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Multi-linear models, 310-312
higher-order arrays, 311-312
two-way case, 310-311
Multi-spectral scanners, 438-439
Multidimensional separation, 170-171
Multivariate statistics, 308-314
in comparison of diagnostic ratios, 249-250
constrained least squares (CLS), 466468
multi-linear models, 310-312
in oil spill fingerprinting, 294-296

partial least squares (PLS), 468
variable selection and scaling, 312-314
Mussels, 387, 391-393, 477-480
Mpycobacterium vanbaalenii, 351
Mysidium gracile, 507
Mystery spills, 2-3, 66—67

N
N-alkanes, 90, 361, 362, 383
N-butane, 361
N-cyclohexyl-2-benzothiozolamine (NCBA), 497
N-way toolbox, 297
Naphthalene dioxygenase, 352
Naphthalenes, 339
Naphthenes, 14, 350
Naphthenic acids, 361
Naphthobenzothiophenes, 8, 267, 271, 300
Naphthothiophenes, 27, 149
Napthalene carboxylase, 356
Napthalenes, 5

carbon isotope ratios, 222

GC/FID analysis of, 267

mass fragments, 300

in oil spills, 8, 183, 514

vapor pressure of, 382
National Petroleum Reserve, Alaska (NPRA), 367
Natural dispersion, 130-131
Natural hydrocarbons, 37-41

algal debris, 38-39

oil seeps, 41

vascular plants, 38-39

wood charcoal, 39-41
Natural resource damage assessment (NRDA),

265

Navy Fuel Oil (NFO), 67
Nd:YAG laser, 424, 433
NetCDF (software), 296
New Carisa, 68
Nigerian Bonnie Light crude oil, 16-17
Night vision cameras, 423
Nipisi oil spill, 90
NIST 1582 oil, 110
Nitrate-reducing bacteria, 366
Nitrogen isotope ratios, 211, 224
Nitrogen laser, 424
Nitrogen oxides, 150
Nomenclature, 77-81
Non-tanker spills, 2
Nonane, 353, 383
Nonaqueous phase liquids (NAPLs), 99
Nonmatch, 251, 259, 273, 319
Nordtest method, 229-230, 273-276
Norhomohopane, 528-530



Norhopanes, 360-361
biomarker indices, 271
diagnostic ratios, 242
formation of, 360-361
GC/FID analysis of, 267
mass spectra of, 87
susceptibility to biodegradation, 362

Normalization, 306

Normoretane, 242, 267

Norneohopane, 133, 242, 267

Norpristane, 267, 271

o

Ocean circulation, 411-412
Octadecane, 236, 352
Octane monooxygenase, 351
Octane rating, 351

Office of Solid Waste and Emergency Response,

36
Offshore rigs, discharges from, 2
Oil embargos, 328
Oil fractions, 104, 213, 457

Oil hydrocarbon fingerprinting, 293-294. See also

Biomarker fingerprinting
analytical methods, 298-300
fluorescence spectroscopy, 298-299
gas chromatography/mass spectrometry
(GC/MS), 299-301
data evaluation, 314-319

numerical comparisons and statistical tests,

317-319
score and loading plots, 315-317
data preprocessing, 302-308
diagnostic ratios, 306-307
fluorescence spectra, 307-308
partial GC-MS/SIM chromatograms,
303-306
baseline removal, 303-304
normalization, 306
retention time alignment, 304-305
integrated multivariate, 296-297
multivariate statistics, 294-296, 308-314
multi-linear models, 310-312
higher-order arrays, 311-312
two-way case, 310-311
variable selection and scaling, 312-314
quality assurance, 301-302
quality control, 301-302
sample preparation, 297
Oil-in-ice detectors, 436438
Oil-mineral aggregation, 132
Oil production platform spills, 2
Oil seeps, 1, 41, 196-201

Index

Oil spills, 1-3

accidental, 1-2

chemical toxicity of, 59-60

coastal, 6263

evolution of, 413416
oil weathering, 414416
spreading, 413414

fingerprinting of, 181-201
Buzzards Bay No. 6 fuel spill, 191-195
Mobile Bay marine diesel fuel spill,

181-184

Santa Barbara oil seep, 196-201
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West Falmouth No.2 fuel oil spill, 184-187

Winsor Cove fuel oil spill, 187-191
identification of, 231-233
intentional operational discharges, 1-2
known-source release, 3
on land, 56
marine, 62-63
modeling of, 405416
forecasting and hindcasting, 406—407
overview, 405-406
transport, 407-413
currents, 411-412
turbulent diffusion, 413
wind, 409411
multidimensional analysis of, 170-171
mystery spills, 2-3
remote sensing of, 419-439
acoustic systems, 435
detection of oil under ice, 436438
future trends in, 438-439
laser fluorosensors, 423-426
microwave sensors, 426-428
radar, 426428
radiometers, 426
scatterometers, 428
optical sensors, 420—423
infrared, 422423
night vision cameras, 423
ultraviolet, 423
visible, 420-422
visible indications of oil, 420422
real-time displays and printers, 438
satellite, 435-436
slick thickness, 428-435
remote sensors, 431-432
specific sensors, 431-435
visual indicators, 428431
visible indications of oil, 420
sensitivity of birds to, 216-217
source identification of, 125-130, 134-138
sources of, 1-2
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Oil spills (Continued)
terrestrial, 61-62
on water, 56
Oil-water interface, 429
Oily wastes, 28
Oleanane, 90
diagnostic indices, 271
diagnostic ratios, 242, 528-530
GC/FID analysis of, 267
identification of, 459
in oil spills, 120-123
structure of, 14
Operational discharges, 1-2
Optech Inc., 426
Optical frequency compensation device (OFCD),
433
Optical sensors, 420-423. See also Remote
sensing
infrared, 422-423
night vision cameras, 423
ultraviolet, 423
visible, 420-422
Organo-sulfur compounds, 148—-150
Orimulsion, 425
Orinoco crude oil, 96-99, 357
Oscillatoria, 365
Oserberg Field Centre oil, 315-317
Oserberg South East oil, 315-317
Oxidants, 365-366
Oxidation, 415-416
Oxidative element analyzers, 210
Oxidative metabolic gearing, 368
Oxygen, 351-352
Oxygen isotope ratios, 224

P

Paraffins, 14, 350, 359

Parallel factor analysis (PARAFAC), 307-312
Parent ions, 85-86

Partial least-squares regression, 295, 310, 468
Particles, 408-409

Particulate coal, 39-41

Pattern recognition, 294

Pearl River Estuary, 516

Pee Dee Belemnite (PBD), 208
Pentaaromatics, 14

Pentacyclic terpanes, 135-138

Pentacyclic triterpanes, 267
Pentakishomohopanes, 267

Pentanes, 361

PERF Method, 62

Perfluorotributylamine (PFTBA), 85, 268
Personal protective equipment (PPE), 60-61

Perylene, 40
GC/FID analysis of, 267
generation of, 453
in heavy fuel oils (HFO), 339
in oil spills, 8, 514
Petrobras, 506
Petrobras Geochemistry Laboratory, 85
Petrogenic hydrocarbons, 350, 450453
Petroleum, 11-12. See also Crude oils
aromatic steranes in, 104—109
biomarkers in, 99-101
chemical fingerprinting of, 258

crude oil genesis (primary control), 13—-18

high-resolution separation of, 169
manmade, 12
natural, 11
primary controls, 12
refining, 18-26

distillate fuels, 22-27

gasoline, 21-22

lubricating oils, 28

residual fuels, 27-28
secondary controls, 18-26
sulfur compounds in, 148-150
tertiary controls, 29-37
weathering, 12, 29-37

Petroleum biodegradation. See Biodegradation

Petroleum biomarkers. See Biomarkers
Petroleum products, 350-351
Phenanthrenes, 5
biodegradation of, 355, 361
diagnostic ratios, 237-239
in distillate fuels, 27
in Exxon Valdez oil spill, 461
in heavy fuel oils (HFO), 339
mass fragments, 300
in Mobile Bay marine fuel spill, 267
in oil spills, 183-184, 514
response factor, 8
Phenanthrothiophene, 149
Phenazines, 369
Phenols, 360, 361
Phosphorus, 329
Photochemical processes, 155
Photooxidation, 34, 131-132, 153, 382
Physical data, collection of, 63
Phytane, 75, 236, 267, 352
Pink salmon, 474-477
Pipeline spills, 2
Plant biomarkers, 90
Platform Elly crude oil, 96-99, 109
Point sources, 1
Point-to-point matching, 295



Polars, 15, 360
Polycyclic aromatic compounds (PACs), 160,
232-233, 238-239, 300
Polycyclic aromatic hydrocarbons (PAHs), 8-9.
See also Biomarkers
accumulation of, 390-393
aerobic biodegradation of, 355
analysis of, 497-498
catabolic degradation of, 387-393
depuration of, 390-393
diagnostic indices, 269-272
diagnostic ratios, 510-511, 514
distribution coefficient of, 384
in Exxon Valdez oil spill, 457458
in heavy fuel oils (HFO), 338-343
in light oils and condensates, 350
mass fragments, 300
multivariate analysis of, 511
persistence of, 390-393
principal component analysis (PCA), 514
pyrogenic index, 457-458
in qualitative fingerprinting, 264-265
quantitative evaluation of, 135-138
in quantitative fingerprinting, 268, 464-465
separation from PASHs, 157-158
source allocation of, 469-470
susceptibility to biodegradation, 362
uptake in biota, 477-480
in urban runoff, 4243
Polycyclic aromatic sulfur heterocycles (PASHs),
147-164. See also Biomarkers
analysis methods for, 155-159
selective detection in gas chromatography,
156-157
atomic emission detection (AED), 157
flame photometric detection (FPD),
156-157
mass-selective detection (MSD), 157
sulfur chemiluminescence detection (SCD),
157
separation from PAH, 157-158
two-dimensional gas chromatography (GC x
GC), 158
in Egyptian crude oil, 152
identification of, 150
influence of refinery processes on, 150-152
overview, 147-148
quantification of, 158-159
as source markers, 160-162
stability of, 152-155
structures of, 148—150
as weathering markers, 162-163
Polydimethylsiloxane, 174
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Polysilphenlylene, 174
Porphyrins, 125, 360, 361, 362
Portland Harbor, 516
Positive match, 250-251, 273, 319
Potentially responsible party (PRP), 230, 265
Poul Creek crude oil, 460-461
Pour point, 329
Precambrian period, 350
Pregnane derivative, 243
Prestige oil spill, 428
Primary controls, 13-18
Prince William Sound, 41, 128, 211-212, 295,
450-453
Principal component analysis (PCA), 249-250,
294-296, 310, 465-466
Principal component regression (PCR), 310
Printers, 438
Priority pollutants, 5
Pristane, 14
biodegradation of, 352
biomarker indices, 271
diagnostic ratios, 236
GC/FID analysis of, 267
Probable match, 251, 259, 273, 319
Procedural artifacts (PA), 471-474
Propane, 361
Propyl benzene, 354-355
Propylene, 352
Proteobacteria, 356-357
Prudhoe Bay oil, 115
Pseudomonads, 364
Pseudomonas, 153
Pseudomonas mendocina, 354
Pseudomonas putida, 351-354
Pseudomonas stutzeri, 353
Pyrenes, 5
GC/FID analysis of, 267
in heavy fuel oils (HFO), 339
mass fragments, 300
in oil spills, 514
response factor, 8
Pyridines, 361
Pyrite, 364
Pyrogenic hydrocarbons, 451, 453
Pyrogenic index, 457458
Pyrrols, 361

Q
Qualitative allocation models, 464
Qualitative fingerprinting, 258-263
match criteria, 259-260
shortcomings of, 260-263
genetically similar oils, 260-261
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Qualitative fingerprinting (Continued)
mixing, 261-263
qualitatively similar oils, 261
weathered oils, 260
Quality Assurance Project Plan (QAPP), 70
Quality assurance (QA), 10-11, 70-71, 301-302
Quality control (QC), 10, 70-71, 301-302
Quality management plan (QMP), 10
Quantitative fingerprinting, 263-265
in analysis of mixed source oil, 276289
fuel oil spills, 279-289
marine oil spills, 277-279
two-component mixing models, 276-277
data generation for, 265-269
data quality, 269
GC/FID analysis, 266-268
GC/MS analysis, 268-269
sample collection, 265-266
sample preparation, 266
diagnostic indices, 269-272
source identification protocols, 272-276
Quantitative models, 464—469
PAH ratios, 464—465
statistical models, 465-468
constrained least squares (CLS), 466—468
partial least squares (PLS), 468
total organic carbon (TOC), 468-469
Queen Vein coals, 460461
Quinones, 369

R
Radar, 420, 426428, 438
Radar satellites, 436
Radarsat satellite, 436
Radiolysis, 352
Radiometers, 426, 438-439
Ralstonia pickettii, 351
Raman scattering, 298-299, 424
Rayleigh scattering, 298-299
Real-time displays, 438
Recent organic matter (ROM), 469
Recreational marine vessel, discharges from,
2
Reductive element analyzers, 210
Reference index (RI), 114
Refineries, 20-21, 350-351
Refractive index, 429, 459
Relative response factors (RRFs), 9, 266
Relative standard deviation (RSD), 249, 313
Remote sensing, 419-439
acoustic systems, 435
future trends in, 438-439
microwave sensors, 426—428

radar, 426-428
radiometers, 426
scatterometers, 428
optical sensors, 420—423
infrared, 422423
night vision cameras, 423
ultraviolet, 423
overview, 419-420
real-time displays and printers, 438
satellite, 435-436
slick thickness, 428-435
remote sensors, 431432
specific sensors, 431-435
visual indicators, 428-431
visible indications of oil, 420
Remotec Applications Ltd., 436
Repeatability limit, 246
Reservoir biodegradation, 357-358
Reservoir strata, 11
Residual fuel oils, 327-346. See also Crude oils;
Petroleum
boiling points, 332-333
chemical fingerprinting, 330-332
classification of, 329-330
composition of, 333-336
vs. crude oil, 343-346
historical perspective, 328
ISO specifications for, 329-330
isoalkane ratios, 331
molecular variability in, 336-343
biomarkers, 336-338
polycyclic aromatic hydrocarbons (PAHs),
338-343
overview, 327
production of, 329-330
quantitative fingerprinting of, 279-289
samples and analytical methods, 332
total hydrocarbons, 331
Residual fuels, 27-28
Residuals, 328
Resolution power, 312
Resonance scattering, 437
Resorufin, 390
Retene, 237-239, 267, 271, 453
Retention time, 151, 304-305
Retention time markers, 10
% Ring number, 271
Rio de la Plata Estuary, 516
Risk assessment, 58—-59
River runoff, 4243
Rotational freedom, 310
Round Robin exercise, 230
Runoff, 4243



S
Safety management, 57-58
Safety response zones, 58—59
Sampling, 64-67
design, 65-66
known-source spills, 64-66
on land, 65
oil source, 65
water column, 64—-65
San Francisco Bay, 516
Sandstones, 368
Santa Barbara oil seep, 196-201, 405
Sarasota Bay, 516
Satellite remote sensing, 435-436
Scanners, 421
Scatterometers, 428
Scores, 315-317
Scotia Light crude oil, 93-99, 111-113
Secondary biogenic methane, 369
Secondary controls, 18-35
Sedimentation, 132
Sediments, 492-494
Seepage, 195-201
Select ion monitoring (SIM), 268, 332
Selected ion monitoring (SIM), 7, 84-85
Semipermeable membrane devices (SPMDs), 220,
481
Separation methods, 169-170
Sequence of priority, 81
Sesquiterpanes, 109-114. See also Biomarkers
as biomarkers, 24
characterization of, 135
cross-plots of, 129-130
diagnostic ratios, 127, 137, 240-245
labeling and nomenclature of, 78
mass fragments, 300
structures of, 14
Seychelles Islands, 218
Shear waves, 437
Shipborne radars, 428
Shoreline Cleanup Assessment Technique (SCAT),
62
Side-looking airborne radar (SLAR), 427
Signal-to-noise (S/N) test, 246248
Silica gel, 82
Similar match, 259-260
Singular value decomposition (SVD), 310
SINTEEF, 231
Site investigations, 55-71
data collection in, 63-64
data management, 67-71
emergency response phase, 57-61
chemical toxicity analysis, 59-60
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personal protective equipment (PPE), 60-61
risk assessment and characterization, 58-59
safety management, 57-58
working environment safety, 60
factors in, 57
geographic boundary determination in, 61-63
coastal oil spills, 62—63
marine oil spills, 62—-63
terrestrial spills, 61-62
petroleum PASH markers in, 159-164
reconnaissance survey in, 55-57
sampling plan and design, 64—67
known-source spills, 64—66
mystery spills, 66-67
site characterization in, 55-57
Sockeye crude oil, 96-99
Sohxlet extraction, 219, 297
Source allocation models, 462
Source ratios, 160
Source-specific biomarkers, 121-125. See also
Biomarkers
4-methyl steranes, 124
beta-carotane, 124
bicadinanes, 124
diahopane, 122-124
hopanes, 124
macrocyclic alkanes, 124-125
polycyclic aromatic sulfur heterocycles
(PASHs), 160-162
porphyrins, 125
Source strata, 11
South Louisiana crude oil, 93-99
Southern California Monterey Formation, 212
Specific gravity, 350
Sphalerite, 364
Sphingomonas macrogolitabida, 353
Sphingomonas yanoikuyae, 354
Spills. See also Oil spills
Spreading, of oil spills, 413414
Squalane, 75
St. Lawrence River, 218
Stable isotope ratios, 207-224
basis of, 208
bulk isotope ratios, 210-213
compound-specific isotope analysis (CSIA),
214-220
in geochemical materials, 209
instruments, 208-210
measurement of, 207-210
overview, 207
standards, 208
weathering, 220-224
Standard Mean Ocean Water (SMOW), 208
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Steranes, 75-77. See also Biomarkers
biodegradation of, 133, 353, 361-362
diagnostic indices, 271
diagnostic ratios, 127, 137, 528-530
evaluation of, 135-138
in Exxon Valdez oil spill, 461
labeling and nomenclature of, 78
mass fragments, 300
mass spectra of, 86-90
structures of, 14

Stereoisomers, 79-80

Steroids, 240

Stigmastanes, 81, 133-134

Still cameras, 438-439

Strait of Malacca, 489
hydro-oceanographic conditions of, 489-491
oil pollution sources in, 491-492
oil spill events in, 491
oil spill investigations, 492—-502

analytical procedure, 495496
biomarkers, 498-501
instrumental analysis, 496498
alkanes, 496-497
hopanes, 496-497
N-cyclohexyl-2-benzothiozolamine
(NCBA), 497
polycyclic aromatic hydrocarbons (PAHs),
497-498
methodology, 492-495
aerosol samples, 495
asphalt samples, 494
extraction, 496
fresh crankcase oil, 494
sample collection, 492
sediment samples, 492494
source petroleum, 492
street dust samples, 493
tar-ball samples, 492
tire rubber, 495
used crankcase oil, 495
molecular markers, 501-502
polycyclic aromatic hydrocarbons (PAHs),
502
ship traffic in, 491

Street dust, 493

Subsurface biodegradation, 357-362

Subsurface circulation models, 412

Succinates, 355

Suez-Mediterranean pipelines, 163

Sulfate-reducing bacteria, 357, 366-367

Sulfate reduction, 366

Sulfides, 148

Sulfolobus solfataricus, 365

Sulfur, 148

Sulfur chemiluminescence detection (SCD),
157

Sulfur compounds, 26-27, 148-150, 214

Sulfur-free gasoline, 150

Sulfur isotope ratios, 211, 213, 224

Sulfur oxides, 150

Surrogates, 83

Synechococcus, 365

Synthetic aperture radar (SAR), 427

Synthropic microorganisms, 356

T
Tamar Estuary, 516
Tanker spills, 2
Tar balls, 69, 120, 211-213, 492, 499-502
Tar sands, 357
Tensors, 311
Tenyo Maru oil spill, 422
Teresso industrial oil, 110, 113
Terminal electron acceptors, 362-363, 366, 369
Terpanes, 75
biodegradation of, 133
diagnostic ratios, 127, 137, 528-530
evaluation of, 135-138
in Exxon Valdez oil spill, 461
labeling and nomenclature of, 78
mass fragments, 300
Terpenes, 74
Terpenoids, 74-77
acyclic, 75
cyclic, 75-77
Terrestrial spills, 61-62
Tertiary controls, 29-43
background chemicals, 37-43
weathering, 29-36
Tertiary petroleum system, 17
Tetraaromatics, 14
Tetrakishomohopanes, 267
Tetralin, 353
Tetramethyladamantanes, 114-117
Tetramethylphenanthrenes, 361
TFE-fluorocarbon polymer, 265
Thaurea aromatica, 355
Thermal mapping, 432-433
Thermo Electron Corp., 173
Thermopiles, 364-365
Thermus, 364
Thiacyclohexane, 149
Thiamonocyclanes, 148
Thiapolycyclanes, 148
Thiopanes, 149
Thiopenes, 149-150



Three percent (3%) rule, 410
Tidal current, 411-412
Time-of-flight mass spectrometry (TOFMS),
173
Tire rubber, 495
Toluene, 5, 14, 353, 364
Toluene-3-monooxygenase, 351
Torrey Canyon, 405
Total ion chromatogram (TIC), 84
Total organic carbon (TOC), 459, 468-469
Total petroleum hydrocarbons (TPH), 38-39,
266
Toulon Harbor, 516
Toxicity, 59-60
Transform (software), 173
Transmittance, 424
Triaromatic steranes, 271, 300
Triaromatic steroids, 243, 267
Triaromatics, 14
Tricyclic terpanes, 361
Tricyclic triterpanes, 267
Trimethyl benzene, 354-355
Trimethylbiphenyls, 361
Trimethylnaphthalenes, 361
Triple quadropole GC-MS-MS, 85-86
Triplet ratios, 128
Trishomohopanes, 242, 267
Trisnorhopane, 242, 267
Trisnorneohopane, 242
Triterpanes, 14
diagnostic indices, 271
diagnostic ratios, 240-244, 253
distribution of, 120
GC/FID analysis of, 267
Troll crude oil, 93-99
Turbulence, 413
Two-component mixing models, 276-277

U

Ultraviolet cameras, 438

Ultraviolet sensors, 423

Uncertainty analysis, 409

Unresolved complex mixture (UCM), 359
in GC/FID analysis, 7, 42-43
in marine fuel oils, 333-334
in oil spills, 184-186

Urban runoff, 4243

Ursene, 90

\Y%

Vacuum gas oils, 22

Van der Waals force, 382
Vanadium, 329
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Vapor pressure, 382

Vapors, 59

Variable-outlier detection, 313
Variables, 312-314

Vascular plants, 38-39
Vegetation biomarkers, 90
Venezuela Fuel No. 6, 100-101
Vertical velocity sensor, 434
Vibrio fisheri, 507

Video cameras, 421, 438-439
Viscosity, 329, 351

Visible spectrum, 420-422
Volatile organic compounds, 60
Volatile solvents, 22

w
Wallach, Otto, 74
WARM zone, 59
Warping path, 304-305
Water-soluble fraction (WSF), 382, 471
Water-washing, 384
Waterborne oil spills, 62-63
Wavelengths, 429
Waxes, 34-35
Waxy bitumens, 215
Weathered percentages, 134
Weathering, 29-37
biodegradation. See Biodegradation
de-waxing, 34-35
definition of, 12
dissolution, 32, 131
emulsification, 130
evaporation, 30-32, 130
GC/FID screening, 236-237
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and hydrogen accumulation by biota, 382-383

markers, 162-163
and mass loss, 458
mousse formation, 34
natural dispersion, 130-131
oil-mineral aggregation, 132
in oil spills, 414416
photooxidation, 34, 131-132
and qualitative fingerprinting, 260
sedimentation, 132
and stable isotope ratios, 220-224
wax enrichment, 34-35
Weathering ratios, 160
Weighted least-squares analysis, 295, 312-314
West Falmouth fuel spill, 184-187
West Texas crude oil, 111-113
Wind, 409-411
Wind drift factor, 410
Wind-driven current, 411-412
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Winsor Cove fuel oil spill, 187-191
Working environment, safety of, 60

X

X-band radar, 427428
XeCl excimer laser, 424-425
Xylene monooxygenase, 354
Xylenes, 5

Y
Yakataga Formation shale, 460461
Yalujiang Estuary, 516

VA
Zinc, 329



