layer, and mass erosion
wllich occurs when the stress exceeds the bulk strength of the bed. The bed was
ass;umed to be comprised of various layers with variable shear strength. Consolidation
effects were incorporated according to the experimental relation proposed by Bosworth
(1956). The validity of the model was tested against data from the Savannah estuary.
Agreement t;etween simulated results and field data demonstrated the applicability of the
model. From a numerical point of view the solution scheme is unconditionally stable.
However, the accuracy of the solution depends on the Peclet number, discretization of
the flow ﬁ__eld and time step. Improvement of the solution can be attained by introducing
the water elevation as one of the dependent variables and not assume it as constant
(lid-type model).

Christodoulou et al. (1974) developed another model for simulation of sediment
dispersion in coastal waters. This was a quasi-, three-dimen;ional analytical model with

constant flow depth, where a sinusoidal tidal current was superimposed at any arbitrary

angle to the net flow. A separation of variables technique was applied so that the vertical
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distribution of sedimént concentration was treated separately. The vertical concentration
was estimated from the average concentration value. The equilibrium concentration
proﬁlé along the vertical direction was computed by assuming a single layer shear flow.
Sediment was introduced into the system from a vertical line source and each particle that
reached the bottom was assumed to stick to it. The processes of scouring and
aggregation were not included in this model. For the settling velocities of all sediment
fractions but clay, Stokes law was utilized. For the clay, fall velocities were taken from
laboratory tests in settling tubes. Dispersion coefficients were directly related to the
shear velocity. This model worked very satisfactorily when applied for the
~ Massachusetts Bay. However, it is recommended on_l.y{ for simulation of systems with
slowly varying velocity fields.

Another attempt at modeling the circulation of fine seaiments in estuaries was
done by Hunter (1975). Hunter developed a three-dimensional pseudo-dynamic
numerical model for simulation of suspended sediments in the upper Chesapeake Bay.
His model was able to predict, from the sediment concentrations, the source of any
suspended materia! that was subjected to advection, diffusion and deposition, but no
resuspensiqn. The suspended material was restricted to the passive fraction of the
sediments in order to avoid primary production of suspended matter. However, as
Hunter pointed out the results were not very useful as they did not provide any new
insight into the sediment transport problem.

An improvement of Ariathurai’s model was done by -Ariathurai et al. (1977) by
introducing isoparametric quadrilateral finite elements. However, although the numerical

approach became more sophisticated, there was no improvement in the understanding of
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the physical description of ﬁe phenomenon since the rates of erosion and deposition were
the same as tthose used in the original model. |

Schubel and Cafter (1977) developed a simple, "control-volume" type model for
prediction of net exchange of suspended sediments between Chesapeake Bay, its
tributaries, and the ocean. Water, suspended sediment, and salt were transported along
an upper and lower layer within a single control volume. Advection was the main
transport process for water and sediment; salt was assumed to be transported by both
advection and diffusion. The advective and diffusive fluxes of salt were estimated first.
Then the advective water flux through the upper layer was computed and finally the
| susp_ended sediment in both layers was determined. With this simple model, the authors
dem"onstrated that the ocean is a sediment source while the tributaries are sediment sinks
for the Chesapeake Bay. This model is not recommended for general use.

Another investigation on nurﬁerical modeling of fine sediment transport was done
by Kuo et al. (1978). This is a two-dimensional, time-dependent model predicting
sediment motion in the turbidity maxima zone of an estuary. The governing equations
of this model are the equations of mass continuity and momentum balance. The
equations were averaged over the lateral dimension. The solution was obtained by a
finite difference scheme. Thé output of the model estimated tidal velocities, salinity and
suspended sediment concentrations. The rates of erosion and deposition were given by
the same expressions that were utilized in An'athura.li’s model. The tidal part of the
model worked efficiently for the cases that was tested for.. The part of the model

pertaining to sedimentation can be used only if the various parameters of the suspended

material are well established and evaluated.
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Tuxford (1986) and O’Connor and Tuxford (1980) presented a two-dimensional
cohesi\;e sediment model based on the advection-dispersion equation in which both
erosion and deposition were included. In their model they expressed the deposition rate
in a more improved form since it referred to near bottom and not to a depth-averaged
concentration. For erosion they considered a surface erosion mechanism along with
sediment re-entrainment that was approximated as a percentage of the deposited material.
The numerical solution was based on an alternative-direction implicit finite difference
scheme which was reported to be very efficient. Application of the model for simulation
of a laboratory study case showed good agreement with the observed data.

Onishi (1981) developed a vertically-averaged, twg-dimensional sediment transport "
model. In his study, both cohesive and granular sediments were included. The
expressions for erosion and deposition were taken from Arulanandan (1974) and Krone
(1962), respectively. The bed was divided into a number of layers of “normal”
thickness. Each layer consisted of sediments with three different particle sizes and
specific characteristics. The top layer always had a thickness equal or less than the
"normal” thickness. Thus, during the sedimentation processes either a new top layer was
forming when the old top layer exceeded the "normal” thickness, or when all of the top
layer was eroded the layer immediately under was starting to erode too. The whole
mechanism was assumed to be regulated by the capacity of the granular material to erode
or deposit, so that the cohesive sediments were supposedly covered and protected by the

non-cohesive ones. The model simulated successfully the sedimentation processes in

James River.

Partheniades (1980) suggested guidelines for simulation of cohesive sediment
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erosion and deposition a@rding to functional relations derived from experimental data
(Mehta an& Partheniades, 1979). In accordance with these guidelines Scarlatos (1981)
developed a one-dimensional model for cohesive sediment transport. The model was
based on the advection-dispersion equation which included the source and sink terms
suggested by Partheniades. The solution was obtained by utilizing the Crank-Nicholson
finite difference scheme. Application of the model requires calibration of certain
parameters from field or laboratory data. The model was tested for the Savannah
estuary. The simulation results have shown agreement with field data.

Cole and Miles (1983) developed a horizontally-averaged, two-dimensional
numerical model for simulation of well-mixed suspended'qsediments in estuarine and
co:astal waters. The model utilizes a simple expression for deposition (Krone, 1962),
while-erosion is not included explicitly. Simulation of sedimentation within the Conwy
estuary in England, using Cole and Mile’s model showed satisfactory results. However
the model is-not of general use because erosion and deposition processes are not properly
represented.

Hayter (1683) presented the most complete model to date of cohesive sediment
transport which accounts for erosion, deposition and bed consolidation. The model is
two-dimensional, depth-averaged and was developed according to the computational
guidelines of the Ariathurai’s model (1974). In Hayter’s model, the bed is discretized
into three different layers: unconsolidated stationary suspehsions, partially consolidated,
and fully consolidated beds. Erosion is considered for e;ch layer separately. The

consolidation algorithm accounts for self-weight consolidation in the upper two bed layers

by increasing the bed density and bed shear strength while decreasing bed thickness with
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time. The model ha§ been verified by a series of laboratory experiments and showed
close _a‘greement between simulated and measured data.

Sheng (1983) presented a three-dimensional model for simulation of coastal
currents and sediment dispersion. For the erosion rates Sheng used the exponential
function given by Mehta (1986), while for deposition he considered the effects of
vegetation canopy, laminar sublayer, and biochemical resistance on particle fall velocity.
The flow turbulence is modeled according to the second-order closure scheme proposed
by Donaldson (1972). Sheng applied his model for simulation of a section of the
Mississippi River. The results showed agreement with field data.

Maa (1986) developed a model for estimation orqérosion rates under wave action.
In his model Maa, introduced the rheological e;'fects of the bed. Indeed, for
hyperconcentrated flows, the behavior of the water-sediment mixture is no longer
Newtonian but resembles either a Bingham or pseudoplastic fluid (Williams and
Williarﬁs, 1989). Compared to experimental data the model performed very
satisfactorily.

A recent model for estimation of resuspension of fluid mud under parallel flow
conditions was developed by Scarlatos and Mehta (1991). This model is based on vortex
dynamics, where the rates of entrainment were quantified by estimating vortex
interaction, growth, and stretching along the lutocline.

All of these cohesive sedimentation models were developed for estuarine and
coastal waters; thus they are all applicable to the Lower St. itiver Johns River. Before

their adoption for the LSJR however, they would require a number of laboratory and

field data for adjustment of the various parameters involved. The selection of an
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appropriate 'sedimentation.model for the Lower St. Johns River should depend on the

particular n;eds and goals of the study. Before selection, special consideration should

be given to the following issues:

o time period of simulation (daily, weekly, seasonal, annual, multi-year),

o spatial resolution (near-, meso-, or far-field; microscopic, macroscopic),

o available information and additional data needs of the water-sediment system (physical,
chemical, microbial characteristics),

o laboratory facilities for data analyses,

o number and degree of complexity of constants and parameters to be calibrated,

o hydrodynamic information and modeling (currents, turbulence, boundary layer),

o l;ydrologic input of boundary conditions (winds, ET, precipitation, groundwater
seepage, tributary inflow),

o stochastic or deterministic character of the hydrologic input data,

o user-friendliness and transparency (i.e., explanations on assumptions made,
methodology applied, applicability, etc.) of the model, and

o computational limits.

1.12.2 M_aﬂsﬁ_&@ggﬁ_w Quantitative simulation of

turbulent flows is a very difficult subject. The governing equations are highly nonlinear,

time-dependent partial differential equations. Traditionally, turbulent flow problems were

thought to be of entirely stochastic nature and they wére studied by means of probabilistic

methods. In the last two decades, coherent turbulent stn.lctures were observed and

deterministic approaches were applied for the solution of these flows. Hydrodynamic

models of high Reynolds number turbulent flows are still open to question. The main
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difficulty in the wluﬁon stems from the closure problem of the Navier-Stokes equations.
Navie}-Stoke equations written in tensor form read as follows:

(8/3t-¥V¥Hu; = - Bufox)y - p* P/AX; (,j =1,2,3) .......... (1.53)
In a highly symbolic fashion, the same equations can be written as

Lu=Luw+LP ......... .. .. .. .. (1.54)
where L,, L,, L, are operators. The pressure P is related to the velocity u through the
continuity equation. By averaging each term, < >, we obtain a relation for the mean
velocity

L<u> =L, <uwu> +L,<P> . ... ... .. ... .. ... ... (1.55)
Therefore, in principle the solution for <u> depend; on the second moment <uu>.
By repeating this process, i.e., multiplying by u and taking the time-average, we can
obtain a hierarchy of moment equations

Lo<uu> =L, <uwu> +L,<uP> ... .. ... ... ... ......... (1.56a)

‘L°<uuu> =L <uuuwu> + L,<wP> . ..... ... ... ... (1.56b)

Thus, there is a set of n equations for n+1 moments, since each moment depends on the
one of higher order. The process of closing this moment hierarchy constitutes the so-
called closure problem. The two main closure models are the k-¢ model and the Reynold
stress (second order) model. These models are based on single point statistics which
implicitly imply that there is an orderly transport from large vorticity scales to energy
dissipating (viscous) scales which are taken as isotropic. The:refore, single point closure

models cannot apply to mixing of two different turbulent streams with significantly

different turbulent scales. Another important limitation of the single point models is their
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assumption of local flow hc;mogeneity. This assumption is strongly violated whenever
there is a bo:iy within the flow and the energy carryiﬁg eddies are of equal or greater
size than this body (Tauibee, 1989). In order to simulate a full scale turbulence, the
number of mesh points N are given approximately as (McComb, 1990)
N = 0.77 R e e e e e (1.57)
From this expression one can easily see that for large Reynolds numbers, which is the
case for estuarine flows, the capacity of any available computer system will easily
overflow. To overcome this difficulty large-eddy simulation models were developed and
applied. Alternatives to the Navier-Stokes equations for simulation of turbulence include
.the qiscrete vortex approach and lattice gas models (McComb: 1990).
| Concluding, it should be emphasized that any model regardless of how
sophisticated and complete it may appear to be, is always a gross approximation of the
natural system. Also, many of the governing factors of the various phenomena are still
not well undérstood, while the majority of the knowledge pertaining to sediment

dynamics is derived from laboratory experiments conducted under limited number of

controlling parameters.

C. DATA NEEDS

1.13 Laboratory Data.

In order to properly describe sediment properties and dynamics, a number of
laboratory and field data should be collected. The laboratory data that are usually
required for a complete characterization of sediments (particularly cohesive) are the

following: dry density, particle size grading, mineralogy, organic matter content, settling
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velocity, yield value, §iscosity, consolidation, critical shear stress for erosion, and slope
of repq;e of emerged and submerged deposits (Hamm and Migniot, 1990).

1.13.1 Laboratory Methods. Density, mineralogy, and organic content can be
identified with standard laboratory methods. Particle size grading for particles greater
than 1/16 mm can be accomplished by sieving or visual accumulation tubes (VA tubes).
For particle sizes less than 1/16 mm, other direct or indirect methods can be used such
as Coulter counter, pipet, microscope, etc. The particle diameter of untreated cohesive
sediment samples is representative of the floc size. In order to estimate the size of
deflocculated particles, mud samples should be treated by ultrasonic waves (i.e., break
interparticle bonds) and the organic matter must be rem;ved by oxidation.

The settling velocity, w,, should be estimated as a function of the suspended
sediment concentration, C, and water salinity, s. The yield stress value, 7,, which
indicates the rheologic behavior of the bottom should be measured by a viscosimeter (e.g.
Brookfield LVT) and expressed as a function of the dry sediment density.

Consolidation can be studied in settling columns (20 cm to 4 m high). The
density can be monitored by various techniques, e.g., Gamma ray densimeter. The rate

of consolidation is a function of the dry sediment density, initial concentration, and initial

height. Estimation of the critical shear stress for erosion requires flume testing.

1.14 Field Data.
Besides the information provided by the laboratory analysis of water-sediment
samples, a lot of information is also required from direct field (in-situ) measurements.

Field data requirements involve: hydrodynamics, water properties, suspended sediment
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concentration profiles, an& bottom characteristics.

Hyd;'odynamic‘ data should include, water elevations, current profiles, wave
climate, and dye or radioactive tracer experiments. In addition, tributary inflows, pattern
of sheet overland runoff, ET and groundwater exchange must be identified. The data can
be either discrete or continuous. However, in order to obtain a comprehensive picture
of the dynamic behavior of the riverine system, the data should include both normal and
extreme (episodic event) conditions, and also be synoptic.

Water properties should include, salinity, temperature and pH as minimum
requirements. Suspended sediment profiles should identify Ehe extent of the layers of
motzile and stationary suspensions. This can be accomplis‘hed by sampling the water
colt;mn and analyzing the sediment content by weight.

The ASCE Task Committee on Analysis of Laboratory and Field Sediment Data

Accuracy and Availability presented a number of papers pertaining to data collection,
needs and aﬁalyscs of riverine sediments (Glysson, 1989) or hyperconcentrated
debris-mud flows (Julien, 1989; Bradley, 1989). However, in their reports they did not
include any guidelines for estuarine sediments.
1.14.1 Field Methods for Data Collection. A thorough description of methods for
field sampling of bed load and suspended material is provided in the USGS manual (Guy
and Norman, 1982). The manual describes both the equal-discharge-increments (EDI)
and the equal-transit-rate (ETR) methods. In the EDI method samples are collected at
the centroids of equal discharge cross-section increments, while in the ETR method
samples are being taken at each of equally spaced cross-section verticals.

In-situ observations of suspended particles (visualization), through transparent
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settling tubes, are also very useful for assessing the state of aggregation-flocculation.
Bottom characteristics can be identified in the field by echo sounding (sonar), rheological
probes, ultrasonic densimetric probe, gamma densimetric and other devices. Field

information should also identify areas of sedimentation problems, i.e., excessive shoaling

or scouring.

1.15 imates for lishin iment Mass Balances.

Based on the discussions presented in sections 1.11 to 1.14, a preliminary cost
analysis for development of a comprehensive sediment mass balance assessment in the
-LSJRB is estimated as follows. The cost for the st;dy is divided into four main
| categories: field data collection, laboratory analyses, data interpretation and mathematical
modeling (Table 1.10). The cost estimates in Table 1.10 are based on a projected

number of sixteen sampling stations (twelve in the tributaries and four in the main river).

The monetary figures are rough estimates which can vary between different engineering/

Table 1.10 Cost estimates for development of sediment budget for the LSIRB.

Activity Approximate Number of Total Cost
Uit Cost Units Per Activity
Field Data Collection: Per station: $ 500 16 $ 8,000
Laboratory Analysis: ~ Per sample: $ 150 48 $ 7,200
" Data Interpretation: Per station: $ 500 16 $ 8,000
Mathematical Modeling: Hydrodynamics $ 50,000 1 $ 50,000 (*)
Sediments $ 50,000 1 $ 50,000 (®
$123,200

NOTE: (*) : One-Time Cost Item
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scientific companies and .laboratories. More specifically, for the given budget the
following sérvices will be provided: The field data collection efforts will include
waterways bathymetry, flow measurements and sediment sampling at pre-designated
cross-sections. The laboratory analysis will be focused on the physicochemical properties
of the aquatic sediments (both bottom samples and suspended material). Analysis of the
sediment-bound contaminants is not included in this budget. The interpretation of the
collected field data will provide a preliminary assessment of the sediment mass balance
- at each station, while the mathematical models will simulate the water/sediment dynamics
throughout the entire LSJRB.

D. PRELIMINARY ANALYSIS AND RECOMMENDATIONS

1.16 Preliminary Analysis.

Based on the information and data from the previous sections, a preliminary
analysis of the prevailing sedimentary conditions of the Lower St. Johns River Basin can
be done. The bottom slope of the main riverine channel is very small. Thus, it is very
unlikely to have any bed load discharge under normal flow conditions. Assuming an
average bottom slope of S = 1.89 x 10, an average depth of h = 3 m and a specific
gravity of sediments «y, = 2.65, the critical particle diameter for erosion can be estimated
from Eq. 1.6 as D = X,[(p;-0)/0)/(phS). By trial and error, the critical particle
diameter, D, (i.e., all particles with D <D, will erode), can be defined by using the
Shields curve. This particle diameter under the aforementioned physical conditions was
found to be approximately 0.6 mm. This conclusion does not apply to bank erosion and

is not valid for cohesive beds. Bank erosion is possible to occur due to various causes
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such as wave action from boat wakes, animal burrowing on the banks, human related
acﬁviﬁ;s, etc.

Erosion rates within the tributaries may differ from the ones in the main channel,
since the gradient of the tributaries is higher. For example a rough estimate of the slope
of the Etonia Creek gives approximately So = 1.5 x 10, which is two orders of
magnitude higher than the slope of the main channel.

A qualitative assessment of the riverine response can be established by using the

relationship (Simons and Senturk, 1976),

- where Q is the water discharge and Q, is the transport sediment discharge. Writing the

same relation as follows:

it can be easily concluded that an increase in water discharge or bed slope will result in
an incréase of transported material, while an increase of the particle diameter will have
the opposite effect.

For mud beds, typical values of cr_itical shear stress for erosion range from 0.2
t0 5.0 N/m?. Assuming a velocity of 0.14 m/s (0.44 fps), and a bottom resistance of C,
= 45 m'"¥/s, the bottom shear stress is estimated as 7 = 0.1 N/m? (less than the critical).

Measurable erosion is anticipated to occur after intensive precipitation events and
during natural habitat disturbances, urbanization, highway construction, deforestation,
etc. However, the effects of the latter will cease after the disturbance is stopped. Also,
wind generated currents much have predominant effect on the rates of erosion.

Another situation that may effect sediment transport rates is the ephemeral streams
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subjected to cycles of wetﬁng and drying. These streams can produce relatively high
volume of tr;nsported material during the first hours ‘of a rainfall event.

Sedimentation cc;ndiﬁons near the ocean inlet should be treated differently than
the rest of the river. Near the inlet sediment composition is primarily sandy since strong

currents wash out all of the fine material.

1.17 Recommendations.

A comprehensive understanding of the dynamic processes and sedimentation

budget of the Lower St. Johns River Basin requires detailed infqrmation of the prevailing

| hydrglogic and hydrodynamic forces. Assuming that the hydrélogic and hydrodynamic

infor:mation is available, sedimentary field data and laboratory analysis should be
conducted. The action plan should include the following items:

o Identification of the most problematic areas based on reported shoaling, scouring, bank
failures; etc.

o Monitoring of bed changes in the problematic areas by bathymetry mapping, diver
observations, sonar surveying, etc.

o Placement of bottom sediment traps within the main river and in the major tributaries
to identify any bed load discharge.

o Establishment of a systematic suspended sediment data collection program. This will
include weekly or monthly sampling of the' water column for temperature,
salinity, pH, and total suspended material. The stations should be located
upstream from the mouth of each of the twelve main tributaries. The same data

should also be collected at four locations distributed evenly along the length of
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main river. Fér identification of diurnal sedimentation patterns, some of the data
;hould be collected on a continuous time basis.

o Establishment of a special data collection program targeted to episodic events, as well
as to areas with new development activities.

o Analyses of the sediment samples and identification of the physical properties of the
sediments and their vertical profiles.

o Estimation of transported sediment volume from each tributary based on water
discharge and suspended sediment data.

o Development of a sediment budget model based on a simple mass balance relation, i.e.,
inflow - outflow = accumulation. )

: o Development of an advection-dispersion type of mathematical model for simulation of

sediment dynamics. Calibration and verification of the model would be based on

the collected data.
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CHAPTER I

SEDIMENT REMEDIATION
AND ENVIRONMENTAL IMPACT ASSESSMENT

E. REMEDIATION TECHNIQUES FOR POLLUTED ESTUARINE SEDIMENTS

2.1 Sediments as Pollution Sources and Sinks. .

- Solutes in water are very rarely in a perfectly diSSolved state (Medine and
McCutcheon, 1989). As a result, portions of the solutes attach to solid surfaces.
Organic, hydrophobic-persistent chemicals, metals, nutrients, and radionucleides have a
particularly strong affinity for solid surfaces (Hart, 1982). Fine grain sediments tend to
adsorb pollu@ts on their surfaces. These sediments deposit in quiescent sections along
rivers, waterways, lakes and estuaries, or they are ultimately transported and settle in the
oceans (Partheniades, 1973). Thus, depending on tﬁe dynamics of the ecosystem,
pollutants in aquatic environments may be temporarily or permanently stored within
bottom sediments. Natural forces (e.g., tides, wind waves, etc.) and human-induced
activities (e.g., boating, dredging, etc.) may disturb the surficial sediment deposits and
cause entrainment and release of the accumulated pollutants. Therefore, even if the
source of polluting elements and chemical compounds has been eliminated, recovery of

the ecosystem in affected areas may occur very slowly or not at all unless the

contaminated sediments are removed (Medine and McCutcheon, 1989).
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2.1.1 Exchange Pl;ggsggs of Particulate-Bound Pollutants. During sediment

tmnspo;t, particle-bound pollutants are effected by a variety of physical, chemical, and

biological processes including:

o advective motion (due to tides, currents, etc.),

o diffusion and dispersion (spreading due to Brownian motion, turbulence, and the
nonuniformity of the velocity profile),

o bioturbation (i.e., stirring of bottom sediment by benthic organisms),

o adsorption/desorption (i.e., solute attachment/detachment on particulate surface by
electrochemical forces),

-0 hydrolysis (i.e., chemical decomposition caused by wat;r: AB + H,0 = AOH + HB),

| o oxidation (i.e., increase of the positive electro-ch‘arge due to augmentation of the
valence number of an atom or ion as a result of the loss of one or more
electrons),

o reducﬁon (i.e., the antonym of oxidation due to addition of hydrogen, removal of
oxygen, etc.),

o ionization (i.e., removal of one or more outer electrons from an atom or molecule),

o complexation (i.e., reaction of two species to form a third species),

o dissolution and precipitation (i.e., formation of precipitates),

o volatization (i.e., a physicochemical process where a solid or liquid mass changes into
gas),

o photolysis (i.e., chemical reaction or decomposition promoted by light), and

o biological degradation (i.e., decomposition by microbial action).

Forstner (1987) summarized the main processes affecting the exchange of pollutants
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Table 2.1 Processes involved in pollutant exchange in aquatic ecosystems (Forstner,

1987).

Process ‘ Aqueous species Particulate phases
Physical: Advection Resuspension (8)°
Bioturbation Diffusion Settling (8)°

Photolysis (1,6) Burial (15)°
Chemical Dissolution

Desorption

Complexation
Biological: Decomposition (7,11)" Food web transfer (9)°
Species Adsorption/Release Filtering/Digestion (5)
Transformation Cell wall exchange Pellet generation (4)°

* The numbers in parenthesis refer to processes indicated in Figure 2.1.

between water and sediments (Table 2.1). The transfer and interactions within the
air-water-sediment system of three toxic chemical phases, i.e., particulate, dissolved, and

abbreviated food web, are given schematically in Figure 2.1 (Eadie et al.1983).

Atmosphere

Actwve
Segiments

Deep
Seaments

P = particulate phase; D = dissolved phase; D = abbrevisted food web
PROCESS: | & 6 = Photolysis; 2 & 14 = Adsorpticn/Desorption, Complexation; 3 = Air-Water Exchange; 4 = Grazing and Fecal Pellet

Geocration; 5 = Filering: 7 & 11 = Biological Decomposition; 8 = Sctiing and Resuspension; 9 = Food-web Dynamics: 10 = Advective and
Diffusc Mixing; 12 & 13 = Benthos-Scdiment Interaction: 15 = Burial and Bioturbation.

Figure 2.1 Compartments and interactions of toxic chemicals (Eadie et al. 1983)

70



This figure complement; Table 2.1 by providing not only the processes but also the

intemqﬁons between the pollutant phases.
2.1.2 Release or Burial of Pollutants in Oxygenated and Anoxic Sediments. The
study of biochemical processes in sediments can be simplified by assuming that the
sediment-water system is divided into three horizontal layers: the oxygenated (oxic)
layer, the anoxic layer, and the interface between the oxic and anoxic layers. In
estuaries, the oxic-anoxic interface usually lies within the bottom sediments, while in
deep, stagnant water bodies, the oxic-anoxic interface may occur within the water
column. The oxygenated layer is often rich in organic matter which promotes the growth
of large populations of bacteria. These bacteria in turn:’ degrade suspended particulates
| thereby remobilizing adsorbed chemicals. If the oxic-anoxic interface is within the water
column this remobilization results in a net flux of pollutants from the water column
towards the bottom sediment. The opposite phenomenon occurs when the oxic-anoxic
interface is located within the sediments; i.e., pollutants are released from the sediments
into the water column (Salomons et al. 1987). Generally, the oxic-anoxic interface
regulates the exchange of trace metals between sediments and the water column. When
compared to bioturbation and consolidation fluxes, molecular diffusion flux of pollutants
across the oxic-anoxic interface can be considered negligible since pollutant concentration
gradients are relatively small.

Within the oxic layer, trace metal mobility is strongly affected by pH changes
(e.g., as can be caused by algal blooms) and/or metal uptake by organisms. In the

anoxic layer, trace metal behavior is mainly controlled by the redox (reduction/oxidation)

potential. The main redox processes in the anoxic layer are methanogenesis and
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reduction of sulphate, iron and manganese hydroxides (Eckenfelder, 1989). Methane is
produced b)7 the action of anaerobic methane-formi:ig bacteria which convert organic
acids into tﬁethane, CH,; carbon dioxide, CO,, and other stable compounds. Depending
on the various chemical compounds present in bottom sediments, redox reactions follow

a certain sequence (Stumm and Baccini, 1978) (Figure 2.2).

-08 ] «0.5 «10 €. von

-10 -5 ) .8 <10 .18 «2¢ ot

| |
< 0, - Roduction |‘

Reductions ] ( Dennritication 1!

Quniivioaige — umy | € -

<uo,_a._cue¢_oo£| )

(Fom) ozide — Fe (ﬂ!
Gl s
(€M, Formentation bli

.

X

— L | Oxiset org. Met,

u[semae — 30,

« et

| P._O_lldo! of Min G))

R lO' - Fbrmetion

Oxldxlitlom |
l

- ) . «10 18 «20 pE&

0 S 10 20
K cais oquivalent

Figure 2.2 Sequence of redox reactions (Stumm and Baccini, 1978).
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In estuarine wa-ters, diffused sulphate reacts with iron to form iron sulphides while
organipt matter participates are degraded (Salomons et al. 1987). Therefore, in the
surficial sediments the iron hydroxides are converted to iron sulphides and the degradable
organic compounds are depleted while sulphate is still available within the pore water.
As a result, the methanogenic state is attained only in relatively deep bottom layers (e.g.,
of the order of 50 cm or more) due to the sequence of redox reactions (Figure 2.2).

In fresh waters, the methanogenic state is reached much closer to the surficial
sediment layers. This is due to the fact that sulphide concentrations are low, and all of
the reducible iron is reduced to iron carbonate. By considering the availability of
sulphate and reducible iron, Salomons et al. (1987) ev;juated the processes controlling
PH conditions within anoxic sediment layers and provided estimates of the pH for zero
ionic strength at 25°C. According to their results, the pH values will be approximately:
7.25 if both sulphate and reducible iron are present; 6.75 if sulphate is present and no
reducible iron is available; 7.05-7.1 if sulphate is exhausted and only reducible iron is
available; and 6.2-6.5 if both sulphate and reducible iron are absent.

Complex organics such as fats, carbohydrates, and proteins are converted
biologically into simpler compounds, mostly fatty acids. This conversion is accomplished
by anaerobic bacteria (acid-formers) which are tolerant to pH and temperature changes,
and grow much fatter than the methane-formers that carry out the second stage of
decomposition (Masters, 1991).

Hydrocarbons are subject primarily to microbial degradation. Microbes, slowly
but preferentially, proceed into breaking the hydrocarbons to n-alkanes, then to branched

alkanes and finally to cyclic alkanes (Wakeman and Farrington, 1980). In general,
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persistent organic compounds (i.e., PAHs, PCBs and Cl-pesticides) adsorbed by bottom

sediments can be mobilized through the following biomechanisms:

o physicalvmixing with surficial sediments by benthic organisms, so that there is a
greater chance for resuspension, solubilization and oxygenated conditions that
favor microbial action,

o ~water pumping through sediments by benthic organisms, thereby accelerating
solubilization and removal of soluble compounds and creating oxic conditions
underneath the surficial sediment layer, and

o ingestion and metabolism of the organic compounds by benthos and fish.

2.1.3 Physicochemical Ph of the Water-Sediment em. Elements and

molécules may partition into any one of the following phases of the sediment- water

system (Engler, 1980):

o interstitial water/sediment phase,

0 mineral excﬁange phase,

o reducible phase,

o organic phase, and

o residual phase.

Interstitial water refers to the pore water of the sediment phase, which is in equilibrium

with the silicate and organics. The mineral exchange phase is the part of an element that

can be removed from the molecules by application of any ion exchange extractor (e.g.,

HCl). The reducible sediment phase is the phase comprised of iron and manganese

hydroxides. The organic phase consists of compounds which become soluble after

decomposition of the organic matter. Finally, the residual phase is comprised of
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weathered primary and secondary minerals and is very stable. The residual phase is the
one that normally has the highest concentrations of metals. Pollutants may be bound in
the listed sediment phases as dissolved materials, adsorbed particles, surface coatings,

and/or by chemical association.

2.2 Sediment Remediation Assessment.

Although once a popular belief, the theory that sediments act as irreversible sinks
for precipitating pollutants has been completely discredited (Knezovich et al. 1987;
Salomons, 1985). It is now known that sediments may not only take up pollutants, but
. they may also release pollutants back to the water colu,n?n under certain conditions as it
| was discussed earlier. Therefore, if untreated, cc;ntaminated sediments can cause
environmental problems.

Both prevention of sediment-related pollution and remediation of contaminated
sediments require an initial evaluation and a preliminary study plan. Such a preliminary
plan involves three phases (Forstner, 1987):

o the reconnaissance phase,

o the investigation phase pertaining to the physicochemical and biological processes, and
o the bioavailability assessment phase.

2.2.1 Reconnaissance Phase. The reconnaissance phase involves a preliminary
evaluation of the problem, the data requirements, and the available technical»approaches.
This phase is important for planning and implementing the investigation phase. In the
reconnaissance phase, the tasks that should be included are:

o developing a detailed definition of data collection objectives (Why do we need the data?
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How are we going io use it?),

o planning a;ld implementation of sample collection program (Where, when, and what
data-should we collect?), and

o selection of equipment and analytical methods (How do we collect, store and analyze
the data?).

Therefore, the reconnaissance phase provides compilation and pre-analysis of the existing

data, and suggests action plans for further studies and analyses.

2.2.1.1 Quality Control/Qualit nce for Contaminated Sediments.
Since conclusions reached and decisions made during the reconnaissance phase are
essential for designing an efficient and effective inves‘;igation plan, a quality
conf;'ol/quality assurance, QC/QA, program must be employed. For sediment quality
studies, the QC/QA program must be focused mainly on sampling, preparing and
analyzing the sediment samples. Generally, determination of the contaminant
concentration in sediment samples requires two steps (DePinto et al. 1984):

0 contaminant extraction, and
o chemical analysis.

Sample preparation during extraction and analysis should be performed with great
care. For example, anoxic samples can be oxidized by exposure to aerobic conditions.
Also, changes in the speciation of labile phases of anoxic samples may possibly occur
during freezing and/or drying of the samples. Laboratory analysis on split and spiked
sediment samples should follow the analytical procedures developed and recommended
by the U.S. Environmental Protection Agency and the U.S. Army Corps of Engineers

(U.S. E.P.A. and U.S. Army Corps of Engineers, 1991), and the American Society of
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Testing and Materials- (1990).

2.2.2 _‘!nvg:iggtiog Phase. The purpose of the investigation phase is to model the
extent of potential sediment-related hazards to biota based on hydrologic, hydrodynamic,
geomorphologic, geologic, chemical, biological and socioeconomic data. The
investigation phase includes assimilation and quantitative analysis and modeling of the
information obtained from the data pre-analysis. This phase requires application of
statistical methods (e.g., regression, trend analysis, etc.), and the development of
deterministic or stochastic models for description of the physicochemical processes
involved. These models should be able to simulate the spatial and temporal dynamics
of the water and sediments as well as the chemical specia:ion, complexation, partitioning,
| and precipitation of the different chemicals involved. Depending on the spatial extent
of the sediment contamination and the characteristic times of the various phenomena,
different models may be required, such as near-field, meso-field, or far-field, and
short-term or long-term models. For example, the flow field near the outlet of a point
source can be effectively described by means of buoyant jet dynamics, while description
of the field away from the source requires application of the full set of hydrodynamic
equations.

Pertaining to the St. Johns River, the investigation phase can be either for the
entire estuary or for one or more of its tributaries separately. Presently however, the
former approach is more suitable for the hydrology/hydrodynamics of the system, while
the latter is for the sediment quality/quality studies. This is due to the fact that the

existing sediment quality/quantity data are very limited and they cannot support a broad,

quantitative sediment transport and sediment pollution study.
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2.2.3 Bioavailability A;gn essment Phase. The bioavailability assessment phase is the
final part ot: a preliminary ecological evaluation. Bicﬁvailability assessment should focus
on the estimation of thc; bioavailable forms of the various contaminants (Allan, 1984).
Indeed, the absolute amount of contaminants in an ecosystem is of minor importance
compared to the amounts of chemicals that are readily available to the biota (Reynoldson,
1987). Bioavailability can be assessed by three methods:

o chemical extraction,

o multi-organism benthic bioassay, and

o combination of chemical extraction and toxicity test. (

. 2.2.3.1 Chemical Extraction. Chemical extraction-ffom sediments can provide
an :estimation of the pollutant amount that can be mobilized by changes of the pH,
salinity, or redox conditions and/or by organic complexing processes. Chemical
extraction should be conducted preferably by chemical leaching rather than by heat
treatment siﬁce the former provides information on reaction kinetics and digenetic
processes such as diffusion and aging (Forstner et al. 1984). A relatively good indication
of the mobility and potential bioavailability of metal-contaminated sediments can be
achieved by using a weak acid-reducing extractor. However, the leachate may not give
an accurate estimate of the chemical fraction that will be available to the biota. One of
the most common extraction procedures for estimation of short-term chemical release is
the elutriation test (i.e., release of adsorbed pollutant's under the action of fluid media).
Laboratory testing has indicated that the oxygen content and the solid:liquid ratio are the
most important factors influencing elutriation test results. Experimentally a 1:4 of solid

to liquid. ratio gives reliable results for marine, estuarine, and freshwater systems.
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Elutriation test result; are excellent predictors of pollutant releases from the sediments
into the water column.

2.2.3.2 Toxicity Tests. Pollutant uptake by aquatic biota under natural
conditions is a very complex process which is strongly affected by the natural hydrologic
and biological cycles of the ecosystem. Field or laboratory bioassays should include at
least three different types of organisms; i.e., phytoplankton or zooplankton species,
shellfish (e.g., crustaceans or mollusks), and fish (Hebert and Schwartz, 1983). Bacteria
and protozoa were found to be unsuitable for routine bioassays because of the difficulty
in interpretation of the results relative to higher organisms. On the other hand, algae and
. zooplankton can be effectively used for simulation or t‘c;dcity tests (Shuba et al. 1977).
Toxicity tests should be conducted for both the liquid and the solid phases (sediments).
Special attention should be given to sediment tests because sediment-bound contaminants |
facilitate bioaccumulation and create sublethal toxicity.  Bioaccumulation from
histori&ally contaminated sites should be quantified from biota taken directly from the
contaminated site rather than from control animals exposed to short-term laboratory
conditions (10 days) (Metcalf, 1977). Bioassays should also be conducted on plants (Lee
et al. 1982; Munawar and Munawar, 1987). In general, prediction of the effects of
sediment geochemistry upon pollutant bioavailability is 2 very difficult and complex
process (Luoma, 1989). Besides the conventional toxicity tests that require relatively
large quantities Qf a sample, a limited sample bioassay (LSB) method has been developed
and successfully used in the assessment of bioavailability of sediment-bound contaminants

(Munawar et al. 1989). More reliable information on the anticipated ecological impact

can be obtained by combining both chemical extraction with water and toxicity tests.
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2.3 Techniques for Sediment Remediation.

[

ane the extent and toxicity of the in-siru sediment contaminants has been
established, the appropriate remedial action should be selected. Development of an
appropriate remedial plan depends on the collection of the following information:
o site of contamination,
o source of contamination,
o type and magnitude of contamination,
o ecological, recreational and/or commercial value of the contaminated area,
o cost of the remedial action,
o e§ﬁmated success of the proposed clean-up,
o a:nticipated benefits, and
o existence, activity, and possible control of adjacent pollution séurces.

There are two basic remedial options for treatment of sediment-related pollution.
The first option is to remove the sediment from the contaminated site, and the second
option is to contain and/or treat the sediment in place.
2.3.1 Removal of Contaminated Sediments. Sediment removal involves dredging and
subsequent disposal of the spoxl Dredging is an expensive operation and is used
primarily for maintenance of navigable waterways. Depending on the extent of the
dredge/disposal operation the dredging cost ranges from $ 2 to $ 4 per cubic yard (U.S.
Army Corp of Engineers, 1992). ‘Besides its high operational cost, dredging may have
an adverse near-field environmental impact. During dredging operations, the solubility,
mobility, and bioavailability of sediment-adsorbed toxic metals are increased due to

mechanical mixing, lowering of the pH, changing of the redox potential, introduction of
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organic compounds, aﬁd/or possible increase in salinity levels (Forstner, 1982, 1987).

5.3.1.1 Environmental Problems Related to Dredging. The pH and redox
potential of the dredged material change as it mixes with the oxygenated water column.
Change of the redox potential may greatly affect the mobility of toxic metals during
dredging (Weber et al. 1982). Reduced sediments deposited at inland disposal sites, will
become oxidized (Forstner, 1987). This change has an important effect on increasing the
mobility of some metals (i.e., cadmium, Cd; cobalt, Co; copper, Cu; mercury, Hg;
nickel, Ni; lead, l;b; and zinc, Zn) while decreasing the mobility of others (i.e., iron,
Fe; and manganese, Mn). Oxidation has very little effect on the mobility of
R molybdenum, Mo; vanadium, V; uranium, U; and selet;ium, Se. The mobility of toxic
| metals in inland disposed spoil is also affected by thel lowering of the pH (Gambrell et
al. 1977). One possible reason for the lowering of the pH in inland disposal sites is
oxidation of sulphide minerals. Increased acidity levels in surface waters (e.g., from
acid precipitation) also contribute to increased mobility and toxicity of metals
(Fagerstrom and Jernelov, 1972). However, naturally occurring organic acids, e.g.,
humic, fulvic, can bind certain metals and make them unavailable to biological systems.
A probable order of binding strength of metal ions onto humic or fulvic acids is: Hg?*
> Cu?* > Pb* > Zn?* > Ni* > Co?* (Jonasson, 1977). Salinity effects are
particularly important for cadmium-contaminated, estuarine sediments (Forstner et al.
1986); chlorides can form complexes with available trace metals and thus inhibit uptake
or precipitation by the suspended particulates.

The mixing of sediments during dredging may promote the growth of certain

bacteria and cause biological transformation of certain compounds; e.g., biodegradation
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of PCBs, speciation of toxic metals by methylation (e.g., mercury), etc. It can also
promote con;aminant bioavailability and subsequent bioaccumulation by increasing
concentrations of suspended, sediment-bound chemicals. Bioaccumulation occurs either
within the animal gills or on tissue surfaces by direct exchange of chemicals or within
the digestive system by uptake of the sediment-bound chemicals (Allan, 1984).
Adverse effects created by dredging are primarily limited to the vicinity of the
dredging site, and usually do not have a long-term impad on the aquatic biota.
However, additional problems may be introduced during the dispoé] of the dredged spoil
(see Section 2.4). For detailed information_ on dredging operations and associated
physicochemical and biological effects, extensive analyses and reviews can be found in
the iiterature (Cable, 1969; Boyd et al. 1972; Windom, 1972; May, 1974; Lee and
Plumb, 1974; Keeley and Egler, 1974; Sweeney et al. 1975; Brandema and Civoky,
1976; Sly, 1977; Engler, 1980; Hebert and Schwartz, 1983; Committee on Sediment
Control, 1987; Herbich, 1992).
2.3.2 In-Situ Treatment of Contaminated Sediments. Whenever dredging is not a
feasible solution, contaminated sediments are either subjected to some in-situ inactivating
method or left in piace undisturbed. In-sizu sediment inactivation can be achieved
through application of one of the following four approaches (Rulkens et al. 1983;
Thomas, 1987):
o mechanical encapsulation,
o chemical treatment’,
o dimiﬁution of contaminant concentration, and

o bioremediation.
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In some cases, contar;riinatcd sites have shown some improvement compared to the
origina} ‘contaminated condition even without treatment (Durham and Oliver, 1983). This
in-situ “treatment” option (i.e., leaving the sediments undisturbed) is recommended
whenever the contaminated area is very extensive and none of the other approaches is
technically feasible or economically practical.

2.3.2.1 Mechanical Encapsulation. Mechanical encapsulation includes
application of impervious screening and construction of containing barriers. Impervious
screening consists of covering the contaminated sediment by some membrane of
extremely low permeability (e.g., polymer films) or using a thick layer of fine-grain
~.sediment, or applying waste "wool" blankets with sa;d and gravel overlays. The
| impervious screen will be covered eventually by natural deposits of uncontaminated
sediment. The main disadvantage of this method is that the impervious screen can be
disrupted by gas release from the organic-rich, covered sediments (e.g., methane,
hydrogén sulfide, etc.) and/or by bioturbation activities. The practice of covering the
contaminated sediments with materials of high permeability (e.g., gravel) is not
recommended because, although these materials may reduce resuspension of the
contaminated sediments, they will not prevent diffusive contaminant exchange between
the sediments and the ambient water. Similar containment measures (e.g.,
geomembranes, clay layers, etc.) are also applied to land disposal sites for prevention of
groundwater contamination and/or overland transport of the pollutants.

2.3.2.2 Chemical Treatment. Chemical treatment of contaminated sediments
is more appropriate for small, isolated, aquatic areas (e.g., small lakes). Application of

chemical remediation to areas subject to strong advective motion may not be very
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effective due to the short r;.asidence time of the remedial chemicals. Chemical treatment
includes (Forstner, 1987):
o chemiwl.immobilizati.on (i.e., formation of insoluble compounds),
o fixation of water by adding chemicals, or
o reduction of certain chemical compounds by changing pH and redox conditions
(Forstner, 1987).
As an example, sediment treatment with sodium carbonate has been suggested as
a chemical remedial measure for acidified lakes (Lindmark, 1982). For mercury
contamination, remedial steps include (Smith, 1972):
o anaerobic conversion of mercury to mercury sulphite,
o aerobic adsorption of mercury by clays and precipitation with hydrous iron and
magnesium oxides,
o formation of volatile dimethyl mercury by increasing the pH followed by mechanical
encapshlation.
Chemical immobilization techniques for persistent organic compounds are not yet
available. Therefore, the methods which are presently being used for remediation of
priority organic pollutants are limited to mechanical encapsulation, solidification, and/or
biodegradation.
2.3.2.3 Diminution-of-Concentration. The main principle behind the
diminution-of- concentration approach is to reduce ﬂ;e contaminant concentration using
sediment dilution and mixing. The two main methods of diminution of concentration are
the accelerated deposition and ploughing.

2.3.2.3.1 Accelerated Deposition: The accelerated deposition of
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contaminant-free seditﬁent increases the rate of grain settling of the uni;olluted sediments,
SO that‘ the contaminated bottom sediments are covered and mixed with the new
sediments. The higher the rate of deposition, the more rapidly the polluted layers are
diluted. The method of accelerated deposition should be implemented very carefully to
ensure that it does not disrupt the prevailing hydrodynamic patterns and sedimentological
features of the ecosystem. Application of large amounts of sediment in a short period
of time is not recommended. Whenever possible, sediment should be introduced into the
system through its normal sources; i.e., rivers, tributaries, etc., and during the
appropriate season of the year. A well-planned release of additional contaminant-free
.sediment loads is important for preserving the natural sec;iment yield and preventing any
‘: adverse effects on the biological cycle. Special attention should be given to minimizing,
as much as possible, the turbidity resulting from dredging operations, especially during
the seasons of high biological productivity (e.g., reproduction and photosynthesis). In
certain éases, in order to enhance th¢ rate of sediment deposition, a sediment slurry' can
be directly applied to the contaminated sites. Grain size and distribution of the applied
sediment loads should match those of the in-situ sediments so that sedimentology patterns
remain unchanged.
2.3.2.3.2 Ploughing: The method of ploughing is based on the fact that
contaminated sediments in estuaries are usually restricted to the movable top 30 cm.
Sediments below this contaminated layer are relatively unpoliuted since they do not
participate in the sediment transport cycle. Ploughing mixes the contaminated with the

uncontaminated sediments and thus reduces the pollutant concentration. Theoretically,

for a contaminated sediment layer of 30 cm, ploughing to a depth of 60 cm will produce

85



a reduction in concentration-by 50%. During ploughing, care should be taken to avoid
excessive resixspension; However, ploughing destroys the surficial soil matrix, and
bottom sedirﬁents will erode more easily. For effective and efficient ploughing, selection
of the plough equipment should incorporate factors such as water depth, area extent,
hydrodynamic field, sediment type, and benthic communities. These factors will define
the design of the ploughing equipment (e.g., size, shape, and spacing of blades; weight;
etc.), and the power reqhiremem of the tow boat. For cost effectiveness, the sites
proposed for remediation by ploughing should be precisely mapped and identified. The
major cost for ploughing is related to boat chartering and is approximately $ 2 per cubic -
yard. )

| 2.3.2.4 Bioremediation. Degradation of hazardous substances can also be
achieved by means of biological treatment; i.e., by using either heterotrophic microbes,
which require an external source of organic matter, or autotrophic microbes, which are
capable of syhthesizing the necessary organic compounds from inorganic sources
(Tebbutt, 1971). Bacteria reproduce by fission; therefore, if there is an adequate supply
of nutrients, the reproduction process will proceed rapidly and organic compounds will
break down into less toxic or even non-toxic chemicals. However, bioremediation is
very system-specific. Effective contaminant degradation requires development and
growth of the proper microbial community. Although microbes are resistant to moderate
amounts of heavy metals, their remedial activity can be substantially reduced by a high
concentration of metals. Microbial bioremediation may be strongly inhibited if salt
concentration is 'greater than 2%. For biodegradable organics, the microbial population

can be maintained at appropriate levels so that the toxins are reduced below toxicity
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levels. For hard-to—dégrade toxins, microbial strains that are resistant to these toxins
must be enriched. - Standardized test procedures for complete degradation of readily
degradable compounds to carbon dioxide and water are given by Gerike and Fischer
(1981). For water-insoluble substances, there is no one, standard method for determining
the source of the inoculum, the composition of the growth medium, and the concentration
of the test substances (Nielson, 1989).

In spite of the advanced state-of-the-art laboratory biotransformations, techniques
for bioremediation of natural aquatic environments are not, as yet, readily available
(Nielson, 1989). Recent research efforts toward this goal are focused on the following
topics: )
| o identification and occurrence of substrates and their metabolites,

o quantification of the extent to which the initial xenobiotic - or its metabolites - are
bound to soil particulates, and

0 establishment of similarities between pathways observed in the laboratory and those
occurring in nature.

All of the aforementioned methodologies (i.e., mechanical, chemical and
biological) for remediation of contaminated aquatic sediments have been applied with
varying degrees of success throughout the world. The cost associated with each
methodology depends on the availability of the appropriate equipment, accessibility of
the contaminated site, and the extent and type of contamination. In general, however,

the most costly remedial operation is remediation by dredging and subsequent spoil

disposal.
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2.4 Disposal of Dredged Material.

If dreaging is adopted as the remedial option, a disposal site needs to be selected.
There are three options for dredge material disposal:
o ocean dumping,
o dumping into U.S. inland waters, and
o inland disposal.
2.4.1 Qcean Dumping. Ocean dumping must comply with the rules and regulations
established by the EPA in consultation and conjunction with the U.S. Army Corps of
Engineers (Marine Protection, Research and Sanctuaries Act - MPRSA; Federal Water
Pollution Control Act - FWPCA). Generally, there is a ban on *ocean dumping of certain
contéminants that can cause significant environmental degradation (e.g., highly
radioactive waste, chemical and biological warfare waste). It is, however, highly
unlikely for estuarine-dredged materials to contain any of these contaminants. Before
dumping into the ocean, thorough physical, chemical and biological investigations of the
ecosystem are required.
2.4.2 Disposal Into U.S. Waters. Disposal into U.S. waters should be based on the
same guidelines as those used for disposal into the ocean. However, due to their
comparatively small volume, coastal or inland waters have much less assimilative
capacity than the ocean. More specifically, for disposal of spoil materials into either the
oceans or U.S. waters, the following studies should be conducted:
o dynamics of water/sediment mixing processes,
o quality of ambient water phase,

o amount and quality of suspended particulate phase,
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o quality and mmposiﬁon of bottom sedixﬁents,

o preseﬁce of trace metals and organic priority pollutants,
o presence of prohibited materials,

o bioavailability and bioaccumulation of pollutants, and

o ecological suitability of the disposal site.

Section 404 of the Federal Water Pollution Act (1977) is directed toward
preventing environmental degradation of U.S. waters attributable to the disposal of
polluted dredged or fill material. The Act provides guidelines for various pollutants such
as: OPPs or toxic substances under Section 307 of the Act; hazardous substances under

Section 307 of the Act; and PCBs under the Toxic Subs}énces Control Act. The U.S.
| Army Corps of Engineers Dredge Material Research Program (DMRP) conducted an
extensive field investigation at sixteen dredge disposal sites loééted along the east coast
of the United States. The sites were monitored for short-term and long-term releases of
eight trace metals under quiescent and stirred conditions (Brannon et al. 1980). The
results indicated that no single short-term test is capable of predicting the long-term
impacts of the dredged disposal.

The State of Florida has adopted programs for protection of surface-waters while
permitting compatible human uses. These programs are described in the Florida
Administrative Code (FAC), Chapter 17-3, and include: classified surface waters,
outstanding Florida waters (OFW), and aquatic preserves.

The surface waters of the State of Florida have been classified, based on their
designated uses, as follows:

Class I - Potable water supplies,
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Class II - Shellfish -propagation or harvesting,
Class: III - Recreation; propagation, and maihfenan_ce of a healthy, well-balanced
popuiation,

Class IV - Agricultural water supplies,

Class V - Navigation, utility and industrial use.
All surface waters of the Lower St. Johns River Basin are presently Class Il waters
except for the shellfish harvesting area at the mouth of the St. Johns estuary (Duval
County), which are classified as Class II. Surface water quality standards for trace
metals and organic pollutants as established by the FAC (Chapter 17-3) are given in
 Table 2.2, 1

| On July 13, 1978, the Environmental Regulation Commission adopted the

Outstanding Florida Waters (OFW) Florida Department of Environmental Regulation
(FDER) rule which directly affects activities that require a permit from the FDER.
While old perhim are not affected, any new permit application for discharging polluted
water into an Outstanding Florida Water system must guarantee that it will not degrade
the existing water quality of the OFW.

There are six areas in the Lower St. Johns River Basin designated as Outstanding
Fiorida Waters:
o Haw Creek State Preserve, located in the southeast corner of Crescent Lake,
o Kingsley Lake/North Fork of Black Creek, located. in west Clay County,
o Mike Roess/Gold Head Branch State Park, located in southwest Clay County,

o Nassau River/St. Johns River Aquatic Preserve, located at the borderline between

Duval and Nassau Counties,
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Table 2.2 Trace metal and OPP water quality criteria for the State of Florida (FAC,
. Chapter 17-3).

Parameter Units Class ] Class I ClassIll ClassIV Class V General Criteria

Trace Metals:
Aluminum (mg/D) >1.5 >1.5
Antimony (mg/) >0.2 >0.2
Cadmium (pm/l) >0.8 >3.0 >5.0
Chromium {mg/) >0.05
Copper (pm/1) >30 >0.015 >0.15 >0.5
Iron (mg/l) >03 >03 >03 >1.0 :
Manganese (mg/) >0.1
Lead (mg/M) >0.03 >0.03 >0.05
Mercury (um/1) >0.2 >0.1 >0.1 >0.2 >0.2
Nickel (mg/1) >0.1 >0.1 >0.1 >01
Selenium (mg/l) >0.01 >0.025 >0.025
Silver (pm/l) >0.07 >0.05 >0.05
Zinc (mg/) >0.03 >0.03
Pesticides and Herbicides: .
Aldrin/Dieldrin  (um/1) >0.003 >0.003 >0.003
... Chlordane (um/1) >0.01 >0.004 >0.004
24-D (pm/l) > 100
2,4,5-TP (um/T) >10
DDT (um/1) >0.001 >0.001 >0.001
Demeton (um/1) >0.1 >0.1 >0.1
Endosulfan (um/1) >0.003 >0.001 >0.001
Endrin (um/1) >0.004 >0.004 >0.004
Guthion (um/) >0.01 >0.01 >0.01
Heptachlor (um/l) >0.001 >0.001 >0.001
Lindane (um/l) >0.01 >0.004 >0.004
Malathion (pm/l) >0.1 >0.1 >0.1
Methoxychlor  (um/l) >0.03 >0.03 >0.03
Mirex (um/l) >0.001 >0.001 >0.001
Parathion (um/1) >0.04 >0.04 >0.04
Toxaphene (um/1) >0.005 >0.005 >0.005
Phthalate Esters (um/l) >3.0 >3.0
PCBs (um/h) >0.001 >0.001 >0.001

o Ravine State Gardens, located in Palatka, and

o Volusia Water Recharge Area, located in the western part of Volusia County.
Ravine Gardens and the Volusia Water Recharge Area are not directly connected with
the St. Johns River system. Nassau River is connected with the St. Johns River through

the Intracoastal canal.
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Aquatic preserves are state-owned lands protected under the Florida Aquatic
Preserve Ac; (Florida Statutes, Chapter 258). These lands are managed by the Bureau
of Land and Aquatic Resource Management, Division of Recreation and Parks, Florida
Department of Natural Resources. The purpose of aquatic preserve management is to
maintain the natural value of selected areas for future generations. Within the Lower St.

Johns River Basin, the only aquatic preserve is the Nassau River/St. Johns River Marsh

Aquatic Preserve.
2.4.3 ]Inland Disposal. Inland disposal is controlled by the Federal Water Pollution

Control Act and requires a thorough field investigation of the disposal site, especially if
it 1s characterized as wetland. Inland disposal includes containment and possible
tre#iment of the spoil by chemical or biological methods. Containment can be achieved
by means of geomembranes, clay layers, etc. Chemical and bioiogical methods are
similar to those applied for treatment of in-situ polluted sediments (Sections 2.3.2.2 and
2.3.2.4 of this chapter). In all cases, alternative disposal sites and treatment scenarios
should be considered before making any final decision. Inland disposal and treatment
must comply with EPA regulations for priority pollutants (Wentz, 1989).

Besides the traditional methods for upland treatment of heavily contaminated
disposed sediments, i.e., containment, chemical treatment, and biodegradation, a new
methodology has been suggested (Schouten and Rang, 1989). The new methodology,
ceramic processing, involves ceramic sintering of the dredged mud. The success of the
method depends strongly on the maximum temperature applied, the temperature duration
curve and the oxygen supply in the oven. The processes that take place during the

ceramic sintering can be generally subdivided according to three temperature ranges. In
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the first temperaturé range (100-250° C) hydroxides dehydrate, crystalline water
evapor;tes and the material shrinks substantially; in the second range (250-700° C)
combﬁstion of the organic matter takes place while sulphides (e.g., pyrites) are oxidized,
clay minerals are dehydroxylated and the crystalline structure of quartz changes; in the
third range (700-1200° C) halogen salts, halogenated hydrocarbons, and sulphates
decompose, a considerable amount of heavy metals is volatilized, and sintering of the
mud occurs (i.e., formation of calcium silicate pellets). The conclusion of a feasibility
study on ceramic processing of heavily polluted, dredged mud from estuarine sites in the
Netherlands (Schouten and Rang, 1989), indicated several advantages of this method
_including: )
o destruction of organic micro-pollutants (e.g., PCBs;, and

o immobilization of heavy metals by ceramic bonding.

2.5 Strategic Management Planning for Contaminated Sediments.

A comprehensive management plan for sediments in an aquatic ecosystem
involves a series of investigations, decisions, actions, and evaluations. Presently, there
are no State regulations pertaining to management of contaminated sediments. In
general, however, the components of such a comprehensive plan are:

o problem identification,

o initial evaluation of the level of contamination,

0 source evaluation,

o assessment of the extent and importance of the problem,

o feasibility of remediation,
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o determination of disposal 6r in-situ treatment alternatives,

o identification of potential problems associated with remediation procedures,
o establishmént of testing protocol,

o assessment of potential soluﬁons,

o design of implementation strategies,

o selection of remedial options,

o consideration of design

o determination of available control measures,

.~ o monitoring of water/sediment system including physicochemical parameters and toxicity

-«

. tests both in-situ and in the laboratory.
| During implementation of the various phases of the management plan, equal
~ consideration should be given to physical, chemical and biological factors, as well as to
socio-economic issues (e.g., human health hazards, property devaluation, reduced
aesthetics, loss of recreation areas, cost of remedial operations and monitoring, etc.).
Two detailed, sediment management strategy flow charts, developed by Lee et al.
(1987) and Thomas (1987), respectively, are given in Figures 2.3 and 2.4. The strategic
sediment management plan, shown in Figure 2.3 consists of nine tasks: initial evaluation,
consideration of disposal alternatives, identification of potential problems, development
of a testing protocol, assessment, implementation strategy, investigation of available
options, design feasibility, and design of control measures.
The Lee et al. (1987) management plan starts with an initial evaluation of the site
under consideration. If the sediments are found to be uncontaminated, disposal

alternatives will be selected using the volume of the spoil as the only criterion.
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Figure 2.3 Strategic sediment management plan (Lee et al. 1987).
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Otherwise, confined dispc.>sa1 (in-situ or upland) or open-water disposal should be
considered based on anticipated problems such as ~'aﬁim'al and plant uptake, leachate,
runoff or effluent qualit.y, and benthic and water column impacts. Depending on the
problem, a testing protocol will be developed. This protocol may incorporate physical
(e.g., mixing, leachate, etc.); chemical (e.g., testing for metals, organic pollutants, etc);
or biological analyses (e.g., toxicity assay and bioaccumulation tests). Application of the
testing protocol will provide an assessment of whether the selected disposal alternative
is subject to restrictions or not. If contamination levels are low enough (i.e., within the
same order of magnitude but less than the allowable EPA limits), the spoil is treated as
| if 1t were uncontaminated. Otherwise, available remedial options (i.e., physical,
cher:nical or biological) are examined, and the study proceeds on the design of the
particular treatment method. If the design is successful, then the final task is to develop
control measures and a monitoring program; otherwise, another disposal alternative
should be considered.

The sediment remediation management plan in Figure 2.4 involves five tasks; i.e.,
problem identification, problem assessment, feasibility of remediation, development of
remedial options, and development of a monitoring plan. The plan begins with problem
identification, which includes a preliminary site assessment and selection of an action
plan (e.g., dredging or leaving as-is in the case of unpolluted sediments). If the
sediments are contaminated, any further action deper;ds on whether the source can be
controlled or not. No remedial action for sediment treatment is recommended until the
source is controlled; otherwise, remedial plans are investigated based on data pertaining

to pollutant mobility and the area extent of the contaminated site. Based on the
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Figure 2.4 Flow chart for sediment remediation management plan (Thomas, 1987).
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investigation results, remedial actions are selected (i.e., dredging or in-situ treatment)

and a monitoring plan is developed.

F. IR NTAL IMP, SSESSME;
2.6_ vironm 1 Im n 1 d Methods.

The environmental impact assessment (EIA) is one of the most important tools

used to decide how to manage contaminated sediments. This assessment compares the

~ "benefits" and "costs" of leaving a contaminated area untreated versus taking remedial

action for the same site. The “cost-benefit” analysis should incbrporate both ecological

and human factors. The ecological factors should include: geography-geomorphology,

hydrology/hydraulics/sediments, physicochemistry, and biology. The human factors

include: sociology and culture, economy, and human health.

2.6.1 EIA Components. The general steps required for an EIA are :

o identification of the location, size, special features, and degree of contaminafion of the
polluted sité,

o identification of pollution sources,

o qualitative description of the ecological components which are expected to be affected
by the contaminated site, whether it is left untreated or remediated,

o establishment of baseline data and information,

o quantitative analysis and simulation of the anticipated pre-remediation and post-
remediation environmental conditions (including the no-action option).

o analysis of the projected, possible changes in the prevailing ecological conditions,

o assessment of the trade-offs between beneficial and detrimental effects (e.g., health,
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cost, aesthetics;, etc.),
o state;nent of monitoring methodology and criteria for assessing attainment of
environmental objectives, and
o development of alternative plans.
2.6.2 EIA Methodologies. Since the National Environmental Policy Act became
effective in the United States on January, 1, 1970, a number of EIA methodologies have
been established. To facilitate the assessment procedures, a list of environmental indices
has been developed. Most of the EIA projects incorporate 50 to 100 indices (Canter,
1985); but for major EIAs, the number can be increased up to 1,000. Of course, these
.indices are general and are not limited to sediments. En;ironmenta] indices can provide
" valuable information for baseline data collection. Fou;r of the most extensively applied
EIA methodologies are (Singh et al. 1985):
o interaction matrix method,
o checklist method,
o network method, and
o energetic method.
A general, conceptual approach to EIA is presented in Figure 2.5 (Beanlands, 1987).
2.6.2.1 Interaction Matrix Method. The interaction matrix method displays the
action-response relationships in a tabular, matrix form (Figure 2.6). The matrix presents
the existing environmental features and the anticipated environmental effects resulting
from a particular action. Anticipated impacts are marked on the matrix and provide a

synoptic and simplistic picture of the environmental assessment. Quantitative cause-effect

investigations can later be conducted based on the results of the interaction matrix
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method. For sedimént_ quality studies, an interaction matrix should relate existing
environ;11ental conditions to anticipated sediment-induced effects (i.e., shoaling, turbidity,
release of contaminants, etc.) as a result of a particular action (e.g., dredging).
2.6.2.2 Checklist Methods. Checklist methods can vary from a simple checklist
form to elaborate weighing factor schemes. A checklist describing 62 environmental
quality indices is given in Table 2.3 (Canter and Hill, 1979). The parameters of this list
are evaluated either quantitatively or qualitatively and compared to some predetermined
standards. EIA checklist methods provide an inventory of the environmental components
that would be affected by implementation of a proposed project. For sediment quality
. studies, the checklist in Table 2.3 can be used to assess the impact of a sediment
| management plan on the sixty two components listed in this table. A negative impact can
be marked with a minus sign (-) next to the affected component and a positive impact
with a positive sign (+). In this way, a synoptic view of the overall impact of a
managément action (e.g., dredging and island disposal) can be easily assessed.
2.6.2.3 Network Methods. Network methods represent action-response relations
through a "node-link" network. The network represents the priginal action to all possible
components and interactive scenarios and assesses the importance of final effects (U.S.
Soil Conservation Service, 1977). Networks methods incorporate a wide variety of
physicochemical, biological, and socioeconomic factors related to a sediment management
plan. For example, if a network method is applied to assess the environmental impact
of a dredging operation, then all possible effects should be examined and their impact
qualitatively assessed. The more complete the network, the more accurate is the EIA.

Illustrative examples of a network method are given in Figures 2.7a,b.
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Table 2.3 Environmental quality indices (Canter and Hill, 1979).

Category Compoaent Index # Feactor
Terrestrial Populatica 1 Crops
2 Natural vegetation
3 Herbivorous mammals
4 Camivorous mammals
5 Upland game birds
6 Predatory birds
Habitat/Land 7 Bottomland forest
8 Upland forests
9. Opca lands
10. Littoral zone
11. Land use
Land Quality/ 12. Soil erosion
Soil erosicn 13. Soil chemistry
14, Mineral extraction
. Communitics 15. Species diversity
Aquatic Populaticns 16. Natural Vegetation
17. Wetland vegetation
18. Zooplankton
19. Phytoplankton
20. Sport fish
21. Commercial fisherics
2. Intertidal organisms *
23. Beathos/epibenthos
24. ‘Waterfowl
Habitats 25. Stream
26. Freshwater lake
1. River swamp
28. Nonriver swamp
‘Water quality 29. pH
30. Turbidity
3. Suspeaded solids
32. Water temperature
33. Dissolved oxygen
M. BOD
35. Dissolved solids
36. Inorganic nitrogen
37. Inorganic phosphate
38. Salinity
39. Iron and mangancse
40. Toxic substances
41, Pesticides
42. Fecal coliforms
43. Stream assimilative capacity
‘Water quantity 44. Stream flow variations
45, Basin hydrologic loss
Commuaitics 46. Species diversity
Air Air quality 47, Carbon monoxide
48. Hydrocarboas
49. Ouxides of nitrogen
50. Particulates
Climatology 51. Diffusion factor
Human Interface Noisc 52. Noise ’
Esthetics 53. Geometric factors
54. Varicty of vegetation type
55. Animals-domestic
56. Native fauna
57. Appearance of water
58. Odor and floating materials
59. Odor and visual quality
60. Sound
Historical 61. Historicat factors
Archeological 62. Archeological factors
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2.6.2.4 Energetic Methods. Energetic methods are based on the concept of
"energy" flow and storage (Odum, 1971). Energetic methods describe the relationships
between humans and the environment and require a high level of technical information
and resources. An energetic method was applied to the assessment of the environmental,
economic and hydrologic impacts of the Palm Bay coastal area in Florida (Barile, 1977).
Hopkinson (1988) applied the energetic method for assessment of organic carbon

exchange in estuarine/salt marsh ecosystems. Generally, energetic methods are hard to
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apply due to the detailed level of information required for quantification of the
flow/storage processes. This method has not been applied for sediment contamination
problems. However, it would be applicable if contamination sources, storage, and sinks

can be quantified along with their interaction and transition mechanisms.

2.7 Indicators of Sediment Pollution,

Environmental quality indicators can be of great value in an EIA if they can be
identified quantitatively. Traditionally, environmental indicators were limited to water
quality. Recently, however, nuxﬁerical indicators for aquatic sediment quality have been
. under development (MacDonald, 1992). . |
| 2.7.1 Water Quality Indicators. The Florida Ad‘ministmtive Code, Chapter 17-3,
defines allowable limits for heavy metals, bacterial growth, DO, pH, turbidity, nutrients
and organic compounds for the five classes of surface waters. A water quality index
waQl for pristine waters developed by the National Sanitation Foundation (Horton,
1965) incorporates nine environmental factors and is defined as follows:

i=9
WQl = ITdw), i=1,...,9 ... ... i (2.1)
i=1
where II is a multiplication operator, I is the environmental factor, and w; is a weighing
exponent. The environmental factors and their associated weighing exponents are given
in Table 2.4. The correlations between index I, and the actual values of the variables are
given in Figures 2.8a,b. The three curves in Figures 2.8a,b correspond to the average

value and the confidence limits between the parameters and the environmental factor I,.

Thus, based on these curves a sensitivity analysis can be conducted by comparing the
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Table 2.4 Water Quality Index environmental factors and weights (Horton, 1965).

i Factor I, Weighing exponent (w)
1 pH 0.12
2 Turbidity 0.08
3 Suspended solids 0.08
4 Water temperature 0.10
5 Dissolved oxygen 0.17
6 BOD 0.10
7 Inorganic nitrogen 0.10
8 Inorganic phosphate 0.10
9 Fecal coliforms 0.15

<

WQIs estimated from both the average and the extreme values of the I; indices. The
conﬁdence limits are indicative of the ecological tolerance versus the variability of the
parameters involved. From the same figures it is evident that the environmental effects
of turbidity, total solids and total phosphates may vary drastically from one system to
another. On the other hand, temperature, pH and DO allow only a narrow deviation
from their average values. The value of the WQI ranges from 1 to 100. Classification

of the environmental quality level of an aquatic ecosystem based on the water quality

Table 2.5 Water quality as defined by the WQI (Horton, 1965).

Water Quality wQlI
Excellent 91-100
Good 71-90

Medium 51-70

Poor 26-50

Very Bad 0-25
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index is given in Tabfe 2.5. WQIs are widely used for estimation of the environmental
quality lof aquatic ecosystems, since sediment quality standards, although available, they
are not as yet formally adapted or standardized.

2.7.2 Sediment Quality Indices. The U.S. Environmental Protection Agency (EPA)
has developed a range of contamination levels, which define pollution levels due to
different elements and chemical compounds. The ranges for unpolluted, moderately
polluted, and heavily polluted sediments are listed in Table 2.6.

A general list of ecological aquatic and terrestrial indicators was recently

~ Table 2.6 EPA sediment quality criteria (Masters, 19§i).

Chemical Unpolluted Moderately Heavily
polluted polluted
Ammonia <75 75-200 >200
Arsenic <3 3-8 >8
Barium <20 20-60 >60
Cadmium - - >6
Chromium <25 25-75 >75
COD <40,000 40,000-80,000 >800
Copper <25 25-50 >50
Cyanide <0.10 0.10-0.25 >0.25
Hexane solubles < 1,000 - 1,000-2,000 >2,000
Iron < 17,000 17,000-25,000 >2500
Lead <40 40-60 >60
Manganese <300 300-500 >500
Mercury <1.0 >1.0
Nickel <20 20-50 >50
Phosphorus <420 420-650 > 650
TKN <1,000 1,000-2,000 >2,000
Volatile solids <5% 5-8% >8%
Zinc <90 90-200 >200

Note: All units are in mg/kg dry weight except Volatile solids.
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vdeveloped by the U.S.. Environmental Protection Agency (EPA) (Hunsaker and
Carpenter, ‘1990). For estuarine sediments, EPA suggested two quantitative indicators:
a) acute sediment toxicity, and b) number of chemical contaminants in sediments.
2.7.2.1 Sediment Toxicity Assessment. The determination of sediment toxicity
is based on laboratory toxicity tests of field-collected sediment samples. Toxicity tests
are conducted under static laboratory conditions (i.e., constant salinity and temperature)
for ten days using grab sample§ of 200 mL of sediment (Hunsaker and Carpenter, 1990).
The American Society for Testing and Materials (ASTM) has recently developed standard
methods for fresh water and estuarine amphipod sediment bioassays (ASTM, 1990;
Inggrsoll, 1991). For acute sediment toxicity bioassays in the laboratory, the following
an;phipods have been used:
o Ampelisca abdita,
o Eohaustorius estuaries,
o Grandidiefella Japonica,
o Hyalella azteca,
0 Rhepoxynius abronius, or
o Rhepox):nius hudsoni.
For in situ toxicity tests different types of biota can be used, such as "earthworm"
species, freshwater mussels, fish, etc.
2.7.2.2 Chemical Assessment of Sediments. To determine the number of
chemicals in the sediment, samples of surficial sediments (top 2 cm) are coliected and
analyzed for toxic metals, major elements, Cl-pesticides, PCBs, PAHs, coprostanol, and

Clostridium spores. These parameters were incorporated in sediment surveys conducted
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by the NOAA Natioﬁal» Status and Trends Program in the S.E. Atlantic (including St.
Johns ‘River) and Gulf of Mexico coasts (Hanson and Evans, 1991). The number of
chemicals present in the sediments indicates the degree of contamination.
2.7.3 Sedimentological Risk Index. Hakanson (1980) suggested that a sedimentological
risk index (RI) for assessment of the effects of toxic substances should be based on the
following four "requirements":
o pollutant concentration requirement,
o number of pollutants requirement,
o toxic factor requirement, and
. O sensitivity requirement.

2.7.3.1 Pollutant Concentration Requirement. The concentration requirement
involves comparison of historic uncontaminated sediments with recent contaminated
deposits. Besides chemical analysis of the sediments, this requirement entails calculation
of long-tem erosion and sediment transport as well as pollutant sources and pathways,
so that the sediment/pollutant accumulation patterns are established. Thus, the pollutant
concentration requirement provides not only the degree but also the rate of sediment
contamination.

2.7.3.2 Number of Pollutants Requirement. The number requirement
emphasizes the fact that the environmental risk increases with the increasing number of
pollutants. It also provides a basic list of the pollutants that should be included in
estuarine ecological studies. This list includes the most cor;xmonly found metals, such
as mercury, cadmium, lead, copper, zinc and selenium, as well as the major elements;

i.e., silica, aluminum, potassium, magnesium, sodium, calcium, manganese, nitrogen,
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and phosphorus. Toxic cbmpounds (such as PCBs, DDT, PAHs, oil and grease) are also
included. In Qrder to quantify the importance of’ time number requirement, Hakanson
(1980) préposed that tile degree of contamination is defined either by the individual,
(C/C,), or the cumulative contamination factor, C,, given as follows:
i=8
Ca=ZZ(C/C, i=1,..,8 .. . (2.2)
i=1
where C; is the concentration of the pollutant i in the surficial sediment layer (top 1 cm)
from the contaminated site, and C, is the concentration of the same pollutant at the
standard ;;re-industrial concentration level. Hakanson’s contaminant list includes PCBs,

mercury, cadmium, arsenic, copper, lead, chromium and zinc. Pre-industrial standard

vaiues for these elements in lake sediments are given in Table 2.7.

Table 2.7 Preindustrial standard values for toxic chemicals in lakes (Hakanson, 1980).

Chemical As Cd Cr Cu Hg Pb Zn PCB

Concentration (ppm) 15 1.0 90 50 0.25 70 175 0.0l

Although these values may vary from one aquatic ecosystem to another, they are
representative of the order of magnitude of heavy metal and PCB concentrations in
natural, "undisturbed" systems including estuaﬁes. The degree of sediment
contamination, based on the value of the individual and cumt;laﬁve contamination factors

(C/C,, and C,), is tabulated in Table 2.8.

2.7.3.3 Toxic Factor Requirement. The toxic factor requirement, expressed
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Table 2.8 Degree of contamination according to the factor C, (Hakanson, 1980).

Y

Factor C, C./C, Degree of contamination

C; <8 C/C,; <1 Low degree of contamination

8§ <C, <16 1<C/C, <3 Moderate degree of contamination

16 < C, < 32 3<C/C,; <6 Considerable degree of contamination
32 <C, 6 < C/C, Very high degree of contamination

by the toxic factor (S,), accounts for the relative natural background abundance of the
various contaminants found in igneous rocks, soils, freshwater, land plants, and land
animals, as well as their tendency to be deposited in sediments.

2.7.3.4 Sensitivity Requirement. The sénsitivity requirement utilizes the
toxic-response factor (T;), which is defined as the product of the toxic factor (S) with the
level of bioproductivity quantified by some function of the bioproduction index (BPI).
The BPI-value is obtained by measuring the loss on ignition (IG) and the nitrogen content
(N) of sediment samples. Quantitatively the BPI-value is defined as the N-content on the
regression line for loss on ignition equal to 10% (IG=0.1) (Horie, 1969). The IG-value
is taken as the loss on ignition of dry sediment samples subject to 550° C for 1 hour.
The N-value is determined according to Kjeldahl standard method. The values for both
the toxic factor (S) and the toxic-response factor (T;), for all of the pollutants in
Hakanson’s contaminant list, are listed in Table 2.9. Numerical the toxic-response factor
is defined as .

T, = S, (5/BPI)™ . . . e 2.3)
where « 1s a constant exponent.

Based on the four previously mentioned requirements, the sedimentological risk
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Table 2.9 Toxic factor (S) and toxic-response factor (T;) (Hakanson, 1980).

(%

Chemical - | S,-value T,-value

As 10 10 (5/BPI)°
cd 30 30 (5/BPD)?
Cr 2 2 (5/BPD)!?
Cu 5 5 (5/BPD)'?
Hg 40 40 (5/BPI)!
Pb 5 5 (5/BPI)\2
Zn 1 1 (5/BPI)i”
PCB 40 40 (5/BPI)?

Note: BPI = bioproduction index.

factor, RI, is quantified as follows: «
i=8 i=8
RI = LT, (C/C,) = £ Sg(5/BPI)Y(C/C, i=1,....,8 ......... 2.9)

i=1 i=1
Characterization of the potential ecological risk of an aquatic ecosystem based on .

the risk factor RI is presented in Table 2.10.

Table 2.10 Assessment of ecological risk (Hakanson, 1980).

Risk factor Environmental risk

RI < 150 " Low ecological risk

150 < RI < 300 Moderate ecological risk
300 < RI < 600 Considerable ecological risk
600 < RI Very high ecological risk

2.7.4 Metal-Aluminum Ratio. For assessment of metal enrichment attributable to

anthropogenic activities, the Florida Department of Environmental Regulation uses the
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metal-aluminum ratid technique. This technique compares the metal-aluminum ratios in
carbor;ate rocks of uncontaminated ("natural”) ecosystems with those from areas
suspected of béing polluted (See Chapter III, Section 3.2.1.2). A deviation from the
95% prediction limits of "natural® metal-aluminum ratios is an indication of metal
enrichment (Pierce et al. 1988).
2.7.5 Biotic Indices. Besides the sedimentological approach, aquatic pollution can be
effectively assessed by means of biotic indices. Biotic indices are referred generally to
species diversity, similarity and stability. Species diversity includes both the number of
species in the community and the evenness with which the individuals are divided among
the species. i

Comparison of biotic indices derived from ‘surveys of different areas require
detailed information on: sampling method, sample size, depth of sampling (for benthic
communities), duration of sampling, time of the year, and taxonomic level (Hughes,
1978).

2.7.5.1 Biodiversity Indices. One of the most widely applied biodiversity
indices is the Shannon-Wiener index, H’, (Krebs, 1989) defined as |

i=N
H'= -KXIplog,pi -. . @ittt (2.5)
i=1

where K is a constant which depends on the choice of the unit measure (usually K=1),
N is the number of species, and p, is the proportion of total sample belonging to i®
species (Krebs, 1989). The Shannon-Wiener index is rccomr;lended for random samples

drawn from a large population for which the total number of species is known. If these

conditions are not met then a more suitable approach is the Brillouin index, H,

115



H = (UN) 0NVt )] o eoeeee oo 2.6)

where n, is the number of individuals belonging to species i. For efficient estimation of
the Shannén-Wiener and Brillouin indices, computer programs such as the DIVERS are
available (Krebs, 1989).

Biotic stability is defined as the ability of a community to remain almost similar
to itself regardless of external variations, and is commonly associated to biodiversity
(Macarthur, 1955).

2.7.5.2 Similarity Indices. Similarity indices are often applied for ordering
samples according to overall similarities and then comparing the major deviations for
possible correlations with environmental factors. One widel'): used similarity index is the
percentage similarity (PSC) defined as:

i=N
PSC=100- 2 Zja-b} ...... ... . ... 2.7
i=1
where N is the number of species, and a, b are (for a given species) percentages of the
total samples A and B which that species represent (Whittaker and Fairbanks, 1958).
2.7.5.3 Karr’s Index of Biotic Integrity. Another approach for assessment of
the integljty of aquatic biota utilizes information about th‘e fish communities (Karr,
1981). This approach uses a classification system of six main categories (Table 2.11).
These categories are assessed based on a number of parameters which are indicafive of
the health of fish communities (Table 2.12).
Application of Karr’s approach presumes that:

o The fish sample is large enough to be representative of the fish community at the

sampling site,
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Table 2.11 Biotic integrity classes (Karr, 1981).

Class IBI No.  Atributes

Excellent (E) 57-60 No anthropogenic influcace; oll regional specics including the most intolerant are present with full asray of sex
and age classes; balanced trophic structure.

(EQ) 53-56

Good (G) 48-52 Species richness slightly less than expected; some species with less than optimal sbundance or size distributions;
sigas of stress on trophic structure.

G-P 4547

Fair (F) 3944 Fewer intolerant specics; older age cl of top predators may be rare; Skewed trophic structure (e.g.,
iocreasing frequency of omnivores.

(F-P) 36-38

Poor (P) 28-35 Dominated by pollution tolerant forms, cmnivores, and habitat generalists; growth rates and canditon factors
are depressed; presence of hybrids and deceased fish.

(P-VP) 4-27

Very Poor (VP) £23 Few fuh, either inroduced or of very tolerant forms; h);brid specics, deccased fish, parasites tumors and other
abnormalitics very common.

No Fish Repetitive sampling failed 1o show any fish.

Table 2.12 Parameters used in assessment of fish communities (Karr, 1981).

A. Spécies Composition and Richness

Number of Species

Presence of Intolerant Species

Species Richness and Composition of Darters

Species Richness and Composition of Suckers

Species Richness and Composition of Sunfish (except Green Sunfish)
Proportion of Green Sunfish

Proportion of Hybrid Individuals

B. Ecological Factors

Number of Individuals in Sample

Proportion of Omnivores (Individuals) -

Proportion of Insectivorous Cyprinids

Proportion of Top Carnivores

Proportion with Disease, Tumors, Fin Damage, and Other Anomalies
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o The sampling site is représentative of the larger area of interest, and
o The data collector is a trained biologist with strong familiarity with the local fisheries.
The clusiﬁéﬁon of thé system is done using an index of biotic integrity (IBI) number
(Table 2.11). This number is calculated by assigning a value to each of the parameters
listed in Table 2.12 and adding all of these values for each sampling site. More
specifically, the assigned values are: 1 for degraded conditions, 3 for average conditions,
and 5 for excellent conditions.

2.7.5.4 Rapid Bioassessment Protocols. Another interesting group of methods
for assessment of the environmental conditions in rivers and streams are the rapid
| 'biqassessment protocols (RBPs) (Plafkin et al. 1989). The;e protocols advocate an
integﬁted assessment, comparing existing habitat, physicochemical features and
biological parameters with empirically defined reference conditi'bns. The habitat
assessment involves characterization of the conditions of the stream substrate and bed
cover (i.e., bottom substrate and available cover, embeddedness, ﬂow/veloéity), channel
morphology (i.e., channel alternation, bottom scouring/deposition, pool/riffle, run/bend
ratio), and riparian and bank structure (i.e., bank stability, bank vegetation, streamside
cover). The physical features include land use, watershed sediment budget, nonpoint-
source pollution, stream characteristics (i.e., width, depth, high water mark, velocity),
channel improvements (i.e., dam, channelization), canopy cover, and sediment
characteristics (i.e., odor, oils, deposits, inorganic c.omponents, organic components).
The chemical features include water characteristics (i.e: , temperature, DO, pH,

conductivity, odors, turbidity, oils) and stream designation according to State water

quality standards. The biological parameters include sampling of benthic communities
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(a 100-count subsample is recommended) and fish sampling (preferably by the

electrofishing method).

There are five rapid bioassessment protocols.

Each of these RBIs requires a

different level of data collection and analysis effort (Table 2.13).

Table 2.13 Comparison of rapid bioassessment protocols (Plafkin et al. 1989).

PROTOCOL 1
Objectives:
Effont:

Conclusion:

PROTOCOL I
Objectives:

ﬂ!m:

. Conclusion:

PROTOCOL Il
Objectives:
Effort:

PROTOCOL IV
Objectives:
Effort:

PROTOCOL V
Obiectives:

Effon:

Determiine whether biological impsirment exists and if further investigation is needed.
Field: 1-2 brs, ] biologist; Daia analysis: 0.5-1 br, 1 biologist; Laboratory: Noac
Determine if impairment exists; Indicate generic cause of impairment (habitat, organic earichment, toxicity)

Assess biological impaimient; Provide infonmation for ranking sites; Prioritize sites for further assessment and/or testing
(chemical/toxicity). . .

Field: 1.5-2.5 hrs/person, 1 biologist & 1 techaician; Data analysis: 2-4 brs, [ biologist, Laboratory: Noac.
Characterize conditions as ao impairment, moderalc impairmeat, severe impairment; Indicate generic cause of impainment
(babitat, organic carichment, toxicity).

Assess biological impainment; Establish basis for trend monitoring; Prioritize for further assessment and/or testing
(chemical, toxicity).

Field: 1-2 hrs/person, 1 biologist & 1 technician; Data analysis: 1-3 hrs, 1 biologist: Lab y; 2-3 hrs, } technician.
Evaluate site as oo impairment, slight impairment, moderate impairment, severe impairment. Indicate generic cause of
impainnent (habitat, organic earichment, toxicity).

Determine whether biological impainneat exists and if further investigation is nceded.
Ficld: None; Data analysis: 3 hrs, 1 hiologist; Laboratory: Nonc.
Determine if impainment exists; Indicate generic cause of impairment (habital, water quality).

Assess biological impairment; Establish basis for trend monitoring; Provide information for ranking sites; Prionilize for
further assessment and/or testing (chemical, toxicity).

Field: 1-5 hrs/person, 1 biologist & 1 technician; Data analysis: 1-2 hrs, 1 biologist; Laboratory: Noue.

Evaluate biological integrity as excclleat, good, fair, poor, very poor; Indicate generic cause of impairment (habitat, organic
carichmeat, toxicity).

Washington (1984) presented a comprehensive review of the diversity, similarity,

and stability of biotic indices as applied to aquatic ecosystems. His conclusion is that the

diversity-stability relationship cannot be presented in a simplistic form, and that diversity

does not automatically guarantee similarity and/or stability, and vice versa. The EPA

has recently developed a comprehensive set of environmental indices (Hunsaker and
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Carpenter, 1990). Fish and macroinvertebrate indices are presently under review and
development‘by the Florida Department of Environmental Regulation. Biotic indices are
very important, but are not yet available, for pollution assessment of both sediments and

ambient water.

2.8 Human Heaith Hazards from Contaminated Sediment Sites.

Many of the pollutants found in aquatic ecosystems are toxic and can cause acute
or chronic health problems to humans through the food chain. It has been documented
(Swain, 1983) that even low concentrations of lipid soluble pollutants in the
wgtgr-sediment system can be magnified, passing through thte aquatic food chain into
ediﬁle fish. A study involving people who consume fish from Lake Michigan (Humphry,
1984) showed that lipid soluble compounds i.e, pesticides, PCBs, dioxins, etc. were

detectable in nearly every individual. A comparison between PCB levels of "fisheaters"

and “non-fisheaters" is given in Table 2.14.

Table 2.14 PCB levels in persons who consume fish from Lake Michigan (Humphrey,

1987).
Consumer Number of  Consumption Serum PCB (ppb)
category participants  (lb/yr) Range Median
Non-eaters 29 0 < 541 15
Occasional eaters 39 0-6 <-5-41 20
Regular eaters 90 . > 24 25-366 56

Note: ppb = parts per billion
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When reviewing resuits of organic pollutant levels in humans, short-term effects should
be cons:idered very carefully. Indeed, concentration levels of PCBs in humans reach a
peak a'fter a meal of contaminated fish and slowly dissipate almost completely during a
time period of approximately seven days. The effect of this short-term concentration
spike on human health is unknown. Generally, the U.S. Environmental Protection
Agency (USEPA) attempts to control human exposure to toxic compounds at a level that
will pose lifetime risks of the order of 107 to 10™.

The National Academy of Sciences (1983) suggested that studies pertaining to
human health risks from different toxic substances should follow four steps:

0 hazard identification, )

| o dose-response assessment,
o exposure assessment, and
o risk characterization.
Hazard identification can be accomplished from epidemiologic studies, case studies and
animal studies. For characterization of the hazard, the USEPA uses the letters A to E
as follows:
o Group A: Human carcinogen,
o Group B: Probable human carcinogen,
o Group C: Possible human carcinogen,
o Group D: Not classified, and
o Group E: Evidence of noncarcinogenicity.

The dose-response assessment can be determined by using the lifetime risk, LR,

defined as:
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LR = LADD X PE o o e eeeee e e 2.8)
where LADi) is the lifetime average daily dose (mg/kg/day), and PF is the potency
factor (mg/.kg/day)‘l (Table 2.15). The lifetime risk shows the probability of getting
cancer assuming that an individual consumes the lifetime average daily dose for a 70-year -
time period.

For humans, the exposure assessment can be defined by means of different
exposure pathway models (U.S. E.P.A., 1988). A relatively straightforward approach
model involves human consumption of contaminated fish. The equilibrium concentration,
C,., of a contaminant in fish tissue can be estimated as:

C.=CxBCF ............. ........ e e e e (2.9)
whe:re C is the contaminant concentmtioq in water, and BCF is the bioconcentration
factor (Table 2.16).

The risk characterization is the last and most complicated step which incorporates
the findings of the other steps in order to: assess the overall risk of some specific
population, to estimate the benefit/cost ratio, and to develop regulatory and management
procedures.

The toxicity level of a substance is determined by using a standardized laboratory
test called extraction procedure, (EP), which estimates the amount of pollutants that can
be mobilized during changes of the physicochemical conditions (Nemerow, 1984) (see
also Sections 2.2.1 and 2.2.3). The EP test utilizes a representative sample of waste
(minimum size of 100 g). The sample is separated into its c;)mponent liquid and solid
phases. The separation procedure involves a filtration device of nominal pore size of

0.45 um where the sample is subject to a 75 psi (5.3 kg/m?) pressure. If the solid
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residue is less than 0.5%' of the sample then that residue can be discarded. Otherwise,
the sol?c; phase is placed in an extractor with sixteen times its weight of deionized water
for 24 hours at 20 - 40°C. During this time period the pH of the solution is maintained
at the level of 5.0 + 0.2. If the pH rises above 5.2 then acetic acid is added. At the
end of the 24 hours the extracted material is separated again into its solid and liquid
phases. The liquid phase is then analyzed for the presence of any of the contaminants
listed in Table 2.17. Based on the EP toxicity test, a substance is considered EP toxic
if it contains one or more of the chemicals listed in Table 2.17 in concentrations that

exceed those given in this table (Masters, 1991).

Table 2.15 Potency factor for selected potential carcinogens (Masters, 1991).

Potency factor Potency factor
Chemical Group oral route inhalation route
(mg/kg/day)! (mg/kg/day)!
Arsenic A 1.75 50
Benzene A 2.9x10° 2.9x10%
Benzo(a)pyrene B2 11.5 6.11
Cadmnium Bl - 6.1
Carbon tetrachloride B2 0.13 -
Chloroform B2 6.1x10° 8.1x102
Chromium IV A - 41
DDT B2 0.34 -
1,1-Dichloroethylene C 0.58 1.16
Dieldrin B2 30 -
Heptachlor B2 34 -
Hexachloroethane C 1.4x10* -
Methylene chloride B2 7.5x10° 1.4x107
Nickel and compounds A - 1.19
PCBs B2 7.7 -
2,3,7,8-TCDD (dioxin) B2 1.56x10° -
Tetrachloroethylene B2 5.1x107? N 1.0-3.3x10?
1,1,1-Trichloroethane (1,1,1-TCA) D - -
Trichloroethylene (TCE) B2 1.1x10? 1.3x10?
Vinyl chloride A 2.3 0.295
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Table 2.16 Bioconcentration factors for selected chemicals (Masters, 1991).

Y

Parameter

Parameter BCF BCF

Lkg) @L/kg)
Aldrin 28 Dieldrin 4760
Arsenic & compounds 44 Formaldehyde 0
Benzene 52 Heptachlor 15700
Cadmium & compounds 81 Hexachloroethene 87
Carbon tetrachloride 19 Nickel & compounds 47
Chlordage 14000 PCBs 100000
Chloroform 3.75 2,3,7,8-TCDD (dioxin) 5000
Chromium & compounds 16 Tetrachloroethylene 31
Copper 200 1,1,1-Trichloroethane 5.6
DDE 51000 Trichloroethylene 10.6
DDT 54000 Vinyl chloride 1.17
1,1-Dichloroethylene 56

<

Table 2.17 Maximum allowed concentrations of toxic substances for EP toxicity tests
(Masters, 1991).

Toxic substance

EPA hazardous waste number

Max. concentration mg/L

Arsenic D004 5.00
Barium D005 100.00
Cadmium D006 1.00
Chromium D007 5.00
Lead D008 5.00
Mercury D009 0.20
Selenium D010 1.00
Silver DO11 5.00
Endrin D012 0.02
Lindane D013 0.40
Methoxychlor D014 10.00
Toxaphene D015 0.50
2,4-D D016 10.00
2,4,5-TP Silvex D017 1.00

Jennett et al. (1980) summarized the toxicologic effects of mercury, lead, zinc, copper,

and chromium. The toxic characteristics of some of the most common heavy metals
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found in estuarine sédiments are discussed in detail in three reports published by the
Nation;l Academy of Sciences (N.A.S. 1974, 1977, 1978).

In brief (Jennett et al. 1980), mercury is toxic to humans at levels of 8 ppm as
intake and becomes lethal at consumption rates of 75-300 mg/day. Lead is considered
toxic for human adults at a concentration of 80 mg per 100 g of blood; a concentration
of 0.5-0.8 ppm is the threshold for acute lead poisoning. Zinc is toxic for some animals
at levels of approximately 900 ppm. Cadmium is toxic at concentrations of 0.02-2.0
ppm; for humans, consumption of 4 ppm of cadmium is considered toxic. Copper causes
toxic effects in biota at concentrations exceeding 1 ppm. Chromium effects on human
. halth are attributed more to deficiency, rather than ex;ess; for household use a level of
0.05 ppm is recommended. Selenium is the only element which is both essential and
toxic in biota; concentrations greater than 4 ug/g are considered toxic.

2.8.1 Animal Risks from Contaminated Sediments. Aquatic animals can also be
seriou§ly affected by polluted sediments. Fish can suffer diseases such as tumors, fin
damage and other anomalies. Pollutants are taken by the fish either from the sediment
particulates (in adsorbed form) or from the ambient water (in dissolved form). Besides
the effects on individual fish species, aquatic pollution affects the overall richness of the
biotic populations in terms of species, ages and sexes. Polluted systems are characterized
by skewed trophic structure as evidenced by the presence of more tolerant species, i.e.,
omnivores, hybrid species, and habitat generalists. Also, older age classes of top

predators may be rare. Extreme degradation ecological conditions may lead to complete

elimination of all aquatic plants and animals.
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2.9 Socio-Economic Ramiﬁgtigns Related to Contaminated Sediments.

Curre‘ntly, there is strong public awareness of the need for protection,
rcmediation; and enhancement of the environment. Since humans are directly impacted
by any scientific and/or technological plan for environmental protection or enhancement,
socioeconomic concerns should be addressed as an integral part of plans for ecological
management, monitoring, and research. As Desjardins (1987) indicated, the continuous
cycle of pollution, industrial production, economics, and politics involves conflicts of
power, social structures, lifestyles, and human values. Very often proposals for
environmental remediation are in conflict with the NIMBY (not in my back yard)
syqdr,ome (Francis, 1987). In spite of the fact that social and ;conomic benefits related
to eéological improvement are well known (e.g., health protection, improved aesthetics,
recreational facilities, increased property values, etc.) these factors are sometimes l;ard
to quantify (Loucks et al. 1981). Whether or not the socioeconomic benefits can be
+ quantified, there is no doubt that improvement of polluted waters and sediments will have
a positive impact on the living standards of the affected communities.

Human health is undoubtedly the most crucial factor in environmental studies.
However, _improving living standards through technological advances is a human
aspiration. It is a combination of needs, aspirations, fears, etc. that drives economic
growth and technological progress (with its resulting environmental degradation) against
social values for healthy and harmonious co-existence of humans with the natural
environment. -

A comprehensive socio-economic environmental study should include three major

social groups (Francis, 1987):
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o federal, state and~ local authorities responsible for environmental protection and
‘ lrehabilitation,

o social groups (industrial, agricultural, sportsmen’s, etc.) whose activities result in
environmental stress, and

o institutional and legislative authorities that can allocate resources for environmental
protection and remediation.

Cooperation between these groups can lead to the development of an operational plan that

will combine: management consensus among all parties concerned, equitable rights to

access and use of the natural resources, and collective self-constraints imposed by

<

. environmental criteria.

2.10 Recommendations.‘

The Lower St. Johns River Basin is a very diverse system with a variety of
ecologiéal and land-use characteristics. A broad attack on the problem of sediment
contamination would be a very complex and possibly financially prohibitive task. Before
pursuing any remedial action, the following steps are recommended:

o Select any highly contaminated area based on consideration of the surficial sediment
composition. Since pollutants have an affinity for fine sediments, aquatic bottoms
comprised of silt, clay, and organic matter generally have higher levels of
contaminant concentration than those comprised of sandy soils. Therefore, in
order to estimate contamination effects, a site with h{gh percentages of silt-clay

fractions should be selected.

o Identify all of the current and historical point and non-point pollution sources
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(domestic, industrial., agricultural) by using GIS, permit information, etc.

0 Once the sources have been identified, quantify their relative importance and determine
whetﬁer each is presently active br inactive. This will include the types of
chemicals used and/or produced, volumes of discharges and/or emissions, the
degree and type of effluent treatment, etc.

o Survey the site(s) and determine the degree of contamination.

o Decide whether remediation is desirable/necessary based on level of contamination.

o Determine the objectives of the remedial action and consider the probability of
successful control of sources.

o If the present (active) pollution sources cannot be controlled‘,{any remedial action will
ultimately fail; therefore, the only appropriate action in this case is to monitor and
document contamination trends.

o Suggest approaches for control of the active pollution sources; i.e., compliance/
enforcément of EPA/DER regulations, permitting, increased level of effluent
treatment, etc.

o If the pollution sources can be controlled, # remedial action plan can be developed
according to the guidelines outlined in sections 1.2 to 1.4.

o Along with any remedial action, a monitoring plan should be established for the
selected site that will include physical, chemical, and biological sampling and
testing. Emphasis should be placed on bio-availability and bio-accumulation tests.
The monitoring plan should include sampling of both se.diments and ambient water

for analysis of nutrients (P and N); toxic metals (As, Cd, Cr, Cu, Hg, Pb, Se,

Zn); chlorinated phenols; PAHs; PCBs; chlorinated pesticides; and coprostanol.
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o Short-term and long-term, temporal and spatial variations of contaminant concentrations
should be documented and analyzed for identification of any pattern or trend of
contamination changes.

o Set criteria for evaluating the success of the ecological improvement plan.
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CHAPTER I

SEDIMENT QUALITY DATA

G. ENVIRONMENTAL CONDITIONS OF THE LOWER ST. JOHNS RIVER
BASIN

3.1 Pollution Sources.

The riverine system of the lower St. Johns River aﬁd its tributaries is a very
coiﬁplex ;ystem whose pollution levels are extremely hard to describe. The St. Johns
River is a "black water" estuary; i.e., the water has a dark brownish color due to high
loads of tannin from decomposing forest leaves and suspended solid particulates.
Because of the resulting reduction in light penetration, aquatic plants grow only in the
shallows, and under natural conditions the system is a net consumer of oxygen.

The Lower St. Johns River Basin (LSJRB) system is the receiver of a vaniety of
pollutants from point and non-point pollution sources. A number of these sources are
discharginé into the tributaries, where weak circulation patterns prevent efficient flushing
of the pollutants. There are approximately 360 domestic and 49 industrial permitted
sources (Table 3.1) discharging approximately 2009 rhillion gallons per day (MGD) into
the surface waters of the Lower St. Johns River Basin. The majority of these sources
are located in the Jacksonville metropolitan area and discharge either directly into the
main river or in some of its tributaries; e.g., Cedar River, Ribault River, Moncrief
Creek, etc.
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Table 3.1 Lower St. Johns River wastewater discharging facilities (SJRWMD, 1991).

LY

Source Type Receiving Stream Design Flow (MGD)
ARLINGTON RIVER SUB-BASIN
Aetna Insurance D Arlington River 0.005
Fla. HRS (Arlington Exp.) D Arlington River 0.100
River Landing Club D Arlington River 0.040
Wendy's (University Blvd.) D Arlington River 0.007
Empress Garden Apartments D Potisburg Creck 0.010
Expressway Motor Ian D Potisburg Creek 0.003
Fleetwood MHP D Pottsburg Creek 0.015
Hogan Spring Glenn #64 D Pottsburg Creck 0.015
Joe Mote! D Pottsburg Creek 0.006
McGebee Realty, TV 47 D Pottsburg Creck _ 0.002
Pincland Gardens D Pottsburg Creek 0.005
Royal Lakes STP D Pottsburg Creek 2.400
Shady Lone Trailer Park D Pottsburg Creck 0.010
Solar Office Building D Potsburg Creek 0.078
SS Estates Elem. #75 D Pottsburg Creek 0.010
State Farm Claims D Pottsburg Creek 0.002
Uncle Johns Pancake House D Pottsburg Creek 0.010
Villas Apartments D Pottsburg Creek 0.035
Weight Watchers D Pottsburg Creek 0.015
Dan's Sandwich Shop D Big Pousburg Creck 0.003
Lil Champ Shopping D Big Potusburg Creck + 0.075
Publix Supermarket (Atlantic) D Big Pottsburg Creek - 0.007
Royal Point Apartments D Big Potsburg Creck 0.050
Secret Cove D Big Pousburg Creck 0.125
Unilantic D Big Pousburg Creck 0.005
Atlantic Oaks Apartmeats D Little Pottaburg Creek 0.025
Beach Bivd. Shopping Ceater D Little Pottsburg Creek 0.025
Cajeco, Inc. D Little Poutsburg Creek 0.003
Clearview Townhouse Apartmeats D Little Pottsburg Creck 0.025
Colonial Point Apartmeats D Little Pottsburg Creck 0.100
Demetree Builders D Little Pottsburg Creek 0.010
Emerson Assoc. D Little Pottsburg Creck 0.010
Harold House Aparuments D Litle Poutsburg Creck 0.025
Jax Liquor (Beach Bivd.) D Litile Pottsburg Creek 0.005
Love Grove Elem. #82 D _ Little Pottsburg Creek 0.008
Nemours Children’s Hospital D Liule Pottsburg Creek 0.020
Paradise lnn D Litile Pottsburg Creek 0.003
Potisburg Ulilitics, Inc. D Liule Pottsburg Creek 0.150
Suntree MHP D Litle Pottsburg Creek 0.030
Hull Chevrolet D Strawberry Creek 0.002
Mill Creck Manor Apartmeats D Strawberry Creek 0.007
Oaks Sewage Complex D Surawberry Creek 0.220
Rivermont Apartments D Strawberry Creek 0.050
Cimmaron Aparumeats D Strawberry Creek 0.025
Famous Amos (#1) D Silversmith Creek 0.005
Lawrence Pharmaceuticals D Beanett’'s Creek 0.005
TOTAL 3.786
BLACK CREEK SUB-BASIN
Camp Blanding D South Fork Black Creek 0.900
Grand Olde Shopping Ceater D South Fork Black Creek 0.020
Penacy Farms Retirement Ceater D South Fork Black Creck 0.060
Clay Unilities D Little Black Creek 1.000
Doxtor's Inlet Elem. School D Little Black Creek 0.0168
USN NAS Cecil Field D Rowell Creek 0.800
Schmitt Trailer Park D Taylor Creek 0.003
Dupoat-Highland Plant 1 Boggy Braoch 10.000
TOTAL 12.7998
Continued:
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Table 3.1 Lower St. Johns River wastewater discharging facilities (SJRWMD, 1991).

(Continued:)
Source Type Receiving Stream Design Flow (MGD)
BROWARD RIVER SUB-BASIN
Ocecapway Shopping Ceater D Broward River 0.014
Peany Pinchers Truck Stop D Broward River 0.007
Port Carriers, Ioc. D Broward River 0.002
Simplex Industrics I Broward River 0.003
Anheuser-Busch Turf Farm 1 Cedar Creek 1.000
CSX Transportation, West 1 Cedar Creek 0.200
Cleancrs Hanger Company 1 Cedar Creek 0.008
Decha Airlines 1 Cedar Creek 0.006
East Coast Oil, Inc 1 Cedar Creek - 1.200
Airport Motor lon D Littie Cedar Creek 0.010
Oceanway Elem. #61 & #62 D Little Cedar Creck 0.017
Ortcga Airport System D Littic Cedar Creck 0.175
Red Carpet Inn D Little Cedar Creek 0.030
JPA International Airport D Pickett Branch 0.500
TOTAL 3.172
CRESCENT LAKE SUB-BASIN
Crescent City Jr/Sr High D Crescent Lake 0.0015
City of Crescent City STP D Crescent Lake 0.25¢
City of Buanel D Black Branch 0.300
St Johns Riverside Estates D Duan’s Creek 0.005
: TOTAL  0.5565
DUNN CREEK SUB-BASIN
Jax City Pit-Oceanway Magor D Duna Creek 0.700
Shefficld Elemeatary D Canecy Branch 0.010
TOTAL 0.710
ETONIA/RICE CREEK SUB-BASIN
Georgia Pacific Corp. 1 Rice Creek 50.000
. TOTAL 50.000
JULINGTON CREEK SUB-BASIN
Baywood MHP D Julingtoo Creck 0.080
Baywood Mobile Home Park D Julington Creek 0.080
Gatewsy Community Service D Julington Creck 0.0075
Mandarin Marina D Julington Creek 0.005
Mandarin Marina Scafood D Julington Creck 0.0033
Wesley Manor Retirement Villige D Julington Creck 0.100
Bayard Raceways, Inc. D Durbin Creek 0.0135
Amoco Service Station D Sampson Creek 0.002
Exxon D Sampson Creck 0.0024
G & M Truck Plaza D Sampson Creek 0.0188
St. Aug./Jax South KOA D Sempsca Creck 0.017
Stuckey’s Pecan Shop D Sampsoa Creek 0.012
Lorreto Elem. School #30 D Oldficld Creek 0.010
Sherrod Vans D Sweetwater Beanch 0.005
Julington Creek School D Floral Branch 0.0075
TOTAL 0.364
ORTEGA RIVER SUB-BASIN
Airbase MHP D Ortega River 0.006
Americana MHP D Ortega River 0.010
Aznalea MHP D Ortega River 0.025
Blanding MHP D Ortega River 0.003
Country Rosds MHP D Ortega River 0.060
GT Propertics D Ortega River 0.015
Justiss Trailer Park D Ortega River 0.015
Lake Forest Jr. High School D Ortega River 0.040
Malibu Garden Apartments D Ortega River 0.020
Onepa Forest S/D D Ortega River 0.150
Continued:
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Table 3.1 Lower St. Johns River wastewater discharging facilities (STRWMD, 1991).
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. (Continued:)
Source Type Receiving Stream Design Flow (MGD)
Ontega Hills STP D Ortega River 0.250
Riverside Village Shop. Ceater D Ortega River 0.010
Senior Citizen’s MH Terrace D Ortega River 0.006
Stockton Elementary #88 D Oriega river 0.008
Tinuquana Elementary #98 D Onega River 0.009
Timuquana Village Condo. D Ortega River 0.016
Villa del Rio & Ortcga D Ortega River 0.150
Westside MHP #1 D Ortega River 0.001
Westside MHP #2 D Ontega River 0.015
CAT&T D Cedar River 0.003
All American Hot Dog D Cedar River 0.003
Baron’s Amoco D Cedar River 0.002
Brown'’s Shopping Ceater D Cedar River 0.012
Buffalo Tank Company D Cedar River 0.002
Cedar Shores Apts. STP D Cedar River 0.035
Cross Creek Apartments D Cedar River 0.070
CSX Transpottation (West End) 1 Cedar River 0.048
Denny Moran's Restaurant D Cedar River 0.007
Doctor’'s Office Building D Cedar River 0.005
Duplex Products, Inc. D Cedar River 0.002
Dura-Bond Protective Coat D Cedar River 0.005
Emerik Propertics D Cedar River 0.003
Florida Wirc and Cable Company 1 Cedar River 0.072
Florida Wire and Cablc Company D Cedar River 0.002
Ford Motor Co. Parts Center D Cedar River 0.007
Four Scasons MHP D Cedar River 0.015
Hart Haven MHP D Cedar River 0.005
HKH Industrics D Cedar River 0.003
Hyde Pask Elem. School #77 D Cedar River 0.008
JEA Westside Service Ceater D Cedar River 0.002
Kelly’'s MHP D Cedar River 0.009
Mike and Frank‘s Trailer Park D Cedar River 0.003
Murray Hill Lumber D Cedar River 0.007
Pat and Mike's Restaurant D Cedar River 0.007
Paxon Prof. Center D Cedar River 0.002
Ramona Elementary #79 D Cedar River 0.009
Reichhold Chemicals, Inc. 1 Cedar River 0.084
Reichhold Chemicals, Inc. D Cedar River 0.010
River City Chirysler/Plymouth D Cedar River 0.002
Simmons Company D Cedar River 0.019
Sudler STP D Cedar River 0.003
Tara Manor Town Homes D Cedar River 0.002
U-Haul Interaatiogal of Fla. D Cedar River 0.005
US Bulk Post Office D Cedar River 0.050
United Parcel Service D Cedar River 0.004
Westside Dodge D Cedar River 0.003
Blair Rosd Apartments D McGirt's Creek 0.006
Bonanza Terrace MHP D McGirt's Creek 0.006
Colony MHP D McGirt's Creek 0.060
Duclay MHP D McGint's Creek 0.003
DOT Arca (castbound) D McGint's Creek 0.012
Holiday Estates MHP D McGirnt's Creek 0.025
Lake Forest MHP D McGirt's Creek 0.068
Napoli Trailer Park D McGirt's Creek 0.015
Normandy Pincs MHP D McGirt's Creek 0.012
Ortega-Blanding STP D McGirt's Creek 0.350
Parkwest MHP D McGirt's Creek 0.040
Taylor's MHP D McGirt's Creek 0.006
West Mcadows MHP D McGirt's Creek 0.010
Whitchouse Elementary D McGirt's Creek 0.070
Jacksonville Heigbts STP D Fishing Creek 2.500
Continued:



Table 3.1 Lower St. Johns River wastewater discharging facilities (SJRWMD, 1991).

(Continued:)
Source Type Receiving Stream Design Flow (MGD)
Sacred Heart Church D Fishing Creck 0.008
Sault Plaza D Fishing Creck 0.002
Shops of Timuquana D Fishing Creck 0.010
Thunderbird Traiter Park D Fishing Creek 0.015
Wares MHP #1 D Fishing Creek 0.015
Wares MHP 2 D Fishing Creek 0.015
Westconnett Elementary #57 D Fishing Creek 0.012
Wil-Mar Apartments D Fishing Creek 0.004
Hyde Grove 8/D D Wills Branch 0.170
Leondontowoe Apartmcats D Wills Branch - 0.150
Munchie Court Apartments D Wills Branch 0.007
Normandy Estatcs D Wills Branch 0.100
Nommandy Village D Wills Branch 0.400
Ortega Wtility (Herlong Syst.) D Wills Branch 0.065
Working Man's Friend D Wills Branch 0.002
Biltmore Elom. School #78 D Little Sixmile Creck 0.007
Nimnicht Chevrolet D Big Fishweir Creck 0.002
TOTAL 5498
SDXMILE CREEK SUB-BASIN <«
Days Ion D Six Mite Creek 0.025
Denny’s Restaurant D Six Mile Creek 0.020
Red Carpet Inn/Candyland D Six Mile Creck 0.005
Mill Creek School D Mill Creek 0.004
TOTAL 0.054
ST. JOHNS RIVER SUB-BASIN
Amcrada Hess Corporation I St. Johns River 0.00002
Amoco Oil Co. 1 St. Johns River 0.0024
Arlington STP D St. Johns River 10.000
Beakon Hills STP D St. Johns River 0.836
Boys Home Association D St. Johns River 0.013
Briarwood STP - D St. Johns River 0.780
Browming Pierce Elem. #1 D St. Johns River 0.005
Browning Pierce Elem. #2 D St. Johns River 0.0043
Buckman Strect STP D St. Johns River 52.500
Carrisge House Apartments D St. Johns River 0.025
City of Green Cove Springs D St. Johns River 0.500
City of Palatka D St. Johns River 3.000
District 2 STP (City of Jax) D St. Johns River 10.000
Fleming Island System STP D St. Johns River 0.230
Fort Caroline Club Estates D St. Johns River 0.012
FPL Palatka Plant 1 St. Johns River 125.000
Jacksonville University D St. Johns River 0.200
Jax City Ph-Fort Caroline D St. Jobns River
Jax Episcopical High School D St. Johns River 0.020
JEA Keanedy, G.S. (Chem.) 1 St. Johns River 0.090
JEA Northside (Thermal) 1 St. Johns River 1246.000
JEA Southside (Thermal) I St. Johns River 358.100
JEA Southside (Emerson) D St. Johns River 0.003
Jefferson Smurfit Corp. 1 St. Johns River 6.000
Johns-Manville Mfg. Corp. D St. Johns River 0.005
JPA Blount 1sland (New) 1 St. Johns River
JPA Blount Island (Old) | St. Johns River )
JPA Blount Island D St. Johns River 0.030
JPA Joysery (Talleyrand) D St. Johns River 0.010
JPA Talleyrand i St. Johns River
Lakewood Apartments D Si. Jobns River 0.025
Magnolia Springs Apanmeats D St. Johns River 0.078
Mandarin STP D St. Johns River 3.250
Marinc Scicnce Center D St. Johns River 0.003
Miller Sueat STP D St. Johns River 4.000
Continued:
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Table 3.1 Lower St. Johns River wastewater discharging facilities (SJRWMD, 1991).

. (Continued:)
Source Type Receiving Stream Design Flow (MGD)
Miramar Shopping Center D St. Jobns River 0.011
Moaterey STP D St. Jobns River 3.000
Naval Supply Center 1 St. Johns River
Oak Lane Building D St. Jobhns River 0.002
OXCE Fuel Co. (COM Energy) 1 St. Johns River 0.0106
Parson’s Restaurant D St. Jobns River 0.0750
Petroleum Fuel and Terminal Co. 1 St. Johns River
Phillips Petroleum 1 St. Johns River
Port Buena Vista MHP D St. Johns River . 0.015
Reynolds Industrial Park 1 St. Johns River 0.068
Riverside Plaza 1 St. Johns River
San Jose S/D D St. Johns River 2.250
Sapn Jose Shores D St. Johns River 0.028
Seminole Kraft Paper Co. 1 St. Johns River 63.000
Southwest District D St. Johns River 5.000
St. Johns Campground D St. Johns River 0.005
Strickland’s Restaurant D St. Johns River 0.030
The Point Townhouses D St. Johns River 0.015
Town of Hastings D St. Johns River 0.100
Town of Orange Park D St. Johns River + 2500
University Park D St. Johns River : 0.750
US Coast Guard D St. Johns River ' 0.005
USN Mayport Naval Station 1 St. Johns River 0.200
USN Mayport Naval Station D St. Johns River 1.800
USN NAS Mainside D St, Johns River 3.000
Witco Chemical 1 St. Johns River 0.075
CSX Transportation 1 McCoy's Creek 0.200
CSX Transportation, East End 1 McCoy's Creek 0.200
Beauclere Bay Apartments D Goodby's Lake 0.020
Crary Horse Saloon D Goodby's Lake 0.007
Mac Paper Converters D Goodby's Lake 0.002
Woodlake Apartmeats D Goodby's Lake 0.070
Bob's Super Sandwich Shop D Goodby's Creek 0.002
Ring Powcr Corporation 1 Goodby's Creek 0.001
Beach Road Chicken Dinners D Miller’s Creek 0.005
Burger King #3 Beach Blvd. D Miller's Creek 0.004
Art Museum Gardea Apanmcats D Miller's Cove 0.350
Camclot Village Apartmeats, STP D Christopher Creek 0.025
Derby House Restaurant D Curistopher Creek 0.002
McDonalds (Old St. Augustine Rd.) D Christopher Creek 0.003
Mercury Luggage D Christopher Creek 0.007
Pooce De Leon Trailer Park D Jones Creck 0.015
Regency Plaza Shopping Ceater D Jones Creek 0.010
Regency Village Apartments D Jones Creek 0.100
Brookview Trailer Park D Ginhouse Creek 0.003
Lone Star Elementary #233 D Ginhouse Creek 0.015
Duval Motors D Fishweir Creek 0.002
JEA Northside Domestic D San Carlos Creek 0.005
Ortega Executive Center D Pirate’'s Cove 0.015
Pme Forest Blementary #159 D New Rose Creck 0.010
San Hose Elementary #83 D New Rose Creck 0.008
Woodmere D Fairchild Braach 0.500
Holly Oaks D Cowhead Creek 1.006
Associated Mincrals (USA) Inc. 