
Appendix A: Sediment Sampling from US Coastal Waters. 

Sampling objectives 
1. Measure size distribution of sediment 

2. Measure Total Petroleum Hydrocarbon content 

3. Measure the potential of these sediments to aggregate with different crude oils. For this, 
mixtures of sediment and oil will be shaken in seawater for a couple of hours. 

Sampling Sites 
1. Sampling sites should be coastal regions close to the following geographical locations: 1) 

Delaware Bay (Delaware), 2) Mississippi River Delta (Gulf of Mexico), 3) Columbia 
River Delta (Washington/Oregon), and 4) Cook Inlet (Alaska). 

2. The site should be rich in fine sediment, i.e. clay or silt. Sandy site is not recommended to 
sample. Before, sampling it is important to identify costal regions rich in fine sediments. 
If fine sediments are not available close to the proposed regions, other regions could be 
considered, as far as they are part of US coastlines. 

3. Sampling sites could in the wet or dry part of the coastal regions, as far as the sediment in 
the dry part (shorelines) are similar to those in direct contact with the coastal waters. 

Sampling Procedure 
Keeping in mind the objectives above of the sampling, there is no restriction on the sampling 
procedure. Sediment samples may be collected from the surface in the intertidal zone (with 
favorable tide), or at depth in coastal waters. A variety of sampling implements may be used, 
such as spoons or trowels for sampling surface sediments, or hand augers or corers for 
collecting sediments at discrete depths. 

During sampling, the following rules should be followed: 

1. Well document the sampling position (Latitude and Longitude coordinates using GPS 
instrument). Picture the site to show general view of the site and the sampling position in 
particular. 

2. Note the sampling date and time. 

3. Note a brief description of the site condition: rich on sediment fine, high suspended 
sediment … 

4. Measure water temperature if possible. 

5. Make sure that this information goes with the appropriate sample and avoid mixing 
information from other sampling sites. 

Sample Size and Preservation 
1. Each sample should have 1 to 2 kg of sediment (wet or dry) 

2. Sediment sample may be preserved in stainless, glass or plastic containers at ambient 
temperature. However, it is preferable to preserve them at approximately 4 oC. 
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Sampling locations 
Standard Reference Material 1941b (SRM or SRM-1941b). This sediment was prepared by the 
National Institute of Standards and Technology. Its preparation was based on sediment sampled 
from the Chesapeake Bay at the mouth of the Baltimore Harbor (MD) near the Francis Scott Key 
Bridge. The sediment was freeze-dried and sieved at 150μm.  

Mississippi River delta sediment (hereafter referred by MRD). Two samples of about a liter each 
were sampled by Dr. Gary Shigenaka from NOAA. The samples were collected on March 21, 
2006 at 11:00 CST at 29.16367o N, 89.22226o W and 29.16498 o N, 89.22348 o W. 

 
Figure A.1:  Sampling site for the Mississippi River Delta sediment. Pictures and sediment 
samples were provided by Dr. Gary Shigenaka from NOAA. 

Columbia River delta sediment (hereafter referred by CRD). Three samples of about a liter each 
were sampled by Dr. Amy Merten from NOAA. The samples collected May 04, 2006 at 12:57pm 
EST, collected from the Columbia River delta (Cathlamet Channel) in the Julia Butler Hansen 
USFWS Refuge, Cathlamet, WA. Sampling location was 46.23835o N, 123.41278o W (Figure 4). 

 
Figure A.2:  Sampling site for the Columbia River Delta sediment. Pictures and sediment 
samples were provided by Dr. Amy Merten from NOAA. 
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Cook Inlet sediment (hereafter referred by CI). Four samples of about a liter each were sampled 
by Ms. Susan Saupe from Cook Inlet RCAC. The samples were collected May 25, 2006 at 
9:05pm EST, Bishop’s Beach in Captain Cook State Park near the East Forelands of Cook Inlet 
(north of Kenai), AL. Sampling location was 60.78805o N, 151.0778o W (Figure 5). 

 
Figure A.3:  Sampling site for the Cook Inlet sediment. Pictures and sediment samples were 
provided by Ms. Susan Saupe from Cook Inlet RCAC. 

Unalaska sediment (hereafter referred by CI). Four samples of about a liter each were sampled by 
Dr. Gary Shigenaka from NOAA. The samples were collected on May 24, 2006 from Unalaska at 
53.75615o N, 166.87653o W (Figure 6). 

 
Figure A.4:  Sampling site for the Unalaska sediment. Pictures and sediment samples were 
provided by Dr. Gary Shigenaka from NOAA. 
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Appendix D: Procedure for TPH measurement 
Prior to analysis, oil-sediment samples are dried with sodium sulfate and spiked with the 
appropriate deuterated surrogate compounds (ortho-terphenyl, mixture of d10-acenaphthene, d10-
phenanthrene, d12-benz(a)anthracene and d12-perylene). The sample is then serially extracted with 
60 mL 1:1 (V:V) hexane/methylene chloride (DCM), and then twice with 60 mL of methylene 
chloride using ultrasonic agitation. If there is colour in the third extract, an additional extraction 
is performed. The extracts are combined, further dried with sodium sulphate, and filtered with a 
glass fibre filter, and concentrated by rotary evaporation and nitrogen blowdown. An aliquot of 
the concentrated extract (containing about 20 mg oil) is then transferred to a 3 g silica gel clean-
up column, which has been preconditioned with 20 mL of hexane, to remove polar components 
and other interferences. The column is eluted first with hexane, which recovers saturated 
hydrocarbons as Fraction 1 (F1). A mixture of DCM/hexane (1:1, V:V) is used to elute the 
aromatic compounds as Fraction 2 (F2). Half of F1 and half of F2 are combined (becoming F3) 
and concentrated to 0.5 to 2.0 mL by evaporation under nitrogen. The internal standard 5-α-
androstane is added to F3 for quantitation of total petroleum hydrocarbons (TPH) and the total 
resolved peaks and unresolved complex mixture (UCM) using GC/FID. The remaining half of 
Fraction 1 (F1) is evaporated under nitrogen to 0.5 to 1.0 mL, the internal standards 5-α-
androstane and C30 17β(H), 21β(H)-hopane is added and then analyzed for determination of n-
alkanes (by GC/FID) and triterpanes and steranes (by GC/MS), respectively. In a similar way, the 
other half of the Fraction 2 (F2) is evaporated under nitrogen to 0.5 to 1.0 mL, an internal 
standard of d14-Terphenyl is added and then analyzed by Selected Ion Monitoring (SIM) GC/MS 
for the determination of EPA priority unsubstituted PAHs and oil-characteristic target alkylated 
PAH homologues (including the alkylated naphthalene, phenanthrene, dibenzothiophene, 
fluorine, and chrysene homologous groups). GC/MS analyses of F1 and F2 in full-scan mode are 
conducted if more detailed compositional information and identification of unknown compounds 
are desired. 

The GC/FID analysis is conducted by injection of 1 μL of the concentrated composite fraction 
(F3) in splitless mode. The temperature program is selected to achieve near-baseline separation of 
all of the saturated hydrocarbons. Prior to individual components or total petroleum hydrocarbon 
analysis, a five-point response calibration curve is established to demonstrate the linear-range of 
the analysis. Check standards are analyzed with every 7-10 samples to validate the integrity of 
the initial calibration. If the response of the check standards varies from the predicted response by 
more than 20%, the test should be repeated using a fresh calibration standard. The calibration 
solution is composed of C8 through C36 n-alkanes, plus pristane and phytane. Quantitation of the 
individual components is performed by the internal standard method. TPH is also quantified by 
the internal standard method using the baseline corrected total area of the chromatogram and the 
average response factor relative to the internal standard (RRF) determined over the entire 
analytical range. 

The GC/MS analysis is conducted by injection of 1 μL of F1 or F2 in splitless mode. Prior to 
sample analysis, five-point response calibration curves are established to demonstrate the linear 
range of the analysis. The calibration solutions for F1 and F2 analyses are composed of C30 
17β(H), 21α(H)-hopane, C30 17β(H), 21β(H)-hopane and C29 20R ααα sterane; priority PAH 
components and dibenzothiophene, respectively. Check standards are analyzed with every 7 to 10 
samples to validate the integrity of the initial calibration.  Detailed description of chemical 
analyses is presented in Wang and Fingas (2006). 
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D.1  Apparatus 
Gas Chromatograph (GC/FID): The complete GC system is composed of autosampler, 
split/splitless injector in splitless mode, a capillary column, and flame ionization detector. The 
signal output of GC is connected to a data acquisition and data analysis system. 
GC/MS System: The mass spectrometer is operated in both full-scan and SIM mode using a 70 
eV electron impact ionization mode and producing a qualified mass spectrum. A computer 
system, interfaced to the mass spectrometer, is used for system control as well as data acquisition, 
storage, and data processing. 
GC Columns: 30 m long × 0.32 mm ID, 0.25 μm film thickness high temperature capillary DB-
5ht or equivalent columns will be used in GC/FID system for individual hydrocarbons and TPH 
analysis. 30 m long × 0.25 mm ID, 0.25 μm film thickness capillary DB-5 or equivalent column 
will be used in GC/MS system for analyses of PAHs, alkylated PAH and dibenzothiophene 
compounds, and biomarker triterpanes and steranes. 

D.2  Calibration 
1. Prepare calibration standards at a minimum of 5 concentration levels for each component of 
interest from stock standard solutions. One of the standards should be at a concentration near, but 
above, the minimum detection limit, and the other concentrations should correspond to the 
expected range of concentrations found in real samples. A range of 1.0 to 50 μg/mL, 0.1 to 20 
μg/mL, and 0.1 to 20 μg/mL is recommended for the n-alkanes, PAHs, and triterpanes, 
respectively. Store the daily calibration standards in the refrigerator (at ~4°C). The daily 
calibration standards must be replaced after 6 months, or sooner if comparison with check 
standards indicate a problem. 

2. Analyze each calibration standards and tabulate peak area response against concentration 
for each compound and internal standard, and calculate relative response factors (RRF) for each 
compound using Equation A1-1: 

 
SIS

ISS

CA
CA

RRF =  (D-1) 

where: 
AS = Response for the target analyte to be measured 
AIS= Response for the internal standard 
CIS= Concentration of the internal standard 
CS = Concentration of the target analyte 

A five point response factor calibration is established to confirm the linear range of the analysis. 

3. The average RRF used for calculation of TPH is defined as an average of the five point 
averages of the individual analyte response factors over the entire range of analytes. The analytes 
include C8 through C36 n-alkanes, and pristane and phytane. 

4. The working calibration curve or RRF should be verified on each working day by the 
measurement of one or more calibration standards. If the response for any target analyte varies 
from the predicted response by more than 20%, the test must be repeated using a fresh calibration 
standard. If the response factors are constant (20% RSD over the working range), then the 
response factors of the daily calibration standards (typically, 20 μg/mL for the n-alkane 
standards, 1 μg/mL for the PAH standards, and 1 μg/mL for the biomarker standards) are used to 
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quantify sample analyte concentrations. Analyses are conducted within the range of concentration 
established by the calibration curve. Samples may need to be further concentrated or diluted to 
bring concentration levels within the established working range. 

Daily Calibration Check:  A mid-level calibration standard (typically, 1 μg/mL for PAH 
standard) is analyzed daily to monitor system performance. If the calculated concentrations vary 
by no more than 25% of the expected concentrations, then the calibrated response factors are 
updated. If the calculated concentrations vary more than 25% of the expected concentrations for 
any given analyte then analysis should be stopped until the problem (e.g., the system may require 
recalibration) is corrected. 

GC Performance:  The GC resolution is verified daily with a mid-level calibration standard. 
Adequate resolution is demonstrated when the valley between phenanthrene and anthracene does 
not exceed 30% of the highest peak and the valley between benzo(b)fluoranthene and 
benzo(k)fluoranthene does not exceed 70% of the highest peak. The calibration check standard 
must demonstrate good overall peak shape for all target analytes. Chromatographic problems 
such as excessive peak tailing, split peak, unsymmetrical peaks, and poor sensitivity should be 
corrected prior to further analysis. 

Surrogate and Internal Standard Spiking Solutions:  The sample spiking solutions must be 
calibrated before use. These solutions must be calibrated periodically (at least every two months) 
against the daily calibration standard. 

Standard Accuracy:  The daily calibration standard must be verified against a certified reference 
solution (i.e. NIST SRM 1491) at least every six months when samples are being analyzed. A 
dilution of the certified solution is analyzed as a sample. Calculated concentrations must be 
within 15% of expected results, with no more than 20% of values failing outside of this range. 

GC/MS Instrument Sensitivity:  A PAH standard with a concentration near detection limit 
(typically 0.005 to 0.05 μg/mL) is analyzed every three months to verify system sensitivity. If the 
sensitivity falls out of the acceptance range, some correction measures (such as column trim and 
cleaning the ion source) should be taken. 

D.3  Analysis  

Procedures of F3 and F1 Analyses for Determination of Total Petroleum Hydrocarbons (TPH) 
and n-Alkanes by GC/FID 
1. The analysis for individual and total petroleum hydrocarbons, C8 through C40 n-alkanes, 
and pristane and phytane, is performed by high resolution capillary GC/FID using the following 
conditions: 
Instrument: Hewlett Parckard 5890 or equivalent 
 
Column: 30 m × 0.32 mm ID DB-5ht or equivalent fused silica column (0.25 μm 
film thickness) 
Detector:  FID 
Autosampler:   HP 7673 or equivalent 
Inlet: Splitless 
Gases: Carrier: Helium, 2.5 mL/min, constant flow 
 Make-up: Nitrogen, 27.5 mL/min 
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 Detector air: 400 mL/min 
 Detector hydrogen: 30 mL/min 
Injection volume: 1 μL 
Injector temperature: 290°C 
Detector temperature: 300°C 
Temperature program: 50°C for 2 min, then 6°C/min to 300°C, hold 16.7 min. The total 
run time is 60 minutes. 
Daily calibration: Alkane standard mixture (~20 ppm each) 

2. Prior to sample analysis, a five point response factor calibration is established 
demonstrating the linear range of the analysis. 

3. TPH and n-alkanes analyses will follow an analysis sequence initiated with a solvent blank 
(hexane), check standard, followed by 7-10 samples, and ending with a check standard and a 
solvent blank. If the RRF for any analyte in the continuing calibration exceed a 20% difference 
from the average RRF calibrated from the initial calibration, the test must be redone using a fresh 
calibration standard. 

4. If the response for any analyte peak exceeds the linear range of the calibration, the extract 
should be diluted and reanalysed. 

5. To avoid overloading the column, the concentration of oil should be under 20 mg/mL. 

6. Examples of GC/FID and GS/MS chromatograms for TPH and n-alkane analysis are shown 
in Figures A1-1 and A1-2, respectively. 

Calculation of Total Petroleum Hydrocarbons (TPH) 
1. To calculate the concentration of total TPH in the sample, the area response attributed to the 
petroleum hydrocarbons must be determined. This area includes all of the resolved peaks and 
unresolved “envelope.” This total area must be adjusted to remove the area response of the 
internal standards, surrogates, and GC column bleed. 

2. Column bleed is defined as the reproducible baseline shift that occurs during temperature 
programming of the GC. To determine this area, both hexane and methylene chloride (DCM) 
blank injections should be analyzed at the beginning of the day and after every 10 samples to 
determine the baseline response. This baseline is then set at a stable reproducible point just before 
the solvent peak. This baseline should be extended horizontally to the end of the run. The area 
(after the solvent peak) for the blank run must be subtracted from the actual sample run. 

3. In the HP “ChemStation” software by Hewlett Packard, the total area response attributed to 
the total petroleum hydrocarbons can be readily obtained using “Manual Integration” and “Draw 
Baseline” functions. 

4. Calculation of the total Petroleum hydrocarbons can be accomplished using the following 
equation: 

 
STPHIS

ISTPH

WRRFA
DWA

ggTPH =)/(μ  (D-2) 

where: 
ATPH = the corrected total area of the sample chromatogram 
RRFTPH = Average response factor of all target analytes 
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AIS = Response for the internal standard in the sample, units same as As. 
WIS = Amount (μg) of internal standard added to the sample. 
D = Dilution factor. If dilution was made on the sample prior to analysis. If no dilution was 
made, D = 1, dimensionless. 
WS = Weight of sample extracted, g. Either a dry or wet weight may be used, depending upon the 
specific application of the data. 

D.4  Quality Control 
1. Initial Calibration and Continuing Calibration Check 
a. Prior to the use of this method, a five-point response factor calibration curve must be 
established showing the linear range of the analysis. Each calibration standard is analyzed and the 
response factor (RRF) for each compound at each concentration level is calculated. 
b. A check standard at about the mid-point of the established calibration curve must be 
analyzed before and after each set of up to 7 samples or once per working day, whichever is more 
frequent, in order to determine the response factors for the analytes of interest relative to the 
initial calibration. 
c. The percent difference between the response factors in the check standard and those of the 
initial calibration is calculated using Equation A1-3: 

 
( )

100(%) ×
−

=
I

CI

RRF
RRFRRF

Difference  (D-3) 

where: 
RRFI = Average response factor from the initial calibration 
RRFC = Response factor from continuing calibration 

If the difference of response factors is within 20%, analyses may proceed. If not, a five-point 
calibration curve must be repeated for that compound prior to analysis of the sample. 

d. RRF stability is a key factor in maintaining the quality of the analysis. Mass discrimination, 
that is the reduced response of high molecular weight compounds, must be carefully monitored. 
The ratio of RRF of n-C32 to n-C21 should not be allowed to fall below 80% in the check 
standard. If there is a problem with mass discrimination, it can be reduced by trimming the first 
10-20 cm of the capillary column and/or by replacing the quartz liner in the injection port. 

2. Surrogate Compounds Analysis 
a. All samples and quality control samples are required to be spiked with surrogate o-
terphenyl (OTP) prior to extraction. This will measure individual sample matrix effects 
associated with sample preparation and analysis. Recovery of surrogate OTP should be within 
60% to 120%. If the recovery for any surrogate standard does not fall within the control limits for 
method performance, the following corrective actions can be taken: 

a.1 Check calculations to ensure there are no errors. 

a.2 Check instrument performance and initial standard and surrogate solutions for degradation, 
contamination, or other possible problems. 

a.3 Reanalyze the sample or extract if the steps above fail to reveal a problem. If reanalysis 
yields surrogate recoveries within the stated limits, the reanalysis data will be used. 
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b. If the surrogate could not be measured because the sample was diluted prior to analysis, or 
surrogate co-elutes with a compound, no corrective action needs to be taken. 

3. GC Resolution: The target compounds, surrogate and internal standards must be resolved 
from one another and from interfering compounds. Potential problems may arise from the lack of 
baseline resolution of these compounds. Corrective action must be taken to correct resolution 
problem. 
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Appendix C: PAHs analysis of the five natural sediments 

Table C.1: Results of PAHs analysis of the CI, CRD, MRD and UNA sediment samples. For 
estimation of analysis precision, the CI and CRD sediments were analyzed in duplicate (A and B) 

Sample info. UNA MRD SRM CI-A CI-B CRD-A CRD-B 
Alkylated PAHs (ng per g sample) 
Naphthalene C0-N 1.17 7.72 503 7.72 7.76 6.22 4.59 
  C1-N 0.40 12.6 388 12.6 12.6 5.43 4.25 
  C2-N 0.00 18.3 326 18.3 19.9 10.9 8.06 
  C3-N 0.00 13.2 212 13.2 13.3 9.17 7.33 
  C4-N 0.00 4.47 107 4.47 4.40 5.78 4.36 
  Sum 1.56 56.2 1535 56.2 58.0 37.5 28.6 
Phenanthrene C0-P 0.00 6.96 293 6.96 7.35 13.2 12.0 
  C1-P 0.00 7.30 228 7.30 8.38 4.75 3.63 
  C2-P 0.00 9.33 231 9.33 9.67 9.45 8.73 
  C3-P 0.00 4.17 178 4.17 5.03 5.72 7.26 
  C4-P 0.00 0.40 95.0 0.40 0.41 6.41 5.69 
  Sum 0.00 28.2 1025 28.2 30.8 39.5 37.3 
Dibenzothiophene C0-D 0.00 0.78 33.2 0.78 0.76 0.83 0.80 
  C1-D 0.00 0.00 44.3 0.00 0.00 0.00 0.00 
  C2-D 0.00 0.00 103 0.00 0.00 0.00 0.00 
  C3-D 0.00 0.00 89.5 0.00 0.00 0.00 0.00 
  Sum 0.00 0.78 270 0.78 0.76 0.83 0.80 
Fluorene C0-F 0.00 0.99 38.5 0.99 1.06 1.61 1.48 
  C1-F 0.00 2.34 54.2 2.34 2.45 3.47 3.60 
  C2-F 0.00 2.90 58.4 2.90 2.98 9.62 8.65 
  C3-F 0.00 1.72 21.7 1.72 1.86 10.61 8.79 
  Sum 0.00 7.95 173 7.95 8.36 25.3 22.5 
Chrysene C0-C 0.00 1.43 369 1.43 1.39 5.10 7.82 
  C1-C 0.00 0.00 258 0.00 0.00 0.00 0.00 
  C2-C 0.00 0.00 155 0.00 0.00 0.00 0.00 
  C3-C 0.00 0.00 88.0 0.00 0.00 0.00 0.00 
  Sum 0.00 1.43 870 1.43 1.39 5.10 7.82 
Total alkylated PAHS  1.56 94.6 3873 94.6 99.3 108 97.1 

Other Priority PAHs          
Biphenyl  0.11 2.14 46.5 2.14 2.21 1.31 1.17 
Acenaphthylene  0.00 0.10 42.4 0.10 0.04 0.82 0.77 
Acenaphthene  0.00 0.38 20.7 0.38 0.35 0.62 0.49 
Anthracene  0.00 0.59 133 0.59 0.43 1.49 1.58 
Fluoranthene  0.00 1.63 560 1.63 1.79 15.7 14.0 
Pyrene  0.00 1.94 443 1.94 2.12 13.2 11.2 
Benz(a)anthracene  0.00 0.32 277 0.32 0.33 6.25 4.59 
Benzo(b)fluoranthene  0.00 1.02 481 1.02 1.07 11.7 8.88 
Benzo(k)fluoranthene  0.00 0.00 365 0.00 0.00 5.63 5.18 
Benzo(e)pyrene  0.00 0.53 321 0.53 0.66 7.44 5.82 
Benzo(a)pyrene  0.00 0.00 264 0.00 0.00 8.54 6.01 
Perylene  0.00 4.98 272 4.98 6.13 6.99 4.95 
Indeno(1,2,3-cd)pyrene  0.00 0.00 359 0.00 0.00 7.92 6.71 
Dibenzo(ah)anthracene  0.00 0.00 74.1 0.00 0.00 0.99 0.77 
Benzo(ghi)perylene  0.00 0.00 295 0.00 0.00 7.94 6.17 
Total EPA priority PAHs  0.11 13.6 3954 13.6 15.1 96.6 78.3 

Total aromatic compounds  1.68 108 7827 108 114 205 175 
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Figure C.1: PAH distribution in the CI and UNA natural sediment samples 
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Figure C.2: PAH distribution in the MRD and CRD natural sediment samples. 
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Figure C.3: PAH distribution in the SRM sediment sample. 
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Appendix B: Natural sediment characterisation  
(elemental, mineralogy and size distribution analyses) 

For elemental analysis, international Standards SY-2 and DR-N were run as unknowns against the 
calibration used for the five sediment samples (Analysis performed by Ron Hartree, Department of 
Earth Science, university of Ottawa, Ottawa, ON, Canada) 

Table B.1. Results from the elemental analysis of the five sediments 
Sum SiO2 Al2O3 CaO K2O MgO MnO Na2O P2O5 Fe2O3(T) TiO2 Zn Ba Ce Co Sample 

name (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) 
Dr-n 98.627 53.13 17.89 7.02 1.707 4.44 0.219 3.04 0.24 9.734 1.064 139 369 24 41 
Sy-2 99.322 60.13 12.28 7.99 4.494 2.78 0.322 4.14 0.43 6.332 0.147 241 450 148 11 
Dr-n 98.608 53.06 17.94 7.02 1.707 4.43 0.219 3.03 0.24 9.741 1.064 139 374 21 40 
Sy-2 99.344 60.09 12.3 8 4.502 2.77 0.321 4.17 0.43 6.336 0.148 244 454 152 10 
CI 95.616 58.19 16.8 2.41 2.823 3.41 0.169 2.61 0.26 7.901 0.818 155 1103 45 24 
CRD 94.971 58.08 15.85 3.76 1.375 2.38 0.156 2.07 0.33 9.189 1.61 138 505 38 21 
MRD 88.723 58.34 12.49 0.96 2.073 1.43 0.135 7.5 0.21 4.744 0.685 108 485 66 16 
SRM-
1941b 91.492 54.97 16.88 0.52 2.562 1.73 0.235 0.99 0.35 11.444 1.502 454 385 135 31 
Unalaska 98.231 48.64 10.8 6.64 0.858 7.74 0.295 1.95 0.16 18.861 2.12 145 270 -22 45 

Cr Ga La Nb Nd Ni Pb Rb Sr Th U V Y Zr Sample 
name (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

Dr-n 29 17 26 7 14 26 54 74 399 6 2 207 29 137 
Sy-2 7 28 55 30 64 15 88 213 270 376 283 55 132 281 
Dr-n 32 18 18 6 15 25 59 75 398 8 3 207 26 135 
Sy-2 8 28 96 30 79 14 91 216 271 382 286 49 129 279 
CI 107 21 9 13 15 57 23 109 240 12 7 178 27 132 
CRD 57 19 36 20 19 35 16 51 306 9 5 176 26 231 
MRD 74 15 47 13 42 30 28 96 109 19 8 93 32 246 
SRM-
1941b 332 24 75 75 65 81 152 134 124 31 16 340 45 369 
Unalaska 113 17 -22 5 -2 41 19 24 236 12 9 651 29 103 
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Figure B.1. Results from mineralogy analysis of the five sediments: plots of the main 
components and comparison between the sediment samples. 

 B1



Table B.2. Results from the mineralogy analysis of the five sediments 

Sediment sample Minerals found 

CI Quartz, Muscovite 2M1, Albite low 

CRD Quartz low, Albite intermediate, Muscovite 2M1 

MRD Quartz, Halite, Muscovite 

SRM Quartz, Muscovite Quartz, 

UNA Quartz, Andesine 2M1 

Table B.3. Results from the size distribution analysis of the five sediments 
Particle size distribution measured with  

Beckman Coulter Multisizer II 
Particle size distribution measured 

with dry sieving method 

Equivalent Spherical 
Diameter (μm) CI CRD MRD

SRM-
1941b 

Equivalent 
Spherical 
Diameter (μm) UNA 

0.8 2.06 1.15 2.33 2.22 <104  0.00 
0.9 2.26 1.33 2.40 2.52 125 1.03 
1.0 2.48 1.45 2.51 2.82 165 3.38 
1.1 2.70 1.60 2.58 3.09 215 19.88 
1.3 2.91 1.71 2.65 3.37 337 68.92 
1.5 3.07 1.90 2.65 3.57 512 6.17 
1.7 3.26 1.97 2.62 3.81 655 0.62 
2.0 3.38 2.05 2.62 3.97    
2.3 3.66 2.16 2.66 4.19    
2.6 3.77 2.28 2.65 4.31    
3.0 3.87 2.42 2.59 4.43    
3.5 3.64 2.29 2.80 4.53    
4.0 3.85 2.65 2.88 4.55    
4.6 4.16 2.60 3.08 4.27    
5.3 4.15 2.87 3.40 4.10    
6.1 4.54 3.17 3.76 4.07    
7.0 4.86 3.48 4.11 3.94    
8.0 5.11 3.71 4.55 3.74    
9.2 5.26 4.08 4.95 3.45    

10.6 5.06 4.21 5.25 3.36    
12.1 5.37 4.68 5.39 3.09    
13.9 4.49 4.96 5.41 3.11    
16.0 4.35 5.02 5.39 2.68    
18.4 3.62 5.34 4.64 2.81    
21.1 2.82 5.34 4.28 2.93    
24.3 2.10 5.22 3.59 2.96    
27.9 1.60 4.38 2.68 3.84    
32.0 0.94 4.67 2.08 2.33    
36.8 0.67 4.42 1.71 1.96    
42.2  3.48 1.13     
48.5   3.41 0.65       
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Figure B.2. Size distributions as shown in Table B.3. Data from UNA sediment were not plotted, 
simply because there are out of range (no fines less than 104μm). 
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Appendix E: Procedure for OSA preparation and measurement 

The experimental method to prepare and measurement OSAs includes several steps. Its 
development took into consideration the performances and weaknesses of previous methods used 
to study OSA formation in the laboratory. The steps include OSA preparation, isolation of sinking 
OSAs, oil extraction from sinking OSAs, and sediment filtration. 

E.1 OSA Preparation 
The first step in the experimental method was to prepare OSAs. Using established protocols 
(Khelifa et al, 2002, 2005a,c; Stoffyn-Egli and Lee, 2002; Ajijolaiya, 2004; Khelifa, 2005; 
Ajijolaiya et al. 2006, Khelifa et al., 2007a), OSAs were prepared using a reciprocating shaker at a 
constant shaking speed rate at a constant shaking speed rate of 126 cycles per minute and a constant 
stroke of 38 mm in a cold room at a controlled temperature of 15 oC. Erlenmeyer flasks (500 mL 
with silicone stoppers) containing 250 mL of sodium chloride solution at 33 ‰ salinity were used 
as reaction chambers. As shown by Weise et al. (1999), Erlenmeyer flasks shaken with a 
reciprocating shaker simulate a better disruption of liquid/air interface, as in breaking wave flow, 
compared to other mixing devices.  The solid phase (SRM-1941b sediment) was added dry to the 
seawater. The flasks were then shaken for 5 minutes before the addition of the oil phase.  A pre-
calculated volume of the test oil to deliver 50 mg of oil is added at the water surface using a 
syringe. For each test oils, the syringe was pre-calibrated to dispense 50 mg of oil. The flasks were 
then shaken (Figure E.1) for a period of three hours and then left to settle overnight in the cold 
room. 

 
Figure E.1 Reaction vessels set for shaking on the reciprocating shaker 

E.2 Isolation of sinking OSAs 
After an overnight settling period, the initial oil was found trapped in the settled oil-sediment 
mixture (containing sinking OSAs) at the bottom of the vessels (oil sediment mixture that forms 
OSAs), dispersed in the water phase, floating on the water surface associated with sediment fines, 
and attached to the sides of the reaction chambers and the stoppers (Figure E.2). The second step 
of the proposed method was to isolate sinking OSAs from the reaction chambers. For this, the 
floating materials are removed first without disturbing the settled oil-sediment mixture. This was 
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done in two sub-steps. In the first one, a siphon tube connected to a vacuum pump was used to 
carefully extract the floating phase and about 150 mL of the water (Figure E.3). The remaining 
volume of water was then extracted with care using a 10 mL syringe. The concentrated phase that 
remains on the bottom of the reaction chamber was mainly sediment and had less than 5 mL 
volume (Figure E.4). The bottom of the reaction chamber was then rinsed with distilled water 
using a squeeze bottle carefully to avoid rinsing down contamination on the side of the reaction 
chambers. The suspension was then transferred to a separatory funnel with a pipette for oil and 
sediment filtration. Multiple rinses of the bottom of the reaction chambers with distilled water 
(using the squeeze bottle) were necessary to ensure transfer of all the settled oil-sediment mixture. 
The same suspension was also used for UV-epi fluorescence to observe OSAs and measure their 
size. 

 

50 mg/L 100 mg/L 200 mg/L 300 mg/L 

Figure E.2 Reaction chambers after overnight settling: tests with Alaska North Slope oil and 
various concentrations of SRM-1941 as indicated on the figure in mg/L. Note settled oil-sediment 
mixtures on the bottom of the chambers and floating oil (black ring) at the water surface. 

 
Figure E.3 Removal of floating materials in the reaction chamber without disturbing the settled 
phase. This is done by a siphon tube connected to a vacuum pump. 
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Figure E.4 Remaining oil-sediment mixture (sinking OSAs ) after extraction of the floating 
materials and water. Samples ready for transfer into separatory funnels. Note sediment 
concentration increases from right to left. 

E.3 Oil extraction from sinking OSAs 

E.3.1 Extraction method 
The oil-sediment mixture, which contains sinking OSAs and transferred as a suspension into the 
separatory funnels, was extracted using distilled-in-glass grade DCM and liquid/liquid extraction 
procedure. For each sample, the extraction was repeated three times. The DCM to water 
(suspension) ratio was 1:2 in the first extraction and 1:5 in the subsequent extractions. Preliminary 
tests showed that no measurable oil amount remained in the sample when a fourth extraction is 
applied. For each extraction, the water/oil/sediment/DCM mixture was shacked periodically seven 
times. The extract was passed through a 0.45 µm cellulosic filter under vacuum (Figure E.5) prior 
to drying with sodium sulphate and cleanup with silica. The latter step was necessary to remove 
contamination accumulated from the filter. The cellulose filter was preferred as it allows passage 
of DCM and water once dried properly. 

The extract was then evaporated to about 5 mL using rotary evaporation in boiling flask. The 
concentrated extract was transferred into a 15 mL conical centrifuge tube. The sample was blown 
down further under nitrogen atmosphere,100 µL of 200 ppm 5-α-Androstane in hexane added as 
internal standard, and making up to a total volume of 1.0 mL. The total oil content was measured 
by gas chromatograph using a flame ionization detector (GC/FID) method. Individual n-alkanes 
and the total GC-detectable petroleum hydrocarbons (TPH, defined as the sum of resolved plus 
unresolved aliphatic and aromatic hydrocarbons) were quantified by the internal standard (IS) 
method using the baseline-corrected total area of the chromatogram (Wang et al., 1994a,b, 1995, 
2001). A 20 ppm o-terphenyl surrogate added to the samples prior to extraction verified extraction 
efficiency. The relative response factor used for determination of TPH was the average of the 
response factors of n-alkanes relative to the IS over the entire analytical range. 
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Figure E.5 Oil extraction from OSAs and filtration steps 

E.3.1 Verification of the extraction method 
The method described above was first tested before running experiments discussed below. 
Qualitative verification showed that the method captured the expected increase of oil 
concentration with sediment concentration (Figure E.6). Results showed that the GC-FID 
measurement procedure captures both very small amounts of oil (few mg, Figure E.6a) as well as 
the high oil concentrations obtained with high sediment concentration of 200 and 300 mg/L (not 
shown in Figure E.6). 

 

c: 100 mg/L c: 100 mg/L 
b: 50 mg/L a: 25 mg/L 

Figure E.6. Examples of GC-FID chromatographs at constant scale for oil samples extracted from 
settled OSAs prepared with Alaska North Slope and SRM-1941 sediment at various 
concentrations, as indicated on the Figure.  

For quantitative verification, a single combination of SRM-1941b and Alaska North Slope oil was 
repeated seven times (OSA preparation and all the extraction steps) using seven different 
Erlenmeyers. Very consistent results were obtained as shown in Table E.1. The uncertainty is 
about 0.8 mg for TPH measurements and 2.4 mg (2σ) for sediment mass measurement for 95 % 
confidence. 

In addition, quantitative verification of the method to measure TPH in sinking OSAs was 
performing by repeating a same test in different benches run at different date during the realization 
of the project. This is to track any possible error in the extraction method in time while performing 
the experments. The test that was repeated was SRM-1941b at sediment concentration of 100 
mg/L and SL oil without chemical dispersant. Once again, very consistent results were obtained as 
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shown in Table E.2. The uncertainty is about 0.5 mg for TPH measurements and 4.4 mg (2σ) for 
sediment mass measurement for 95 % confidence. 

Table E.1 Verification of TPH measurement by repeating a same test (SRM1941b + ANS crude at 
100 mg/L) seven times. σ represents the standard deviation. 

Test # TPH 
(mg) 

Sediment in Sediment/TPH 
OSAs (mg) 

1 2.4 9.3 22.3 
2 8.2 21.0 2.6 
3 9.1 20.5 2.3 
4 8.8 18.3 2.1 
5 8.7 19.9 2.3 
6 9.2 20.9 2.3 
7 8.6 20.1 2.3 

Mean 8.8 20.4 2.3 
σ 0.39 1.22 0.15 

 
able E.2 Verification of TPH measurement by repeating a same test (SRM1941b + SL crude at T

100 mg/L and no chemical dispersant) placed in different benches during the realization of the 
project to track possible error in the measurements. σ represents the standard deviation. 

Date of the 
run (bench) 

TPH 
(mg) 

Sediment in Sediment/TPH 
OSAs (mg) 

31/10/2006 5.08 22.4 4.4 
07/11/2006 4.69 18.1 3.9 
09/11/2006 4.63 19.5 4.2 
14/11/2006 4.85 20.1 4.1 
16/11/2006 5.20 21.4 4.1 
21/11/2006 4.76 20.5 4.3 
23/11/2006 5.29 21.1 4.0 
27/11/2006 5.12 20.7 4.0 
30/11/2006 5.31 21.8 4.1 
07/12/2006 5.27 19.3 3.7 
11/12/2006 5.28 19.1 3.6 
14/12/2006 4.72 15.3 3.2 
20/12/2006 5.07 15.6 3.1 

Mean 5.02 19.6 3.9 
σ 0.26 2.19 0.40 
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E.5 Sediment filtration from sinking OSAs 
After the third extraction with DCM, the Millipore filter was kept drying for about 30 minutes 
before the water/sediment mixture remaining in the separatory funnels was passed through the 
same filter to capture the sediment phase. The separatory funnels were thoroughly rinsed with 
distilled water and using squeeze bottle to extract all the sediments attached to their sides. After an 
overnight drying period in a fumehood (Figure E.7), the filter was weighed to determine the mass 
of sediment trapped in sinking OSAs, after subtraction of the initial mass of the filter. Drying the 
filter in an oven was not used to avoid loss from volatilized organic matter present in the sediment 
(about 10% wt). No correction was made to the initial mass of the filter due to dissolution in DCM 
during the filtration process. GC-FID analysis showed that the dissolved mass was negligible. 

 
Figure E.7 Example of sediment in OSAs after filtration process from tests with 50 mg/L SRM-
1941 sediment and Arabian Medium oil (left), Alaska North Slope oil (middle), and South 
Louisiana oil (right). 

E.6 Size and settling velocity of sinking OSAs 
Settling velocity of sinking OSAs was measured using settling column setup method (Khelifa et 
al., 2008b). The newly developed set up includes a 22mm in diameter glass U-tube for settling 
chamber, a back light illumination unit and a high resolution Sony HDR-HC3 camcorder (Figure 
E.8A). OSAs are prepared first and isolated from the reaction chambers as discussed in section E.1 
and E.2 above. About 5 mL are withdrawn from the settling oil/seawater/sediment mixture and 
carefully introduced at the top of the U-tube filled with seawater. OSAs settling in the U-tube 
were recorded after they travel about 73 cm down in the U-tube. The recording last for at least 20 
minutes from the time the first OSAs (large ones) reach the measurement section. This long 
recording period was set to capture the full size range of OSA population. An image analysis 
program was developed using Matlab platform and Image Toolbox to calculate size and settling 
velocity of OSAs from the movies. Preleminary tests were performed to validate the entire 
procedure to measure OSAs size and settling velocity. This was performed using sediment grains 
(Unalaska sediment 100-150μm) of know size and density.  
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Figure E.8: Setup to measure settling velocities and densities of OSAs. The setup includes a U-
tube for settling chamber, a back light illumination unit, a high resolution Sony HDR-HC3 
camcorder (Figure E.8A). With this setup, particles of about 2 μm and larger can be measured. 
Figures E.8B and E.8C show an example of pictures obtained with the setup at different times 
while OSAs were moving in the settling column. 

E.7 Effective density of sinking OSAs 
Effective density of sinking OSAs was obtained using the measured size and settling velocity data 
and the modified Stokes Law. For an OSA of size DOSA and settling velocity WOSA, its effective 
density ΔρOSA is calculated using the following settling velocity equation: 
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where g is the gravitational acceleration (m s-2), Cd is the dimensionless drag coefficient, ΔρOSA 

=ρOSA-ρw is the effective density (excess density) of OSAs (kg m-3), DOSA is the equivalent spherical 
diameter of OSAs (m) and ρOSA and ρw are OSA and water densities, respectively (kg m-3).  

The drag coefficient Cd shown in equation (E-1) is estimated using the following relationship: 

( )687.0Re15.01
Re
24

+=dC , (E-2) 

where Re=WOSADOSA/ν is the particle Reynolds number in which ν represents the kinematic 
viscosity of the water (m2/s-1). 

E.8 UV epi-fluorescence microscopy 
Microscopic observation of OSAs was performed using UV epi-fluorescence microscopy. 

The technique consists of combining transmitted and UV lights to get good observations of OSAs 
under a microscope. A setup for UV-fluorescence microscopy was prepared (Figure E.9). it 
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includes Zeiss microscope offering the possibility to observe particles up to 100 times their real 
size under both transmitted and UV lights and a high resolution digital camera Zeiss AxioCam 
HRM controlled by a computer. With this setup, particles of 0.1 μm and larger can be measured. 

 
Figure E.9. Setup for UV epi-fluorescence microscopy to picture OSAs of 0.1 μm in size and larger.  

E.9 Mixing energy measurement 
First, mixing energy in the reaction vessel (Erlenmeyer flask) was measured using TSI-

IFA300 Hotwire Anemometer (Figure E.10). The TSI-IFA300 instrument is design to measure 
velocity components at desired points in the vessel at very high sampling frequency. Two types of 
probes were used. The 1240-20W probe was used to measure horizontal components of water 
velocity at different depths at the centre of the reaction chamber (Figure E.11). A second probe 1246-
20W was used to measure vertical and horizontal components of water velocity at different depths 20 
mm away from the centre of the vessel (Figure E.12). An example of measured velocity components 
using probe 1246-20W is shown on Figure E.13. Similar Hotwire-Anemometry-based methods were 
used previously by Fingas (2004, 2005) and Kaku et al. (2002, 2003, 2006) to measure mixing 
energy in small reactions vessels. The main advantage of using Hotwire Anemometry instrument 
relates to its ability to measure water flows at very high sampling rates (up to few kHz). However, 
this method has a disadvantage to disturbing the flow and makes punctual measurements only. We 
hope using Particle Image Velocimetry technique in future investigations. This method is designed to 
sample the flow at many points (flow field sampling) in the same time (Khelifa et al. 2001). The flow 
field could be different sections of the reaction vessels.  

 
Figure E.10. TSI-IFA300 Hotwire anemometer used to measure mixing energy in the reaction vessel.  
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Figure E.11. Measurement probe 1240-20W of the TSI-IFA300 Hotwire Anemometer used to 
measure mixing energy at the centre of the reaction vessel.  
 

 
 
Figure E.12. Measurement probe 1246-20W of the TSI-IFA300 Hotwire anemometer used to 
measure mixing energy 20 mm away from the centre of the reaction vessel.  
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Figure E.13. Example of measured velocity components using probe 1246-20W and sampling 
frequency of 1000 Hz. Measurements performed at 8 mm from the water surface. u and v 
components are as shown on figure E.12. 
 
For each velocity component u, Reynolds decomposition (Tennekes and Lumley, 1972) is used to 
obtain time history of turbulent velocity fluctuations (equation E.3).  

uuu ′+=  (E-3) 

where u  is the time averaged component and u′  the turbulent velocity fluctuation. 

Sampling frequency was set to 1000 Hz for all measurement. For each measurement point, the 
turbulent kinetic energy TKE is calculated using equation (E.4) (Tennekes and Lumley, 1972). 

∑
=

=
3

1

2'
2
1

i
iuTKE  (E-4) 

Kinetic energy dissipation rate ε, parameter that quantifies the effects of mixing on droplet formation 
(Hinze, 1955; Delvigne and Sweeney, 1988; Li and Garrett, 1998; Khelifa et al., 2004b; Tkalich, 
2002), is calculated assuming isotropic turbulence and using the following approximation proposed 
by Tennekes and Lumley (1972): 
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where C represents a constant close to unity and ut and lt represents characteristic velocity and length 
scales of turbulence. According to Tennekes and Lumley (1972), ut can be approximated by the 
following expression: 
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Regarding lt, it depends on the type of the flow under investigation. In general, it relates to the size of 
the largest eddy contributing to the dissipation of kinetic energy. In this experiment, it depends on 
geometrical properties of the reaction vessel. We consider that the water depth in the reaction vessel 
is a good estimate of lt and will be used in this study. In all experiments run in this study, this water 
depth was kept constant to 47 mm. Assuming lt ≈47mm, combination of equations E.5 and E.6 gives: 
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Equation (E.7) is used in this study to calculate kinetic energy dissipation rate ε. 
 

Second, image analysis was used to quantify the potential energy caused by splashes in the 
reaction vessel. Seawater was colored using Rodhamine to enhance the contrast of water mixing in 
the reaction chamber. Several movies were taken at a rate of 30 fps. The movies were grabbed and 
images showing splashes were analyzed. An example of these images is shown on Figure E.14.  
 
Each splash of height hs generates a potential energy of Es given by: 

sss ghmE =  (E-8) 
where ms represents the mass of water falling and g the gravitational acceleration. 
 
Preliminary tests have shown that this potential energy plays a major role to split oil slick to small oil 
droplets. It helps disturbing the water surface, contrary to orbital shaking (Weise et al., 1999). If we 
assume that Es is completely dissipated, the rate εs of this dissipation per unit of mass could be 
estimated by: 

s

s
s t

gh
≈ε  (E-9) 

where ts represents a characteristic time scale for splash generation and dissipation. It is estimate to 
half the period of the shaking process, as two splashes are generated per shaking cycle. As such, 
equation (E.9) becomes: 
 

shakingss fgh2≈ε  (E-10) 
where fshaking represents the shaking frequency used in the experiment. This was kept constant to 2.1 
Hz. Equation (E.10) was used to evaluate εs in this study. 
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Figure E.14. Example of splash caused by the reciprocating shaking. The water was colored using 
Rodhamine. For each shaking cycle, the height of two slash were measured. 
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