0CS Study
MMS 87-0083




OCS St udy
MMS 87-0083

FI NAL REPORT

Integration of Suspended Particulate MNatter
and O Transportation Study

(Contract No. 14-12-0001-30146)

Sept enber 15, 1987

Submtted to:

M neral s Managenent Service
Environmental Studies
949 East 36th Street

Anchorage, Al aska 99508

Submitted by:

J.R. Payne, B.E. Kirstein, J.R. dayton, Jr., C Clary,
R Redding, D. McNabb, Jr., and G Farner

Science Applications International Corporation
10260 Canpus Point Drive
San Diego, CA 92121

The statenments and conclusions contained in this rePort
are those of the authors and do not necessarily reflect
the view of the U S. Departnent of the Interiof, nor
does nmention of trade names or commercial products
constitute endorsenent or recommendation for use by the
Federal Governnent.

This report has not been edited for conformty with s
editorial standards.



.- ™ w r

50.72-10%

LS

REPORT  DOCUMENTATION -1, REPORT NO. 2 T3 RECI PT EMT™S Accession vo.
PAGE MMS 87-0083 \
4 Title an? Subtitle 5 Report Date
Integration of Suspended Particulate Matter and Oil Transportatlon- 15 Sep 1987 published
Study 6.
[7. autnortst J LR, Payne, B.E. Kirstein, J.R. Clayton, Jr., C. C(Clary, " 8. Performing Organization Rept.no.
R. Redding, D. McNabb, Jr., G. Farmer, and P. Hamilton ! SAIC-87-ETG-2
9. Performing Organization Name and Address ; 10. Project/Task/Work Unit No.
Science Applications International Corporation |
10260 Campus Point Drive L Gontract(Q or Gant{G Mo.
San Diego, California 92121 i© 14-12-0001-30146
©)
12. Sponsoring Organization Name and Address |13 Type of Report & Period Covered
Minerals Management Service ' Final Report
Environmental Studies Sep 1984 - Sep 1987

949 East 36th Avenue
Anchorage, Alaska 99508

15 Supplemental Notes

16. Abstract (Lremiz: 200 words®
Di spersed oi |l droplet/suspended particulate material (seM) interactions provide a potential mechnism foOr transpor
of spilled oil to venthic marine environments. 0il/sPM interaction rates were measured to develop a mathematical
model for sedinentation of spilled crude oil and refined petroleum products. Data are presented for the inter-
iaction of fresh and weathered Prudhoe Bay crude oil with a representative suspended particulate material type.
iThe s WaS selected to represent the observed grain size distribution and relatively high Totat Organic Carbon
i(toc) burden characteristic of SPM from Alaskan Quter Continental Shelf waters (Baker, 1983). Large (ko)
iquantities Of "natural” SPM could Not be obtained fromthe open ocean, so selected intertidal sediments were
isieved (53) and used for nost of the studies. The “sieved-SPM was characterized for mneralogy, toc, grain
‘size distributions, and background conpound-specific organic conposition by flame ionization detector gas chrona-

-zraphv  FiD-GC). Rates of oil/ses interactions were obtained using two independent analytical techniques. Bot
ithe rate of disappearance of “free” oil droplets (measured by light microscopy) and the formation of oi1/spy
“aggl onerates (quantified by physical separation, sol vent extraction, and Fip-ce) yieLded oil/spy interaction rate
constants Whi ch agreed reasonably wel | (k “0.67 to 1.8 x 10 ~ 1/mg) under quantified turbulence conditions (ener
|dissipation rate of 250 ergs/ ctn see). Chemcal analyses of dispersed oil droplets, oiled sm and sedinented oil
ispv aggl onerates show sel ective weathering patternGugc: can uriiwate foeadeu ou Cundate cuuparerprevndieeiamnd
lobserved Oi | -weat hering behavior. Requirements for (and |imtations inherent to) incorporation of the model and
lassociated data into an open-ocean circulation node’ for predicting sediment resuspension by the non-linear
weoraesiar o€ SUrface waves and bottom currents.

Ice-1fesOpen.EngezTe -3

0i1/SPil interactions, Alaskan 0CS, oil weathering, turbulence, energy dissipation rates,
)(-ray di ffraction, Grant-Madsen-Glenn bottom boundary layer model. *°

TTTrT Te s Groun
15 Avacas . Sl2r ement 19. Security Class Thg Recon 21. Nc of Pages
Unclassified _ 216
'D‘e] ease Unl imited 20- SecurityClass (" hisPage’ 22. Price -
Unclassified
See ANSI-IIS.IE See Instructions or Reverse OFTIONAL FORM 272

iFormerly NT15-3%)

- e mf e s



TABLE OF CONTENTS

Section Page
LOINIRIDUCTION . . o o 1-1
1.1 BACKGROUND AND RELEVANCE OF OIL/SUSPENDED-PARTICULATE-
MATERI AL | NTERACTIONS TO OCS O'L AND GAS DEVELOPMENT . . . . . . . . . 1-2
1.2 MODELING APPROACH FOR OIL/SPM INTERACTIONS . . . . . . . . . . . . . . . . ... 1-12
1.2.1 Dispersion of G1I Droplets . . . . . . . . . . . . . . . .. . 1-16
L2.2 Sediment Transport. . . . . . o 1-21
1.2.3 Interaction of Crude G| wth Suspended
Particulate Material . . . . . . . . . . .. e 1-23
1.3 OIL/SPM INTERACTION MODEL DEVELOPMENT. . . . . . . . . . . o v v v 1-26
1.3.1 Formal Description of Suspended Particulate Matter
and Gl Interactions . . . . . . . o e 1-28
1.3.2 Detailed Discussion of 0il-SPM Kinetics . . . . . . . . . . . . . .. 1-32

2.0 EXPERI MENTAL MEASUREMENTS OF O L-DROPLET AND SUSPENDED-

PARTICULATE-MATTER KINETICS . . o o o o o e e e 2-1
LIBAKROND . . o o 2-1
2.2 EXPERIMENTAL TECHNIQUES AND RESULTS . . . . . . . . . . o e 2-5
2.3 INPLICATIONS FOR MODEL DEVELCPMENT . . . . . . . . o o e 2-30
2.3.1 Application of 0il-SPM Kinetic Equations . . . . . . . . . . . . .. 2-30
2.3.2 Kinetic Algorithm Use in an Ccean Circula-
tonhbdel . . o 2-34
2.4 RESULTS OF' OIL/SPM | NTERACTI ON KI NETI CS DETERM NATI ONS
USING A28 LITER STIRRED CHAMBER . . . . . . . . . . o e e 2-35

2.4.1 Background, Required Assunptions and Limtations

OF BXPBIITENLS . o o o o 2-35
2.4.2 Results and Discussion of Experinents with Fresh

Prudhoe Bay Crude G|, 2-Day Weathered Crude QO I,

12-Day Weathered Crude Q| and Jakolof Bay SPA . . . . . . . . 2-44

2.4.2.1 0il/sPM Interaction Rate Constant wth

Fresh Prudhoe Bay Crude Ol . . . . . . . . . ... ... ... 2-44
2.4.2.2 0il/SPM Interaction Rate Constant with

2- and 12-Day Wathered Crude G . . . . . . . . . . .. 2-51



TABLE OF CONTENTS (conti nued)
Section

3.0 CHEM CAL PARTI TI ONI NG AND PHYSI CAL BEHAVI OR OF DI SPERSED

O LDROPLETSANDO L/ SPMAGGLOMERATES . . . . . . . . . o o o o e

3.1 SEPARATI ON AND ANALYSI S OF SPM AND DI SPERSED O L

3.1.1 Method Validation for Polyester Filter-Vacuum
Filtration Procedure.. . . . . . . . . . .

3.2 UTILIZATION OF THE O L SEPARATI ON TECHNI QUE | N OIL-SPM
INTERACTI ON AND SEDI MENTATION RATE STUDIES . . . . . . . . . . . . . . . .. ..

3.2.1 0i1-SPM Sedinentation Rate Studies . . . . . . . . . . . . ... ... ..

3.2.1.1 FID-GC Analyses of G| Fractions in the
Sedinmentation Experiment . . . . . . ... ...

3.2.2 SPM Load and Hydrocarbon Information from 0il-SEM
Interaction Studies with the 28 Liter Stirred
Chamber SyStem. . . o o o

3.2.2.1 Effect of Prior Wathering Hi story of

Prudhoe Bay Crude G| on SPM Loads and

Di spersion of Gl into the Water Colum

Oer TIMB . o
3.2.2.2 Distribution of Gl Between D spersed,

Di ssol ved and SPM Phases in Experiments

Wth Fresh, 2-day and 12-day \eat hered

Ol
3.2.2.3 FID-GC Analyses of QI Fractions in the

SPM and Dispersed O | Phases of Experi-

mentsinthe28 Liter System. . . . . . . . . . .. ... ..

3.3 PARTITIONING OF DI SSOLVED PETROLEUM HYDROCARBONS BETWEEN
SEDIMENT AND WATER . . . o

4.0 MODELI NG OF PHYSI CAL PROCESSES | NVOLVED W TH THE | NTERACTI ON

OF O'L DROPLETS AND SPMN THE WATER COLUMWN . . . . . . . . . . . . . . . .. ...
4.1 WATER QOLUMNP RECESSES . . . . . o o
4.2 BONDARY CONDITIONS . .+ o o e e
4.3 WATER COLUMN PROCESSES. . . . . o o o
4.4 COVPONENT MODELS OF OIL-SPM TRANSPORT AND FATE . . . . . . . . . . . . . ..

3-11

3-13

3-18

3-19

3-22

3-22

3-28

4-1

4-1

4-4

4-6

4-8



TABLE OF CONTENTS (continued)
Section

5.0 APPL|I CATI ON OF THE GRANT- MADSEN- GLENN BOUNDARY LAYER MODEL
TO A MOXDEL OF SUSPENDED PARTI CULATE TRANSPCRT . . . . . . . . . . . . . . . . . . ..

5.1 INRIDUWCTION . . o
5.2  MOELELEMENTS . . o o
2.1 Boundary Layer Hydrodynamics . . . . . . . . . . . ...
2.2 Initiation of Sedinment Motion. . . . . . . .. ... ... . ... .. ...
2.3 Sediment SUSPENSION . . . . . . . L
2.4 Reference Sediment Concentration . . . . . . . . . ... ... .......
2.5 Suspended Sedinent Stratification Effects, . . . . . . . . . . ..
2.6

Bedl oad and Suspended Sediment Transport . . . . . . . . . . . . ..
2.7 BottomRoughness . . . . . . .

5
5.
.
5.
5.
5.
5.
5.3 RUWNGTHE GG MIDEL . . . . o o
5.4 APPLICATION TO A SUSPENDED PARTI CULATE FLUX MODEL . . . . . . . . . . . .

5.4.1 Interfacing with a Wave Prediction Mdel . . . . . . . . . . . . ..
B2 PODIEms . .

5.5 APPENDI X FRICTION FACTOR, SHEAR STRESS AND SHEAR
VELOOITY SALUTIONS . .+ o

6.0 EXEQUTIVE SUMRRY . . o o
TOBIBLIOGRAPEY . . . .

APPENDI X A COMPOUND SPECI FI C HYDROCARBON CONCENTRATI ONS FROM 28 LI TER
STIRRED CHAMBER EXPERIMENTS . . . . . . . . o

APPENDI XB TABLE OF MATHEMATICAL EXPRESSIONS . . . . . . . . . . . . . . oo

5-29



Tabl e

1-1

1-2A

1-2B
1-3

2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8
2-9

2-10

2-11

3-1

LI ST OF TABLES

Results of equilibriumpartitioning oil/SPM interaction
SHUIES .« e

Total organic carbon (ToG) and mi croscopi c conposition of
SR TBIS, © v

Sedi ment mneralogy as determined by x-ray diffraction .
(bserved Energy Dissipation Rates . . . . . . . . . . .

Thursday - Novenber 6, 1986, 11:30 a.m OIL-SPM,
BIE FEld, . o

Thursday - November 6, 1986, 3:00 p.m O L-SPM
T

Thursday - November 7, 1986, 5:00 p.m OIL-SPM,
FUL RiEld . o

Thursday - Novenber 8, 1986, 10:45 a.m OIL-SPM,
HlfFeld/FulTField... . o

Thursday - Novenber 6, 1986, 10:50 a.m O L ONLY,
R REld .

Friday - Novenber 7, 1986, 8:00 a.m OL OWY,
T

Saturday - Novenber 8, 1986, 3:20 a.m QL ONY,
R Rl .

0i1/SPM Interaction and Sedimentation Experiments . . . . . . . . . . . ..
0il/SPM Interaction and Sedinmentation Experiments . . . . . . . . . . . ..

Chem cal and Physical Characteristics of QI from Wave
Tank #4 0il/SPM Interaction Experiment . . . . . . . . . . . . . . . ... ... ...

Values for m and k (equations 2-37 through 2-39) calcu-
lated fromdata plots in Figures 2-16 and 2-17 . . . . . . . . . . . . . . ..

Polyester Filter vs. NOAA Status and Trends Sedi nent
Extraction Comparison. . . . . . . . .

1-18

2-11

2-12

2-13

2-14

2-15

2-16

2-17

2-18

2-19

2-41

2-48



3-2

5-1

5-2

LI ST OF TABLES (conti nued)

Partitioning Experiment Results . . . . .. .. ... ... ... .. ... 3-30

Sone results for neutral, near-bottom nodel run for a
noderate storm wave on the continental shelf, as described

- 5-22

Sone results for stratified near-bottom nodel run for a
noderate storm wave, strong current, and a silt bed on
the continental shelf.. . . . . . . . . . 5-25



LI ST OF FI GURES

Figure Page
1-1 Fl ame ionization detector capillary gas chromatograms

from KB-4 (Seldovia River Salt Marsh) oil/SPM interaction

LU S . o 1-8
1-2 [llustration of differential volune element used to derive

nomentum transport equation(s), or continuity equation. . . . . . . . 1-14
1-3 [l1lustrations of possible oil/SPM interactions show ng

transport and reaction paths . . . . . . . . . ... 1-24
1-4 “Col l'ision” Sphere of Radius a, which denotes the collision

geometry for nonodispersed spheres of dianeter a . . . . . . . .. ... .. 1-33
2-1 Experinental Hardware Used to Determi ne 0il-SPM Interaction

MBLiCS . o 2-6
2-2 Execution of 4-liter oil/SPM interaction experiment at the

NOAA Kasitsna Bay field laboratory . . . . . . . . . . . o 2-7
2-3 M croscope Slide Arrangenment for Viewing Ol Droplets

M0 P . 2-9
2-4 Gl/SPMnteractionsFree Q1 Count . . . . . . . . . . . . .. 2-20
2-5 Q1 Interactions (G1 Qnly) . . . . oo o 2-21
2-6 G1-SPMInteractions Total Free SBM . . . . . . . . . . . . . . .. ... ... 2-22
2-7 Experimental Hardware to Measure the Power Dissipated in

astirred Vessel . . o 2-25
2-8 Determ nation of weight required to achieve 400 rpm

stirring turbulence in the 4-liter beaker experiments. . . . . . . . . 2-26
2-9 Construction of the binary counting circuit board used

to accurately measure rpmin the 4-liter beaker oil/SPH

interaction eXperimentS . . . . . o v o 2-27
2-10 Trigger nechanism attached to the stirrer shaft and

binary counting circuit board (in the background adjacent
to the battery power supply) for the experinmental rpm
BLErmmations . . . v o o 2-28

Vi



LI ST OF FI GURES (continued)

Figure Page
2-11 Prototype tank design for evaporation/dissolution and

oil/SPH interaction experiments . . . . . . . . .. 2-37
2-12 Twenty-eight liter oil/SPM interaction chanber equi pped

with directional air manifold and stirring notor for

introduction of turbulence . . . . . . .. 2-38
2-13 Di spersed oil droplets and SPMin the 28 liter stirred

reaction chanber using 12-day weathered Prudhoe Bay

crude oil and <54 gm sieved Jakelof Bay SPM. . . . . . . . . . .. .. ... .. 2-39
2-14 Twenty-eight liter oil-SPM interaction chanber containing

residual dispersed oil droplets and SPM two mnutes after

termination of stirring turbulence . . . . . . . . . . ... 2-40
2-15 I dealized tine-series profiles of free oil (-Co)" free

SPMS_(C ) and oiled SPMloads in 28 liter stirred chanber

BOBLELIENES . . . . 2-45
2-16 Di spersed oil concentrations (ng total resolved hydro-

carbons/liter of seawater) over time (hours after the

spill event) for experiments with fresh, 2-day

weat hered and 12-day weathered Prudhoe Bay crude oil. . . . . . . . . . 2-46
2-17 Natural logarithms of the ratios of SPM concentrations at

time = “t” hours to that at tinme = O hours versus time in

experinments with fresh, 2-day weathered and 12-day weath-

ered Prudhoe Bay crude oil and no oil addition. . . . . . . . . . . ... .. 2-47
2-18 Conputer generated plots of product concentrations (pg oil /
. . . SPM
liter seawater) versus tinme (hours after spill event)
for values of Qranging from0.03 to 0.12 . . . . . . . . . . .. ... ... ... 2-50
3-1a Unweat hered Prudhoe Bay crude oil used for experinmental oil-
SPMRWRLEr SYSEEM. . . . 3-4
3-1b “Di ssolved phase” from experinental oil-SPM-water system . . . . . 3-4
3-1c "SPM phase” from experinmental oil-SPM-water system. . . . . . . . . . . . 3-5
3-id Second methylene chloride rinse of filter from*“SPM phase”
INRQUE 3 de . o 3-5
3-2 Gravimetric concentrations of SPMin sedinmentation experi-
ments conducted with oiled and unoiled Jakolof Bay sedinments
(sieved to B3PI . o 3-12



LI ST OF FIGURES (continued)

Figure Page

3-3(a) Concentration ratios of n-al kanes to nG 1 in oil sanples
fromthe parent oil-SPM kinetics rate experi man? ............. 3-14

3-3(h) Comparabl e concentration ratio information for selected
AOMALIC COMPOUNAS . . . o o o 3-14

3-4(a) Absol ute concentrations of n-alkanes associated with
"sedimented® and “residual suspended” SPM fractions after
110 minutes of settling in the oiled sedinmentation
BXPEIIMBNL. . o o o 3-16

3-4(b) Conpar abl e concentrations for aromatic hydrocarbons . . . . . . . . . . 3-16

3-5(a) Concentration ratios of n-alkanes to nC,. in the initial
bl ended oil (2 mnutes after blending) and the final
"sedimented" and “residual suspended” SPM after 110 nin-
utes of settling in the oiled sedinentation experiment. . . . . . . 3-17

3-5(h) Comparabl e concentration ratio information for selected
aromati ¢ conpounds (see Figure 3-4(b) for compound
Pdentification) . . o o o 3-17

3-6(a) SPM | oads over tinme in experinents with fresh, 2-day
weat hered and 12-day weat hered Prudhoe Bay crude oil and
with no oil addition in the 28 liter stirred chanber
P BM . 3-20

3-6(h) Di spersed oil concentrations in the corresponding
experiments with oil . . . . . 3-20

3-7(a) Concentrations of oil (i.e., total resolved hydrocarbons)
over time in the dispersed oil, dissolved and SPM phases of
whol e water sanples from the experiment with fresh Prudhoe
Bay crude oil in the 28 liter stirred chanber system. . . . . . . . . 3-23

3-7(h) Comparable information from the experiment with 2-day
weathered Prudhoe Bay crude oil . . . . . . . .. 3-23

3-7(c) Conparabl e information from the experiment with 12-day
weathered Prudhoe Bay crude oil (cont. ) . . . . . . . . .. ... ... ... ... 3-24

3-8(a) Absol ute concentrations of n-alkanes associated with
“sedi nented” and “residual suspended” SPM fractions at
the final sanpling tine in the 28 liter stirred chanber
experinment with 2-day weathered Prudhoe Bay crude oil . . . . . . . . 3-26

viii



Figure

3-8(b)

3-9(a)

3-9(b)

4-1

4-2
4-3
5-1

5-2

5-3

6-1

6-2

6-3

LI ST OF FI GURES (continued)

Conparabl e concentrations for selected aromatic conpounds
(napth = naphthal ene; see Figure 3-4(b) for other conpound
i dentification

Concentration ratio information for n-alkanes to ncz_1 from
the experiment inFigure 3-8. . . . .. . .. ... T
Conparable information for aromatic conpound ratios in

Figure 3-8 . . . .. ... ..

Sketch of water colum processes affecting the distribu-
tionofoil and SPM

Sketch of a plan view of oil-SPM transport processes .

Component Models of a 3-D oil-SPM transport nodel

Ext ended Shields Curve

Fl ow chart tracing conputational procedure for boundary
| ayer model. Labels are referred tointext . . ... . ... .. ... ...
Predicted neutral and stratified velocity and concentra-
tion profiles to a height z = Sc/6 for a noderate storm wave
with a noderate storm wave with a reference current of

B0 CIfSB . . v v
Plots of in (oil droplet nunber density) vs tine for
experinments with fresh Prudhoe Bay crude oil and G ew ngk

Gacier till. The energy,dissipation rate constant (e) was
approxi mately 260 ergs/cm sec in each experinent. (a) oil
plus glacial till. (boilonly...... .. ... ... .. ... .. ... .. ..

Phot omi crograph of blended oil droplets on nicroscope
slide

Photomicrograph of oil-SPM aggl omerates on nicroscope
slide

3-26

3-27

3-27

4-3

4- 1o

4-11

5-9

5-19

5-23



ACKNOW.EDGEMENTS

Various consultants have contributed greatly to this project over a
period of many nonths. The late Dr. WIlliam Grant of Wods Hol e Oceanogrpahic
Institution provided initial guidance and review on nodeling bottom boundary
layer conditions as influenced by wind and wave turbulence. Wth Dr. Gant’s
untinmely passing, W.R. Geyer provided additional assistance with his review of
bottom boundary |ayer nodeling, and he was in essence responsible for the prep-
aration of Section 5 of this report in its present form M. WIlson Horn and
Dr. Tom Fogg are acknow edged for their assistance and contributions in the
mat hemati cal derivations of the reaction rate constants neasured in the 28 |i-
ter stirred chanber system Gas chromatography/ mass spectrometry anal yses were
conpleted by M. Gary Smith. The photographic prints presented in this report
were prepared by Larry Haynes of Design Photogaphics. Lucy Kaelin, Mbel
O Byrne and Laurie Hughey are thanked for their tireless efforts on the word
processor and for their assistance in the preparation of this report in its

present form



1.0 | NTRODUCTI ON

The objective of this study was to characterize the nature of
oi | / suspended particulate material (SPM) interactions such that mathenmatical
formulations could be derived and (ultimately) incorporated into an ocean
oil-spill trajectory and circulation nodel. This report details the results
and findings from experinents and derivations which have been completed to date
and contains suggestions for areas of additional study.

The remainder of Section 1 contains a review of previous oil/SPM
interaction studies, the derivations and assunptions necessary to nodel these
interactions (including uncertainties on oil droplet dispersion, turbulence re-
quirenents, and oil/SPM ki netics). Section 2 presents the derivations and
results from laboratory studies conpleted to neasure the reaction rate constant
for o0il/SPM binding, and interestingly, simlar results were obtained with two
very different experimental systems. Section 3 contains the results of chem -
cal characterizations of the selective partitioning behavior which occurs anong
the discrete phases of dispersed oil droplets, dissolved oil constituents, free
(un-oiled) SPM  ociled-SPM aggl omerates still in suspension and sedi nented
0il-SPM whi ch has been renpoved from the water col um. Section 4 presents an
overview of the potential conputer requirements (and limtations) for nodeling
0il/SPM interactions within the context of a full three-demensional ocean cir-
culation nodel. Section 5 presents an overview of the late Dr. Wlliam Gant’s
contribution to nodeling the bottom boundary |ayer and sediment resuspension/
transport as controlled by wave and current regines. Section 6 contains an
executive summary of maj or program el enents, problens encountered in
experi ment al and nodeling efforts, and solutions derived and used to achieve
the results presented. Finally, Section 7 is the bibliography of all cited
literature, and the Appendix contains all of the reduced conpound specific
0il/SPM concentration data obtained from FID-GC and GC/MS anal yses of sanples
col | ect ed. These data can ultinately be conbined into boiling point ranges to
allow conparison of oiled-SPM conposition with Open-Ccean O | Weathering Mdel
predictions of oil conposition by distillate cuts.

1-1



It is not insignificant that several inportant program elements (e.g.,
wave and current induced sedi nent resuspension and transport, breaking wave-
induce d oil droplet dispersion and turbulent energy dissipation rate predic-
tions) are all areas of on-going Ph.D. -level research in universities, oceano-
graphic institutions and private |aboratories. As a result, there are still
many gaps in our know edge. At this tine it would be premature to believe that
a fully operational three- demensional ocean circulation nodel that incorpor-
ates all of the desired interaction terns (oil droplet dispersion, sedinent
resuspension for all size classes of SPM o¢il/SPM collisions as a function of
oil and SPM | oadings and turbulence, etc.) is possible in the very near future.
As discussed in Section 4, there are several possible approaches including
finite element circulation nmodels based on conservation of mass and energy as
well as probability distribution functions (PDFs) which might be used to
approximate the problem In any case, extensive conputer capabilities and
resources may be required to ultimately develop predictive nodels that incor-
porate all of the variables and stochastic processes involved.

1.1 BACKGROUND AND RELEVANCE OF QO L/ SUSPENDED- PARTI CULATE- MATERI AL | NTER-

ACTIONS TO OCS O L AND GAS DEVELOPMENT

The fate of hydrocarbon contamnants released into the outer continen-
tal shelf waters of Alaska will be controlled by sinultaneous physical (e.g.
circulation, sedinent transport and deposition), chemcal (oil weathering and
oi | /suspended particulate material interactions) , and biological (microbial)
processes (Payne et al., 1984; Atlas et al., 1983). Interactions between spil-
led oil and suspended particulate material (SPM) represent a mmjor potential
pat hway for the dispersal and deposition of petrol eum hydrocarbons in coastal
environments, particularly in areas characterized by naturally high concentra-
tions of river-derived and bottomresuspended SPM

The ability to predict the water colum residence times and eventual
sinks for hypothetical oil spills facilitates predictions of effects to poten-
tially inpacted benthic ecosystenms. Such predictions require a nmethod for syn-

thesizing and integrating representative data for dispersed oil and suspended
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sedi ment concentrations, transport, deposition, and resuspension rates, as well
as sediment/oil partition coefficients under a variety of possible spill sce-
narios.

Ol and SPM interactions occur through two prinmary nechanisns: (1) oil
droplets colliding with suspended particulate wmaterial and (2) nolecular
sorption of dissolved species. The paraneters and/or conditions that m ght
influence the rate of “reaction” between dispersed oil droplets and SPM are
nunerous; the concentrations of dispersed oil and SPM size distribution of the
oil droplets and SPM conposition of the oil and SPM and the density of the
oil and SPM will all have some effect on the rate of oil droplet/SPM
associ ations and ultimate sedinentation. The volubility of individual
hydrocarbon conponents in seawater also influences rates of nolecul ar sorption
of dissolved species onto SPM (Quinn, in press; Boehm 1987). However, data

fromfield and | aboratory studies suggest that sorption of truly dissolved

conponents is not inportant to the overall mass balance of an oil spill (Payne
et al., 1987) . Such adsorption may be inmportant, however, for biol ogical

consi derations as described bel ow

Sorption of oil onto suspended particles depends on the volubility be-
havi or of hydrocarbons and the nature of the particles. 1In general, a greater
water volubility of a particular hydrocarbon component acconpanies a reduced
tendency to associate with particulate matter (Gearing et al., 1980). Differ-
ences in volubility and adsorption behavior subsequently nmay result in a frac-
tionation of the oil, with soluble |ower nolecular weight aromatic hydrocarbons
enriched in the water phase, and relatively insoluble higher molecular weight
components associated with the suspended particul ate phase. However, changes
in salinity, pH turbulence, tenperature, concentrations of oil, and presence
of natural surfactants (dissolved organic matter) wll also influence the par-
titioning of oil onto SPM (Quinn, in press). The affinity of a particular hy-
drocarbon conponent for particulate adsorption is described by the partition
coefficient (or adsorption efficiencies) (K) such that l%: Cp/ql\, wher e %is
the concentration of the hydrocarbon on a given weight of particles and %is
the concentration of the hydrocarbon in an equal weight of water.
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As part of an Open Ocean 0il Wat hering Program SAlIC neasured
compound-specific partition coefficients between fresh Prudhoe Bay crude oil
and four representative sediment types characteristic of suspended particul ate
material encountered in A askan Quter Continental Shelf waters (Payne et al.
1984) . Table 1-1 presents the SPMwater phase concentrations obtained on spe-
cific aromatic conmpounds from those neasurements. Tables 1-2A and 1-2B present
i nformation regarding the chenmical and visual (i.e., nmicroscopic) conposition
of the sedinent types. Figure 1-1 presents representative chromatogranms show
ing the preferential partitioning of |ower nolecular weight aromatics (i.e.,
shorter retention tines in Figure 1-1G) into the water columm and internediate
and higher nolecular weight aromatic and aliphatic hydrocarbons (i.e. , |onger
retention times in Figures 1-1A and D) partitioning onto the suspended
particulate naterial.

Gearing et al. (1979) also reported the fractionation or partitioning
of lower molecular weight aromatic conpounds (including up to 3-ring aronatics)
into the dissolved phase before adsorption of the oil onto suspended particu-
late material and subsequent sinking. In test tank studies completed at the
Marine Ecosystem Research Laboratory at the University of Rhode Island, the
aromatic/aliphatic ratio in the sedinent was much |ower than that in the parent
oi | suggesting that preferential dissolution of |ower nolecular weight aromatic
conpounds may be occurring. Specifically, 2-35% of the higher molecular weight
aliphatic, acyclic and greater than 3-ring hydrocarbons were adsorbed onto the
suspended particulate and sedinents in contrast to 0.1% of the nmore water
sol ubl e naphthalene and mnet hyl napht hal ene conponents which were the predoni nant

aromatic materials in the No. 2 fuel oils used in their studies.

Wnters (1978) observed simlar partitioning in two sinulated oil
spills and one mxture of aromatic conpounds added to a test tank. The
petrol eum derived alkanes were approximately 10 times greater in the particu-
late fraction, and the |ower nolecular weight aromatics were at least 5 tines
more concentrated in the dissolved phase.

In samples of suspended particulate material collected along transects
perpendi cular to the South Texas o0cs near Corpus Christi, Parker and Macko
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Table 1-1.

Al IPHATIC FRACTLON**

4 Total  Votal m-aik Total Total
Sauple Res WM yn-alk Branched  Res L2
K fay-1
Sediment 340,000 73,000 26, 000  0.08 46,000 42.000
Aqueaus Phase 4,760 0] 33 0.007 60} 15
K. Bay- 2R
Sediment 795,000 18,000 16,(sMI 0.02 385,000 7,100
Aquenus Phase 3,360 0 1" 0.003 1.907 [)
kK Hay /B
Seediment 647,000 51,000 14.000 0.02 9,600 22,000
Pagaeen 5o, Ihase te 0 17 0.1 2.720 0
K. Bay-3
Sediment 85,000 10,000 5,000 0.06 12,000 10,000
Aquemts Phase 5840 0 8 0.001 512 0
K Bay 4
Sediment 253,000 262,000 60,000 0.3 44.000 15,000
Aqueous Phase Not reduced - 2.180 0
very lon

*K. Bay-1--Grewingh Glacter TiW)

K #ay 2A-China Peet Bay surface 1cm

k. Bay 2B-China Poot Bay depth ¥-8 cm

Kk Bay-3--Kasitsna Bay consol idated sediment
K. flay -4-- SeldoviaRiver salt marsh

e *Sed[mnt concentration In ug/kg, water concentration e ug/l

Benzenes

1,481, 3-dimethyl
{884}

15
2.9

46
3.4

33
2.0

12
2.9

(From Payne et al., 1984)

AROMATIC FRACTION®**

Naphthalenes
ethyl naphthalene 2-wmethy! L-magbedv2-ethyl 2,3-dimethyl
{o72) (V%)  (V05) (yazp]  (ve0a) {1a30)
62 40 630 400 103 440
0.56 1.3 7.4 7.4 9.8 3.1
210 ) . 550 310 9% 240
| .4 3.3 1.2 6.8 0.1 2.2
130 4 91 83 25 09
0.14 - 0.63 4.4 0.28 2.3
200 29 a8 3 125 337
0.46 0.16 0.49 1.3 0.12 2.2

**esediment concentration in ng/ky, water concentration inwpg/V; mumbers in parentheses are compound Kevat indices

Results of equilibriumpartitioning oil/SPM interaction studies

1,6,7- trimethyl
{1542}

290
1.0

143
1.0

35
0.28

210
0.34

Phenanthrenes

phenanthrene  7-methyl
{1788) (1904)

570 390
0.23

200 83

44
0.53 -
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TABLE 1-2a. Total Organic Carbon (To¢) and M croscopic Conposition of Sedinents

1D

Gewingk dacial till
Chi na Poot Bay-O 1 cm

China Poot Bay-1-8 cm

Kasitsna Bay

Seldovia River salt

mar sh

Jakolof Bay

NA = not available

TOTAL
ORGANI C M CRO -
CARBON SCOPE
(mg/g) SIZE
1.20 Approx. 1-10um
NA most<Sum
NA most<5um
6. 05 90% diatoms>5um
sone
terrestrial
<5um
NA  NA
26.52 Approx 1-50um

1-6

GENERAL _COMPOSI TI ON

alnost entirely clay fragnents

diatonms, terrestrial plant material,
clay fragnents

mostly clay fragnents, some diatons
and terrestrial plant material

mostly diatoms, some clay fragnents

mostly organic debris and fecal
pel lets, a few diatoms, very few
clay fragments

organic debris and clay fragments



L-T

TABLE 1-26. Sediment Mineralogy as Determined by X-Ray Diffraction®

COMPOSITON (%)

KB-1(Grewingk Glacier till)

KB-3 (Kasitsna Bay)

k B-4 (Seldovia salt marsh)

KB-5 (Jakolof Bay)

-Quartz  Kaolinite Feldspar Calcite Mica Sodium Chloride Other
>50 20- 40 20- 40 None <2 None —
>50 5-10 20- 40 None None 2-5 Gypsum <2
»50 5-10 20- 40 None None 2-5 _
>50 10-20 20- 40 <2 None 2-5 —

a
- Analyses completed by Technology of Minerals - 2030 Alameda Padre Serra, Santa Barbara, CA 93103



Figure 1-1.
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Fl ame ionization detector capillary gas chromatograms
from KB-4 (Seldovia River Salt Mrsh) oil/SPM interaction
studi es: (A) Aliphatic hydrocarbons in the oil exposed
sedi nents; (B) Background |evel aliphatic hydrocarbons
measured in unexposed sedinment; (C) Aliphatic hydrocar-
bons in the water colum extract; (D) Aromatic hydrocar-
bons in the oil exposed sedinents; (E) Background |evel
aronmati c hydrocarbon conponents neasured in the unexposed
sanple; and (G Aronatic -hydrocarbons in the water colum

extract. (From Payne et al., 1984)
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(1978) noted that the concentrations of higher nolecular weight (nC 28 through
nC-30) conpounds renmined relatively constant with distance from the shore,
whereas the total particulate hydrocarbon burdens decreased with increasing
di stance. These authors attributed this to the introduction and sorption of
t he hydrocarbons near the shore with subsequent novenent of particul ate-bound
oil and preferential retention of the higher nolecul ar weight conpounds during
weat heri ng. Several higher nol ecular wei ght polynuclear aromatic hydrocarbons
were also identified on the particulate material, including alkyl-substituted
napht hal enes,  phenanthrenes, di benzot hi ophenes, fluoranthene and pyrene. Con-
centrations of these materials were too |ow for quantitation; however, they
coul d be detected by selected ion nonitoring GC/MS.

Selective partitioning of |ower and hi gher nol ecul ar wei ght conpounds
has al so been observed by delLappe et al. (1979) in a study designed to neasure
the partitioning of petroleum hydrocarbons anong seawater, particulate, and
the filter feeding nussel, Mytilus californianus. Payne et al. (1980) and

Boehm and Fiest (1980)' also observed a simlar partitioning between |ower and
hi gher nmolecular weight conpounds in the dissolved phase and suspended
particulate material sanples renoved by filtration of |arge volune water
sanmpl es obtained in the vicinity of the IXTOC-1 blowout in the Qulf of Mexico.

In a laboratory study, Meyers and Quinn (1973) found that the hydro-
carbon adsorption efficiency (for the less than 44 um particle sized fractions)
decreased in the order of bentonite > kaolinite > illite > montmorillonite.
VWhen Meyers and Qinn treated sedinent sanples from Narragansett Bay with 30%
peroxide to renove indigenous organic material, an increase in adsorption po-
tential was noted. The organic material (which was presumably humic sub-
stances) was believed to nmask the sorption sites on the sedinent, thereby re-
duc ing the available surface area for adsorption of the organic conmpounds.
Seuss (1968), on the other hand, suggested that a 3 to 4% organic materi al
coating on clay wll enhance sorption processes by providing, in effect, a
lipophillic | ayer to enhance non-polar hydrophobic binding. These findings
would be more in line with the results of Payne et al. (1984) in conparing the
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adsorption potential of the organic-rich nmaterials fromthe Seldovia River
estuary to the conposite diatom rich sedinment sanples from Kasitsna Bay (Table

1) .

In a laboratory study, Zurcher and Thuer (1978) considered the disso-
lution, suspension, agglomeration and adsorption of fuel oil onto pure kaoli-
nite. In their studies, the dissolved water colum sanples showed significant
| evel s of |ower nolecular aromatics in the benzene to nethyl napht hal ene range,
and the adsorbed fraction contained n-alkanes and aromatics from Kovat indices
1400 through 3200 (Kovats, 1958). The clay nminerals in this experinent adsorb-
ed about 200 ng of hydrocarbons per kilogram of dry material. Meyers and Quinn
(1973) reported a sinmilar value of 162 mg/kilogram for dry kaolinite. Payne et
al. (1984) reported values froma |ow of 122 mg/kilogram (total resolved and
UCM from both the aliphatic and aromatic fractions) fromthe SPM sanples from
Kasitsna Bay to a high of 1.2 g/kilogramfor the Oto |-cm subsamples fromthe
tidal nud flats from China Poot Bay.

While the results of these nore recent oil/SPM interaction studies
using representative sanples fromlower Cook Inlet parallel the findings re-
ported by previous investigators, they are somewhat contradictory to results
reported by Malinky and Shaw (1979). These authors exanmined the association of
two | ower nolecular weight petrol eum conponents and suspended sedinents (pri-
marily glacially-derived sedinents from the south central Al aska region) and
concluded that sedinmentation of oil by the adsorption to suspended mineral par-

ticles may not be a najor pathway for the dispersion of petroleumin the narine

envi ronnent . In that study, however, they used 14C-labelled decane and bi-
phenyl at near saturation levels (i.e. , the ppm range, although exact concen-
trations were not specified by the authors). In their experinents, the con-

centrations of the two hydrocarbons associated with the sedinments was approx-
imtely 30% of the original aqueous concentration in parts per mllion. From
| oadings of permitted discharges in Port Valdez and neasured sediment |oads,
the authors calculated that less than 3% of the oil released into the harbor
could be associated with the sedinent. Thus, the authors concl uded that
adsorption of hydrocarbons to suspended particulate mterial was not that

significant, and that the role of suspended nmineral particulate material may be
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far less significant in adsorption of polynuclear aromatic hydrocarbons in
natural waters than is the role of total suspended matter. The applicability
of their findings to real oil spill situations in natural environnents may be
limted, however, in light of the fact that they did not use a natural oil or
even a water accommodated fraction of a natural oil, and by the fact that the
conpounds which were utilized have significantly higher water solubilities than
the higher nolecul ar weight polynuclear aromatic hydrocarbons of interest.
Cearly, the results of Payne et al. (1984) on glacially-derived till from the
Grewingk G acier (Table I-1) show that the particulate naterial does have a
high affinity for polynuclear aronmtic hydrocarbons (inspite of its | ow TCC,
see Table 1-2A) and that the high surface area of the glacial till can provide
an active site for oil adsorption and ultinmate sedinentation.

From the aforementioned equilibrium studies, it is clear that inter-
actions between spilled oil and suspended particulate represent an inportant
mechani sm for the dispersal and renoval of oil from surface waters. Rates for
0il/SPM interactions and dispersal are, in turn, related to concentrations of
suspended nmterials and fluxes of SPMinto and out of an inpacted area. In
particular, oil spills in nearshore waters wth high suspended particulate
| oads experience rapid dispersal and renoval of the oil due to sorption onto
SPM al ong frontal zones (e.g., Forrester, 1971, Kolpack, 1971). Boehm (1987)
characterized the SPM concentration dependence on oil/sPM fluxes as follows: at
SPM concentrations from 1-10 mg/liter, no appreci able transport of particle-
associated oil to the benthos occurs; at SPM|oads from 10-100 mg/liter, con-
siderabl e 0il/SPM interaction, wth subsequent transport and deposition is
possible in the presence of sufficient turbulent nixing;, and at SPM concentra-
tions > 100 mg/liter mss ive oil transport may occur with potentials for
significant adverse inpacts to the benthos.

Consi deration of dispersed oil droplets and SPMinteractions are par-

ticularly germane to predicting oil spill behavior in areas of high SPM | oads
such as Norton Sound where high SPM Il evels in nearshore waters are affected by
the Yukon River discharge. In this case, adsorption of dispersed oil onto sus-

pended particulate may provide a relatively efficient nechanism for sediment-

ing significant fractions of the oil mass. For exanple, follow ng the TSESIS
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oil spill in the Baltic Sea, approxinmately 10-15% of the 300 tons of spilled

oil were renoved by sedinmentation of SPMadsorbed oil. The high oil flux was
due to the large SPM concentrations resulting from turbul ent resuspension of
bottom sedi ments (Johansson et al., 1980).

1.2 MODELI NG APPRCACH FOR OIL/SPM | NTERACTI ONS

In this program we have utilized previously existing information (to
the greatest extent possible) and generated new data to devel op a mathemati cal
mde 1 to quantify the interaction of oil with suspended particulate nmatter.
The interaction kinetics of oil droplets and suspended particulate natter can
be used in a variety of “nodels.” The original intent for the use of the
Kinetics was in conjunction with an existing ocean-circul ation nodel which
could add on a material balance calculation, However, since such an
ocean-circulation nodel is not easily accessible, work is nowin progress that
will illustrate how the kinetics (nodel) can be used. The models that are
being considered are one-dimensional and will be accessible to other
researchers by way of a personal conputer. These nodels are intented to
provide “bounded” calculations and illustrate other concepts that nust also be
addressed by an ocean-circul ation nodel inplementing the oil-spin kinetics.

It is inmportant to note that the oil-spin interaction nodel that is
bei ng developed is intended to be an “add on” calculation for a general
circulation nodel that addresses both vertical and horizontal transport. Since
a general circulation nodel nust be used, it is necessary to describe how a
suspended-particulate natter and oil-interaction description will “fit” into a
circul ation nodel. Circulation nodels are always finite-element numerical
integration codes, and as such, they require considerable effort in devel opment
and use. It must al so be recogni zed that the description of the transport of
trace constituents in circulation nodels is usually an “add-on” cal cul ation.
For exanple, the transport of dissolved oil or snall oil droplets in the water
colum is an “add-on” because these constituents do not affect the nomentum

transport calculations (i.e., circulation) in any neasurable way.
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Al circulation nmodels are essentially solutions to momentum transport
equations.  For modeling purposes, sediment transport depends on ocean circul a-
tion. Consequently horizontal (x and y) and vertical (z) transport and tine
di mensions nust be considered. Also included with the nomentum transport equa-
tion is the continuity equation in 3 dinensions. \Wen these equations are ap-
plied to specific boundary conditions, such as bottom topography, shoreline,
and weather, a specific 3-D circulation nodel is obtained. These nmodels are
“huge” because the large nunmber of equations and the form of the boundary con-
ditions nake it inpossible to “sinplify” the mathematics, In essence, every
differential elenment of the nodel affects every other differential element.

Weather is an inportant “driver” of circulation in these types of
model s. In particular, wnd energy transports nomentum to the water col um.
This transferred nonentum manifests “itself” in water velocity profiles which
in turn transfer nomentum from the water colum to the bottom thus affecting
sedi nent  resuspension and deposition. These factors are considered in greater
detail in Sections 4 and 5.

Figure 1-2 illustrates a differential volune element used to derive
the nonentum transport equation(s). The arrows indicate inputs and outputs
(nonmentum flux) to the volume. Arrows for inputs and outputs of sedinent, oil

droplets (as dispersed oil), and dissolved oil are also to be added to this
figure.

Interactions of oil and sediment are described (nmathematically) as oc-

curring ins ide the volune elenment illustrated in Figure 1-2. Thus, for the
sorption of dissolved oil onto sedinment, partition coefficients (also called
sorption efficiencies) relating dissolved oil and sorbed oil (on the solid
surface) are required. Taking the limt as AX, AY, AZ, — Oyields the

general nmomentum bal ance equations along with the appropriate equations of

continuity (conservation of mass for water, oil species, and sedinment).
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Figure 1-2. Illustration of differential volune elenent used to derive
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Two things of inportance occur at the air-sea interface: (1) momentum
is transferred to the water colum fromthe “weather”, and (2) oil is “in-
jected” into the water colum. The weather input at this boundary should be

generated by a stochastic weather nodel. Thus, when a request for oil trajec-
tories is nmade, it is not correct to run just one trajectory because of the
stochastic (probabilistic) nature of the weather. It is necessary to run many

trajectory cases and then examne all of the trajectories to see the range of
coverage and probable land hits. By including weather, and this weather nust
be an image of the past neteorological records, the specific site is truly con-
si dered. Gl is also put into the differential volume elenent at the air-sea

boundary.

When the differential volune element is on the ocean bottom or shore-
ine, boundaries exist where sediment is input into and taken out of the water
colum, along with oil either as oil droplets, oil SPM-particle aggl omerates,
or dissolved oil. The sedinent in the water column is described as a concen-
tration. Since weat her generates the shear stresses necessary for suspension
(or deposition), a site-specific weather nodel nust again be used

Integrating an existing circulation nodel with the inputs of oil at
the air-sea interface and sedinent fromthe bottomand shoreline will yield a
description of oil and SPM transport, and the interaction of these two addi-
tional “species”. These species will not affect the general circulation in any
way because their presence does not significantly affect momentum transport.
Thus, the fate of oil and SPM depends on circulation (and weather) but circul a-
tion does not depend on oil and SPM  The defining equations for oil and SPM
are thus decoupled and essentially “ride along” as the nobmentum equations are

sol ved.

The output, or predictions of such a nodel integration will be a sedi-
ment nmaterial balance yielding water colum concentrations of “oil” and SPM
and bottom concentrations of sedinent (size and quantity) and oil in the sedi-

ment. Therefore, the initial (tine = O condition for sedinent on the bottom
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and in the water colum nust also be specified. This requires that a
seditnent-invento ry nmap of the entire bottom be available which includes parti-
cle size distribution.

The output predictions of the oil-SPM interaction(s) and deposition
model will wultimately need to be coupled to a set of oil slick trajectories.
The result of these interactions is a “footprint” of oiled sedinent on the
ocean bottom This “footprint” will be characterized by concentration contours

(gins oil/gins sedi ment) and depth of oil accumul ation.

In summary, a specific ocean circulation nodel must (ultimtely) be
used to describe o0il-S8PM interactions and fates because of the follow ng:

0 Bot h vertical and horizontal transport are to be considered

0 Speci fic weather rmust be used because weather determines or drives
circulation for specific sites and weather deternines some of the en-
vironmental paraneters.

0 Crculation is the determning variable for transport and resuspen-
sion, position of oil inputs, and is essentially the I|NTEGRATCR t hat
brings the nodel together.

1.2.1 Di spersion of Ol Droplets

The dispersion of oil droplets into the water colum is not a well-
under st ood process. Yet, to predict the collision and result of a collision
between oil droplets and suspended particulate, the rate of input (i.e. , dis-
persion rate) of oil droplets into the water must be known along with the drop-
| et nunmber concentration (not just oil concentration in mg/l). To date, pre-
diction of the dispersion rate is based (mstly) on enpirical nodels which are
| unped- paraneter nodels. Nonodel based on a “statistical-mechanical approach”
for dispersion-rate prediction has ever been presented which is usable. There-
fore, the prediction of oil droplet and suspended particul ate interactions nust
begin with a review of the prediction of the source of one of the reacting com
ponents, i.e., oil droplets. The dispersion of oil droplets forns an
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oil-in-water emulsion, the properties of which are fairly well known. In order

to provide a source of oil droplets for the oil-SPM collision process, this
emul sion must be relatively stable.

As discussed in the follow ng sections, turbulence alone cannot ac-
count for the observed oil droplet sizes. The thernodynanics of the oil-imn-
water interaction nmay be the chief driving force for the production of the na-
jority of droplets, with turbulence and the presence of suspended particul ate
material affecting oil-SPM interaction rates.

Tur bul ence

Tur bul ence nust Dbe considered for an oil-spin kinetics nodel for two
r easons: the turbulent energy dissipation rate appears as a coefficient in the
panticle-particle collision expression, and turbulence is supected as deternin-
ing (in part) the oil-droplet-size distribution. “Turbulence” as a topic in
itself is an on-going research topic. It is the intent of the follow ng dis-
cussion to summarize information on “turbulence” with sufficient reference to

what is known and can be used in an oil-spin kinetic expression.

The nost common nmodels of oil dispersion are based on the turbul ent
breakup of the oil where the turbulent energy is supplied by breaking waves
(Rej , 1977, Milgram, 1978; Shonting, 1979). The breaking waves “beat” the oil
into the water colum where a fraction of the “injected” oil remains as dis-
persed droplets and the rest returns to the surface slick. These nodels have
been devel oped relating turbulent energy dissipation rates (¢) to sea state
especially wind speed. Sea state is a paraneter also used to calculate the oil
concentration in the water colum. Difficulties encountered with this nethod
of nmodeling oil droplet size and production rate using turbul ence alone include
the lack of data on observed energy dissipation rates and the lack of correl a-
tion of theoretical oil concentrations and droplet sizes with observed val ues

Table 1-3 lists energy dissipation rates neasured in the ocean. Enphasis has
primarily been on deep ocean neasurenents and not at the surface (02 m or

ocean fl oor. The ocean surface has been estinmated to have turbul ent energy
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Depth ( m ~(ergs/ cni/ see]
1 6.4 E-2
1-2 3.0 E-2
15 3.0 E-2
15 2.5 E-2
15 1.0 E-2
27 5.2 E-3
36 1.5 E1
40 2.65 E-3
43 3.0 E-3
58 4.8 E-3
73 1.9 E3
89 3.4 E-4
90 3.1 E-4
100 6.25 E-4
140 3.7 E-2

*I'n Raj (1977).

Tabl e 1-3.

Unit Conversions

1 erg/cm3sec =1 cmz/sec3 wat er

10-* watts/ kg water

10-" wat’(:s/cm3
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(bserved Energy Dissipation Rates

Ref erences
Liu (1985)
Stewart & Gant (1962)
Stewart & Gant (1962)
Grant et al. (1968)
Liu (1985)
Gant et al. (1968)
Belyaev (1975)*
Liu (1985)
Gant et al. (1968)
Grant et al. (1968)
Gant et al. (1968)
Gant et al. (1968)
Gant et al. (1968)
Liu (1985)

Belyaev (1975)*



di ssipation rates of 30 cm?‘/sec3 or higher in the top 6 cmwith winds of 10 m
sec (Lin, 1978). Raj (1977) found that w nd speeds of 12 m's (25 knots) would
be required to suspend oil to a depth of two meters using only turbul ence as
the dispersion process.

The air-sea boundary and sea-bottom boundary are expected tbe the
regions of greatest energy dissipation based on velocity profile considera-
tions. Ol -droplet concentrations will be highest near the surface (near the
slick) and sediment concentrations will be highest near the bottom (in resus-
pensi on cases). The region of greatest oil-SMP interaction may then be the
mddle region of |owest energy dissipation, with source terns of oil-droplet
and sedinent input described by the boundary regions (surface and botton) of
hi gher energy dissipation rates. Turbul ent energy dissipation rates, when
known, can be readily duplicated in the |laboratory as discussed in the section

on experimental procedures, though only with serious scaling uncertainties.

The prediction of oil droplet size from turbulence-only nodels gen-
erally uses the Weber nunber approach. Milgram (1978) predicted that the
smal l est droplet possible is approximately 50 um (while the typical droplet
size is larger). Aravanuden (1981) found a simlar value but found an inverse
linear relationship between droplet dianmeter and the nunber of droplets.
Observations around an oil spill support this inverse relationship but the
m ni mum observed droplet size was approximtely 1 pm (Shaw, 1977). The use of
the Weber nunb er approach also requires the predication of oil viscosity and
oil-water interracial surface tens ion over time. Neither of these physical
properties is predictable strictly from oil conposition.

The affect of turbulence on a coagul ating suspension is conplex. Hunt
(1982) described this effect as two-fold. “First, it (turbulence) generates
smal | -scal e fluid shear which controls the suspended particle volume renpval
rate and second, disperses the discharged particle suspension which decrease
the particle concentration and lowers collision and rermoval rates.”
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Emul si ons

It is known fromemulsion theory that w thout the presence of an emul-
si fying agent, oil-in-water enulsions (for pure conmpounds) are linmted to a
maxi mum concentration of about 2% and are not stable (Cayton, 1923). Liquid-
liquid emulsions may be stabilized by the addition of one of three types of
conpounds: 1) conmpounds w th a pol ar-nonpol ar structure (surfactants); 2)
conpounds which form a protective barrier at the liquid-liquid interface (hy-
drophilic colloids, i.e., gelatins and gums); and 3) finely divided powders or
i nsoluble particles (Huang and Elliot, 1977, Overbeek, 1952). The use of agi-
tation (turbul ence) alone cannot result in the formation of a stable
oil-in-water enulsion but increases the interaction rate of droplets with the
stabilizing compound.

Stable oil-in-water enulsions nay be fornmed spontaneously (i.e., with
no agitation) when polar conpounds are present in the oil (Overbeek, 1952).
Micelles are spontaneously formed by the alignment of the polar conpounds into
a sphere with the hydrophilic heads at the water interface and the hydrophobic
tails to the center where the nonpolar oil conpounds are contained. This
alignnent of polar-nonpol ar hydrocarbons occurs in many biol ogi cal systens and
is the basis for the fornmation of cell menbranes and the micelles that conprise
latex and mlk (Overbeek, 1952; Bretscher, 1985).

O l-in-water enulsions formed either spontaneously or with a stabiliz-
ing agent have droplet sizes on the order of 0.lpm for pure substances with
sizes increasing for nonpure conpounds and in the presence of electrolytes.
G| droplets have been experinmentally produced in seawater (as an unstable
enulsion) wth agitation in this size range as neasured by filtration (Shaw,
1977)

Because oil is known to oxidize at ambient tenperatures over tine and
its surface tension decreases (Payne et al., 1984, Payne and Phillips 1985), it
is possible to hypothesize that polar products are formed in oil as it weathers
(Bal dwi n and Daniel, 1953). This would lead to the increased possibility of
spont aneous enulsion formation and/or stabilized emulsion formation. The exact
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nmechani sm of oil-droplet formation probably involves the conbined effects of
turbul ence, spontaneous enulsification and increased stabilization due to polar

compound production and the presence of fine particles of suspended materials.

1.2.2 Sedi nent  Transport

Sedi nent transport pertains to three specific topics: suspended sedi-
ment, sedinent resuspension, and sediment inventory on the bottom In order to
wite an oil and suspended particulate matter interaction nodel, the concentra-
tion of suspended sediment that might interact with oil in the water colum
must be known. Therefore, the “add-on” calculation for the circulation nodel
is a sediment nmaterial balance for both the water column and the bottom
Therefore, it is necessary to address the mbdeling of sedinent transport wth
respect to the differential volume elenent shown in Figure 1-2. The derived
mat hematical equations nust be in a formvalid for any water-phase concentra-
tion species. Thus , the mass transport equations for sedinent in the water
colum wll look the sane as the equations for oil either as droplets or dis-
sol ved speci es.

The concentration of suspended sediment in the water colum can be
consi dered as resulting from advection and mixing within the water body and re-
suspension from the bottom The forner is part of the full three dimensional
nunmerical circulation nodel of the water body and will include source boundary
conditions such as riverine input and coastal erosion. The latter involves a
sub-rmodel  of the bottom boundary |ayer which will provide bottom boundary con-
ditions for the suspended sedinment continuity equation and bottom friction co-
efficients for the sea bed to the bottom boundary |ayer or suspended sedi nent
concentrations in the boundary layer resulting from resuspension (see Sections
4 and 5). The incorporation of this bottom boundary condition into the 3-D
circulation nodel can necessarily only be performed by the circulation nodel.

The suspended sediment, bottom boundary |ayer sub-nodel (described in
detail in Section 5) is based on Grant and Madsen (1979, 1982) and Grant and
Genn (1983). The sub-nodel calcul ates the non-linear dynam cs of surface wave

and current interactions in frictional bottom boundary l|ayers. The calcul ated
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bottom shear stress fromthis nodel (which includes moveable bed and stratifi-
cation effects) is then related to sediment resuspension and transport through
the Shields paraneter. Inputs to this sub-nodel include:

1. Low frequency surface wave characteristics (amplitude, frequency and
direction of the wave which nost feels the bottom - that is not neces-
sarily the nost significant wave; |ow frequency swells resuspend sedi-
ment nore easily than a steep choppy sea.)

2. Low frequency current and density profiles (fromthe 3-D circulation
mdel ) . There is feedback from the boundary |ayer sub-rodel to the
current profiles and eddy viscosity paraneters.

3. Bott om sedi nent characteristics, including size distribution and bed
form characteristics.

The theoretical nean current shear velocities calculated by all wave
current nodels developed to date generate values relatively close to those
whi ch have been determ ned fromfield neasurenents (Wiberg and Smth, 1983).
Wberg and Snmith (1983) used nodels originally developed by the late Dr.
Wlliam Gant to calculate the conmbined effects of waves and currents to pre-
dict near bottom velocity profiles and values of boundary shear stress that
agreed reasonably well with reanalyzed data collected by Cacchione and Drake
(1982) . As discussed in detail in Sections 4 and 5, the results for two dif-
ferent forns of the eddy viscosity indicated a significant enhancement of the
boundary sheer velocity due to the current and waves conpared to the slope of
the velocity profile above the wave boundary layer due to the current only.
Thus, nodel s which incorporate wave behavior as well as currents provide a nuch
better estimate of the neasure of sheer velocity than that which can be obtain-
ed when only the currents are included in the calculations. In the evaluation
of suspended particulate material mgration, and in constructing an oil/SPM in-
teraction nodel in general, it will be necessary to account for the presence of
waves on the surface when estimating bottomstresses either fromfield data or
theoretically. Estimates of sedinent transport rates that ignore the interac-
tions of waves wth currents wll alnost certainly be too | ow (Wiberg and
Smth, 1983, Gen, 1983; and Gant and G en 1983).
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1.2.3 Interaction of Crude G| with Suspended Particulate Material

Interactions of oil in the water colum with suspended particulate nma-
terial can occur by two different mechanisns. The first nechanismis on a
mol ecul ar scale wth dissolved oil species sorbing fromthe waterphase onto
the suspended solids. The second nechanismis on a nacroscopic scale with dis-
persed drops of oil colliding with the suspended solids. The resulting |oaded
particulate are ultimtely deposited on the sea floor.

The interaction of oil wth suspended particulate involves a nunber
of mass transport processes, illustrated in Figure 1-3, which are dependent on
the source terns for oil and sedinent. The oil source termcan be dissolution
of nolecular species or dispersion of drops of oil fromthe parent slick, and
t he dispersion process can be wi nd-induced turbul ence or spontaneous enul sifi-
cation (labeled 1-3, respectively, in Figure 1-3). The sedinent source term
occurs as the result of turbulence at the ocean floor (path 6). Another signi-
ficant sedinent source termin Norton Sound is the Yukon River input. The in-
teraction of oil and suspended particles in the water colum occurs by sorption
of nolecularly dissolved species (path 8), spontaneously dispersed drops col-
liding with suspended particles (path 11), and as turbul ence dispersed drops
also colliding with particles (path 7). The sedinment returns to the sea floor
(path 9) with sorbed oil or associated with oil drops, or with no oil. Gl can

also transport to the sea floor as unassociated drops (path 4) or as dissolved

species (path 5). The transport of unassociated drops and nol ecul ar species
wll occur when there is little or“no” suspended sedinment or when the
reaction, i.e. , sticking or adsorption, does not occur at an appreciable rate

relative to be transport rate. Once oil is on the sea floor, it can be further
m xed into the deposited sedinments by turnover mechanisns (path 10).

The mathematical description of the interaction of oil in the water
colum with suspended particulate matter requires both thernodynanmic and Kine-
tic information. The kinetic information nmust describe the strength of the oil
source ternms (rates), the transport (movenent) of oil and sediment in the water
colum due to the local turbulent diffusivity, and the suspension deposition
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rates of sedinment on the sea floor. The thernodynamc information nust
describe the phase equilibrium of the nolecular species for the water solid
sorption. The sorption phenormena can conceptually be described the sane way
that vapor-liquid distributions are described by Henry’'s Law.  Usually, for the
case of dissolved hydrocarbons in the water colum, the sorption ratio which
relates the dissolved species concentration is a constant for very |ow concen-
trations. Also to be considered is the oil water equilibrium of dissolving
species; this equilibrium has been described extensively in the open literature
as a partition coefficient, or M value.

Figure 1-3 is virtually applicable to the differential volune element
presented in Figure 1-2. The o0il/SPM interactions are |abeled nunbers 7, 11
and 8, and the nathematical description of these interactions go “in” the dif-
ferential volume el enent because they represent accumul ati on or change (which
can be + or -) through reactions of species of interest. This is illustrated
by considering dissolved conpounds. The water colum concentration of a hydro-
carbon wll change in the presence of sedinment because of sorption processes
This change nost likely will be described as an instantaneous reaction which
requires that only a partition coefficient (thernodynam cs) be used to describe
this interaction. O course, as the “plume” spreads the total concentration of
hydrocarbon decreases.

The input-output processes around nunbers 7, 11 and 8 (i.e., all the
other nunbers ) are essentially fluxes which describe the arrows in and out of
the differential volume elenent in Figure 1-2. This is especially true at the
boundaries of the air-sea and sea-floor interfaces. The near-shore zone of
shal low water is a special case of the sea-floor interface

Therefore, in order to wite the correct mathematical equations de-
scribing oil-SPM interactions it is necessary to be able to wite a differen-
tial material balance for oil and SPM  This procedure of witing the equations
yields the correct form of the mathematics to be used in the “add-on” cal cul a-
tion to the circul ation nodel
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1.3 OIL/SPM | NTERACTI ON MODEL DEVELOPMENT

The objective of the oil-droplet and suspended-particul ate-matter in-
teraction program is to quantify the reaction terns in the convection- diffu-
sion equation for oil droplets and dissolved-oil species. The convective-
di ffusion equation is derived by witing a mass bal ance for the species of
interest in a differential volune elenent. The result of witing the mass
bal ance when three dinensions are considered yields the follow ng partial
differential equation for the concentration of species i:

ac , a a a
— + —(V.C.) + —(V.C,) + —(V.C,) =
at  ax Y ey VP gz 21

8 ac, a 8¢ & aC;
——(kx—-)+—(k -—)+—(kz——)+Ri
ax Tox ay Jay @z %oz

This partial differential equation is a nmass bal ance which when integrated over
time and space yields the concentration of species i. This equation appears in
all branches of science and engineering whenever a mass balance is witten. In
the above equation, the left-hand side, with the exception of (aci/at), repre-
s ents advection through the differential volune elenent (which is fixed in
space) and the right-hand side, with the exception of R, describes horizontal
and vertical dispersion.

This partial differential equation is the basis for discussing and de-
scribing oil and suspended-particulate-matter interactions in the water colum.
All of the “interaction” information is contained in the reaction term R.1
above. This reaction termis a renmoval (output) or source (input) termfor the
species i. Thus, for o0il-SPM interactions, it is necessary to describe what
species are going to be identified and kept track of. It is not possible to
quantify every single species in the system there are sinply too nany. [ n-

stead, experience seens to indicate that sinplifying assunptions can be made.
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The reaction for oil droplets in the water colum describes the rate

of collision and sticking of an oil droplet with a suspended particulate, i.e.
a loss of (free) oil droplet, and the settling (or rising) of an oil droplet.
The reaction termR for oil droplets only then is

R.. = C [ -2

» ~ oD% (-2
wher e 'ﬁo%p% is the rate of collision and sticking of an oil droplet and a
suspended particulate to produce an oil-particulate agglomerate. The effect of

buoyancy of oil droplets or oil-SPM aggl onerate appears in the vertical veloci-
ty termin the partial differential equation (I-1).

Clearly, a mass balance nust also be witten for unoiled sedinment.
The partial differential equation for suspended sedi ment |ooks exactly the same
as that for C‘l‘ Thus, in order to predict the interaction of oil and sedi ment
for a specific location, a prediction of sedinment transport is required

apriori.

A conmplete list of the species of interest for oil-SPM interaction
prediction includes: oil droplets as a function of size, sedinent size and
“type,” and finally oil-particulate agglonerates. Ol-particulate agglonerates
refer to oil-particulate species where the particulate is conposed of one, two,
three, . . . . individual particulate(s), and the agglonmerate is the result of one
oil droplet scavenging more than one particulate. There are an infinite nunber
of species when these typesof agglonerates are considered. Since it is not
possible to keep track of all species even on the fastest conputer (nor worth-
while) , sone judgement based on existing results and experimentation must be
used to either elimnate species or |unp species into pseudocomponents.

An explicit requirement for an oil-SPM interaction and concentration
prediction is the velocity and dispersion vectors in the mass bal ance equation.
It must be enphasized that these velocities and dispersion coefficients are not
calculated from an oil-SPM nodel. An o0il-SPM transport nodel only uses these
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paraneters to calculate where the oil and SPM are transported. These para-
meters come from an ocean circulation model, and if the ocean- circulation
node 1 conputes salinity, then the ocean-circulation nodel can easily conpute

oil and SPM concentration in the sane way (with appropriate boundary condi-
tions) .

In the discussion that follows a detailed statenent of the oil and
suspended-particul ate-matter interaction problemis given along with the sim
plifying assunptions that are being pursued. A reviewof the |iterature is
then given with enphasis on: particle-particle kinetics, the rate constant of
these kinetics as a function of shear (and turbul ence), oil droplets in water
(emul sions), and the range of experinmental paranmeters expected. Finally, in
Section 2, a discussion of the results of the conpleted experiments is present-
ed along wth considerations on the utilization of these results and how the
parameters are to be used in nodeling.

1.3.1 F_ormal Description of Suspended Particulate Matter and O Interac-
tions
The objective of the oil and suspended-particul ate-natter interaction
programis to describe the fate of oil in the water colum when the presence of
suspended particulate matter is considered. G exists in the water colum as
discrete droplets or (truly) dissolved oil species. The truly dissolved oil
species can be either nmolecular specific species or pseudoconponents. The dis-

solved oil species interact with the suspended particulate by adsorbing onto
the particle, while the oil droplets interact by colliding with and sticking to
the particul ate. The adsorption of dissolved oil species by particulate is

thought to affect no change in the particle' s hydrodynam c characteristics

while the oil-droplet particle species mght affect a change in hydrodynanic
character relative to both parents.

An oil spill on the ocean surface noves as a function of environmental

conditions such as wind speed, waves, and water currents. As the slick weath-
ers, dissolved species and droplets of oil are fluxed into the water colum.
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At the same time sediment transport occurs due (nmainly) te a flux of sedinent
to or from the bottom depending on wave conditions and currents. Thus, the two

species, oil and particul ate, interact and are transported due to the I|ocal
velocity and dispersion vectors.

The mat hematics which describe the water colum interactions are the

continuity equations for the various species. In general, this equation is
ac , a a a
— + —(V.C,) + —(V.C,) + —(V_C,) =
at ax =1t ayyl 3z 2 *t
(1-3)
a3 ac, a ac. a ac.

—(k =)+ (k —F)4—(k —)+R,
ax ‘ax dy yay 8z ‘az
wher e C.l is the concentration of the ith species of interest, t is tine, Vi are
the velocity conponents, k,s are the dispersion conponents, and Ris the re-
action term Thi s equation can only be solved if the velocity and dispersion
components are known. Furthernore, when this equation applies to dilute spe-
ci es, it is not coupled back to the hydrodynam ¢ equations. In other words if
the presence of Cdoes not affect the bulk density of the fluid, the (bulk)
viscosity of the fluid, or any other physical property of interest, C depends
on V and k while the converse is not true. For oil species, C, in the water
colum, this “not coupled” assunption is applied because the species are very
dilute. This is apparently not the case for sedinment at the bottom boundary.
(See Sections 4 and Sy. The continuity equation can be solved when V and k are
given or specified as a function of x, y, z and tine. |f a circulation nodel
is available which conputes these vectors and also salinity, then it is
straight forward to add the calculation procedure to consider other species.
Actually, it is easier to add uncoupled species equations because (note that)
salinity is coupled to the nonentum equations through the bulk density. If the
continuity equation for uncoupled species such as oil has to be integrated
after a circulation nodel is run, then a considerable amunt of work nust be
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done to “wite” an integration routine, paranetrize the |ocation of the
boundary, and “plot” the results.

Consi der now the reaction termfor oil droplets. GO droplets |eave
(change their identity) the water colum by colliding with and sticking to sus-
pended particulate. The rate expression for the “reaction” is postulated to be

Rop = Koo (1-4)

where Co is the oil-droplet concentration, Cis the total particulate concen-
tration, and KOp is the rate constant for this “reaction.” KOp is a function

of turbulence or energy dissipation rate and is discussed in detail in the fol-
| owi ng section (1.3.2).

This interaction wll result in a decrease in oil droplet concentra-

tion, i.e., aci/at wi Il decrease, so K,CGCis subtracted from the right hand
side of the continuity equation (1-3) for oil droplets.

When oil-droplet bouyancy is considered the continuity equation is
further nodified by the “rising” velocity according to

V., =v’ + W (1-5)

where V . is the z-conponent of the current velocity obtained froma (the) cir-
cul ati on nodel and Wz is the “rising” velocity. The above expression for \é is
to be used directly in the continuity equation for oil droplets.

The objective of this experinental programwas to neasure, verify, and

gain ins ight on KOp %Cp“ This work was conducted in a stirred-tank “reactor”
(see Sections 2.2 and 2.4).

Now consi der the suspended particulate matter in the water colum.
There are two types (at least) to consider: unoiled particulate, C

pu?

and

oil ed particulate, Cpo « The continuity equation for unoiled particulate also
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contains a loss term due to collision with and adherence to oil droplets.
Thus , the reaction term for unoiled particles is

Ropu = Kopucocpu (1-6)

which is to be subtracted fromthe right hand side of the continuity equation
for unoiled particul ate. The settling velocity for particulate nust also be
included in the Vz term for particulate only. Denoting the particle settling
vel ocity as UZ, the z-velocity conponent becones

V = V. -U (I-7)

where now a nminus sign is used to denote the -z direction (settling toward the
bottom.

At this point in the discussion, it should be apparent that keeping
track of all kinds of species may well be inpossible, especially if particulate
size fractions are to be considered. However, it is only necessary to keep
track of those “things” which behave differently. An exanple of inportance
whi ch now shoul d be considered is oiled versus unoiled particles. If the set-
tling velocity of these two species is not appreciably different, then there is
no need to consider them as separate species. The inportant consideration then
is “appreciably different” when considered in the ocean environnent. Since
settling velocity is the “conparison” , information on differential settling
must be obtained by exam ning real ocean sediment to determ ne how sedinments
are size fractionated to the bottom [f it turns out that sediments with a
settling velocity range of say 10%are uniformy deposited and experinments in
the laboratory show that oiled versus unoiled particulate fall in this range,
then there is no need to consider separate particle species. (Observation ap-
pears, in a prelimnary sense, to bear out the above postulate based on |abora-
tory data only, i.e., in the absence of flocculation the observed settling rates

differ very little (see Section 6.1, Payne et al. 1984, and Section 3.2.1, of
this report).
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The continuity equations can be integrated only when boundary condi-
tions are applied. For the case of oil droplets, the rate of dispersion pro-
vides a “flux” boundary condition for this species at the ocean surface. The
boundary condition for this species at the bottom has not been discussed. Two
possibilities are dco/dz = O at the bottom i.e., no transport across the
bottom or Co = O i.e., the oil drops stick to the bottom [f sediment is
being “lifted” fromthe bottom due to wave action, dco/dz = O would (probably)
be satisfactory.

1.3.2 Detail ed D scussion of 0il-SPM Kinetics

The rate of oil and SPMinteraction, which appears as Rin the con-
tinuity equations, is witten as

ROp = Kogocp (1-8)
This equation is based “on nunmerous research papers that have been published on
the general topic of the collision frequency of particles in a fluid medium
Therefore, in order to show why this equation can be used to describe oil-SPM
interactions, an abbreviated derivation is presented which also di scusses how
this equation is adapted to a turbulent nedium

In order for oil droplets and SPMto interact, they must collide.
Once they have collided, they can “stick” to forman oil-SPM aggl onerate or re-
bound to remain the same as before the collision. Therefore, the first step in
describing the oil-SPM interaction is to describe the collision frequency of
(suspended) particles in a turbulent nmedium

Consider a reference frane (x, y, z) centered on a particle which is
fixed in space as shown in Figure 1-4. The fluid noves past the sphere in lam-
inar flow where the velocity in the x-direction is given by U= -G/. Thus, the
velocity is a function only of y and the sphere is transparent with respect to
the flowng fluid. If the sphere was not transparent, then the flow of fluid
around (rather than through) the sphere woul d have to be consi dered.

1-32



Figure 1-4,

differential area
exposed to fluid
velocity

“Collision” Sphere of Radius a, which denotes the collision
geometry for monodispersed spheres of diameter a.Note that
a“collision” sphere is the center-to-center distance of
approach that results in contact. The projected differential
area onto the yz plane (normal) is to be integrated over t he
plane weighted by the local velocity.
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The objective of the derivation is to calculate the nunber of spheres
moving at the local fluid velocity that collide with the single sphere at the
origin. Thus, it is necessary to calculate the product of the local fluid
velocity (since the particles ride at this velocity) and the projected area of
the sphere exposed to the |local velocity. This concept can be visualizedby
examining Figure 1-4. Note that the velocity is zero on or near the x-axis and
the projected area of the sphere in the region of the x axis is relatively
large . Thus ,  there are relatively few collisions on the x-axis because the
flowis smll in this region. As the position of a flowi ng particle is noved
off the x-axis, its fluid velocity toward the target sphere goes up and since
the projected area of the target sphere is finite, collisions can occur. As the
position of the nmoving particle changes towards y = radius of the target
sphere, note that the velocity is quite high which results in nore particles
flow ng through this position, but the projected area of the target sphere is
al nost  zero. Thus relatively few spheres collide in this region. Mathemati-
cally, the above description is worked out as follows. A differential area of
the surface of a sphere of radius “a” projected onto the y-z plane is

dA = {sinf{a sin 6d¢)) {sing(a d4)} (1-9)
or
_ 2 .2, .
dA = a"sin"fsingddd¢ (I-10)
any position y can be expressed as a function of a, 4 and 4 as
y = a sinf cosé (1-11)

Therefore, the nunber of particle centers passing through a sphere of radius

“oAa

a" about the origin is

daf(d,¢)

nudA
(1-12)

n{G'a'sinocos¢}{azsin2651n¢d9d¢ }

nGa351n3651n¢cos¢d9d¢

where n is the number concentration of particles in the noving fluid. This is
the differential collision frequency of the particles in the moving fluid with
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the single particle at the origin. Integrating & and ¢ both through Oto =/2
for the upper octant and multiplying by 4 to get the entire “face” exposed to
the moving fluid yields

nGa (1-13)

The above expression is the collision frequency for the particles in the fluid
with the single particle fixed at the origin. To get the collision frequency
for all the particles multiply f by n and then divide by 2. The division by 2
nmust be made because otherwise the collision of i onto j and j onto i would be
counted tw ce. Therefore, the collision frequency for a fluid containing n

particles with radius “a” per unit volune in laminar shear at G see-| is

F=2%a’n% (1-14)

This equation is rearranged by taking into account of the volunme concentration
of solids, which is

¢zt . (1-15)

whi ch when substituted into the collision-frequency equation yields

ncG (1-16)

This is the typical equation for describing the particle-particle collision
frequency for a system of nonodispersed particles (Manley and Mson, 1952).
Note that it is first order with respect to the particle concentration because
the volune concentration of solids is constant. This equation has been tested
in many experiments and shown to be valid. This equation applies to oil-oi
droplet and particle-particle interactions to a first approxination.
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In order to apply the collision frequency equation to oil-particle in-
teractions, the identity of two different particles nust be taken into consid-
eration. The collision frequency of two different particles is

4G 3
oo o—= (T, -
F 3 (ro + r,) ninj (1-17)

wher e ry isthe radius of the i-th particle (Birkmer and Mrgan, 1968). Note
that the shear appears in exactly the same manner as it does for the collision
frequency of nonodispersed particles.

The material balance, or population balance, for oil and suspended
particulate can now be witten using the above collision frequency equation.

For oil droplets, the differential material balance is

dn
2 aF = .4 4G 3 )
= of = -a =5 (r. + 1) no n, (1-18)

where o is introduced as the “stability” constant. This constant takes into
account the efficiency of oil droplet and particle adherence, i.e. , sticking
(Huang, 1976). If the particles collide but do not stick, « = G at the other

extreme is «a = 1. The above equation is applied to the (free) oil droplet con-

centration as

dn,

PRI anonp (1-19)

where now k lunps a and the radius function. Thus, experinental neasurenents
essentially determine a lunmped reaction rate constant which is kG  Sinilar ex-
pressions apply to unoiled sedinment and an oil-particle agglonerate which is
also the rate of formation of the k-th particle conposed of an i + | aggl omer-
ate, In order to apply the above equation to oil droplets, suspended particu-

late matter and the resulting agglonerates, at |east three species are
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identified here. Because the material balances that are actually used in
cal cul ations involve concentrations of nmass rather than populations, the
differential naterial balances are rewitten as

dc
i

= ke c.lcj (1-20)
where k lumps all unknowns for the reaction.

The above equation relates the collision frequency to the (laminar)
shear rate. In order to apply this to the problem of interest, a turbul ent
shear is required. Saffman and Turner (1956) present an analysis of the colli-
sion frequency in turbulent shear which results in

(1-21)

where e is the (turbulent) energy dissipation per unit mass per unit tine and v
is the kinematic viscosity.

Thus , the working equation for the rate of loss of the i-th particles
due to collisions and sticking with the j-th particle is

dn
" e\1/2 )
ac = kO 0y (1-22)

The assunptions involved in deriving the above equation clearly do not
reflect reality exactly. The relation of laminar shear and turbul ent shear
that is invoked requires assumptions. Clearly the particles to which the equa-
tion is to be applied are not spheres. Furthernore, the particles are distri-
buted over a range of sizes. However, the basic form of the above equation has
been shown to be applicable in many situations and was used and verified in the
experimental program
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2.0 EXPERI MENTAL MEASUREMENTS OF O L- DROPLET AND SUSPENDED- PARTI CULATE-
MATTER KI NETI CS

In this section of the report, we describe experinments that were con-
ducted at the NOAA Kasitsna Bay Laboratory to determne the oil-SPM interaction
ki netics. A brief discussion is also presented on how these results scale to
the open ocean and how they can be used in conjunction with an ocean-
circulation nmodel to predict the spatial distribution of sedinmented oil on the
ocean fl oor.

2.1 BACKGROUND

Particle kinetics has been extensively described in the open litera-
ture. Essentially all of this literature can be traced back to the original
work of Smoluchowski (1917). A nore recent exanple of the application of
Smoluchowski can be found in the work by Birkner and Mrgan (1968). The paper
by Birkner and Mrgan . describes a flocculation kinetics experiment which is
very simlar in nmany attributes to the oil-SPM experinent.

The collision frequency for dilute suspensions of particles can be ex-
pressed as

_ €. 172 3 )
R=13() (rg+r:) nym, (2-1)
when R is the collision frequency, ¢ is the energy dissipation per unit mass
(of fluid) per unit tine (cmz/secs), v is the kinematic viscosity (cnf/see), r

is the radius of particles i present at a nunber density of n, and |ikew se

for particles j. This equation describes only the collision frequency and
nothing is inplied about the “sticking” of particles.

Clearly, the above equation cannot be applied directly to oil droplets

and (or) SPM  The obvious problemis that a distribution of particle sizes ex-

ists in any real situation, and the above equation is witten for a specific
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si ze. The above equation has been verified because it is possible to obtain
suspensions of single-sized spheres (latex or polynmer) and conduct nono-sized
particle-particle Kkinetic experinents.

However, it is not possible to generate nono-sized oil droplets, and
SPM from the ocean is definitely not single sized or spherical. Therefore, in
order to apply the above equation to the kinetics of oil droplet-SPM interac-
tions, the follow ng assunptions are made.

1. 0il droplets in a narrow size range will behave as a nobno-sized
popul ation, and

2. SPMin a narrow size range will |ikew se behave as a nono-sized
popul ati on.

The primary reasons for “lunping” oil-droplet and suspended particu-
late sizes are practical. Certainly calculations can be done which consider
di stributions, but these would consunme considerable effort. However, since the
net result is to provide bounded estimates of the transport of oil rather than

exact answers, a “lunping” of paraneters is required. Lunping paraneters is
commonly done to provide a single paraneter for a population, i.e. , a mean ver-
sus all val ues. The question that then nust be answered is whether the mean

adequately describes the population. For the case of a true-boiling-point dis-
tillation the nmean tenperature of the cut “turns out” to be sufficient to be
used to describe vapor pressure. Thus, lunping particle diameters over some
range for the purpose of describing kinetics is assumed, but presently the

range of diameters included in, for example, the 10 micron class is not known.
Experiments will determine what averages and ranges are reasonable.

If the preceding twoassunptions are valid, then the rate equation can
be rewitten as

_ £.\1/2 3
R=13() kninj (2-2)

2-2



where now k “lunps” the unknown information about the particle sizes. This is
the sane equation as Equation 1-22, but the factor 1.3 is removed fromk. This

equation still does not contain information about the “sticking together of
particles. It is this “sticking” together of particles, i.e., the oil-SPM ag-
glonerate, that is inportant. |In order to “see” the oil-SPM aggl onerate, sone

kind of “balance” (such as a naterial balance) nust be derived which describes
the kinetics that occur.

For the experinments described here, it was (finally) decided to use
the free oil-droplet nunber density as a direct neasure of the kinetics. In
order to derive this mathematically, consider that the rate of loss of free oi
droplets is directly proportional to the collision frequency and sticking of
oil droplets and SPM  Thus, the rate of loss of free oil droplets (or SEM) is
| ess than (or equal to) the rate of collision between these two types of parti-

cles.

Therefore, the working equation which can describe oil-droplet and SPM
interactions is

£\1/2 i
R= 1.3() k aCon (2-3)

where now co is the concentration of oil (droplets) in the water in mg/1l (or

any other convenient units) , cP is the concentration of SPMin the water in
mg/l, R is the rate of collision and sticking of oil droplets and SPM and Kk,
is a “lunped” parameter that includes unknown information such as the “stick-

ing” efficiency and the size dependency. Because Ris the rate of |oss of free

oil droplets, R has units of ng (oil)/(l “see) and the parameter k,mnmust have
units derived from

mg(oil) c nf sec 172 mg(oil) mg (spm)
T T3 3 K (2-4)
1“ sec sec cm 1 1

whi ch yields the result that ka has units of reciprocal SPM concentration.
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Application of the oil-SPM kinetic equation can be carried out in any
vessel or flow situation where the independent variables can be controlled.
The experimental nethod chosen and found to work satisfactorily here was a
well -stirred vessel (with no inflow or outflow) with a known power input
through a propeller, This is exactly the experinmental setup used by Birkner
and Morgan (1968). The objective of the experiment then is to introduce oil
droplets (of a narrow size range) and SPM (of a narrow size range) into a ves-
sel (beaker) of (stirred) water and neasure the free oil-droplet counts versus

tine. If the concentration of the SPMis constant, i.e., its nunber density
does not change, then

— = .k CO (2'5)
dt

where k = 1.3 (e/V)l/zkan

so that integration of the above yields

in —= -kt (2-6)

(]

wher e C0 isthe initial oil droplet concentration at tine = O.  The experinmen-

tal data, which are the oil-droplet counts normalized to the initial count,

should fall on a straight line on a senm-log plot versus time if the assunp-
tions are correct.

In order toconduct this experiment there can be no other processes
occurring which affect the oil droplets or SPM If other processes are occur-
ring, then the appropriate differential equation must be witten and sol ved
along with the above equation. Exanples of other processes are SPM loss due to

settling, or SPM flocculation. Experience indicates that both of these pro-
cesses can occur and nust be avoided.
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One of the nost inmportant paranmeters of the oil-SPM kinetics problem
is the oil-droplet size (distribution). The existing open-ocean oil-weathering
code contains an algorithm for dispersion of oil into the water colum. How-
eve r, the notivation for devel opment of the dispersion algorithm (by Professor
Mackay) was for amaterial balance (of oil) around the slick, not information
about the oil leaving the slick. As aresult, there are no acceptable nodels
which predict oil-droplet size from a dispersing slick. Some researchers use
the so-call ed Weber nunmber approach which predicts oil droplets larger than 50
mcrons in dianeter for ocean conditions. But, observations indicate that oil
droplets much smaller, down around 5-10 nmicrons, are prevalent. The mechanism
whi ch generates these small oildroplets isnot known. Thus, for the purpose
of conducting oil-SPM kinetic experinments, a size (range) nust be chosen, and
for this experimental work, 1-10 mcron dianmeter oiidroplets were used because
experinmental evidence seens to indicate this sizerange can and does occur in
the ocean.

2.2 EXPERI MENTAL TECHNI QUES AND RESULTS

The experinental hardware consisted of the apparatus shown in Figures
2-1 and 2-2. Seawater was filtered through a0.4 micron filter and added to
the 4-liter wvessel. Thestirring nmotor wasturned on and adjusted to maintain
in suspension 53 um sieved (Jakolof) SPM The notor speed was approxi mately
400 rpm The use of 53-mcron sieved sediment isa“practice”, which renmoves
particulate that will not stay in suspension with existing (and attai nable)
experinmental turbul ence |evels. An inportant experinental criterion is that
all sediment stay suspended; otherw se, the analysis of experinmental data would
require the accounting of the lossof sedinment fromthe stirred water versus
tine. At the sane time, “natural” SPMw th sizedi stributions from 1-50 mi -
crons have been extensively documented in Al askan coastal waters (Baker, 1983).
Chem cal and physical characterization data for the Jakolof Bay SPM are pre-
sented in Tables 1-1,1-2A and 1-2B in Section 1.1.

Gl droplets were prepared with a Hamlton Beach Scovill 7- Speed

Bl ender, nodel 626-3. Finding the correct conbination of blending speed, wvol-

une of oil, volume of water, and “handling” required some initial testing.
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Figure 2-1 Experimental Hardware Used to Determine Oil-SPM
Interaction Kinetics.

¢—————— Variable Speed Motor

I___l‘ Centerless Shaft Coupl i ng

Bearing Support - |
(attachged tg pan — - | ______Two-bearing Vertical Shaft
external structure) < support

«—4 Liter Pyrex Beaker

C :O < 2-inch Diameter, 3-Blade
Propeller, VWR # 58958-244
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Figure 2-2.  Execution of 4-liter oil/SPM interaction experinent at the NOma
are being

Kasitsna Bay field |aboratory. Time - ; 1i
removed for total oil load and SPM determ hat ons 1l:oayuor{:lscroscopl c,

gravimetric and FID-GC anal yses.
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The oil droplet “recipe” was 750 ml of filtered seawater, 15 drops of crude oil
from a disposable Pasteur pipet, blending at speed 6 (which was | abel ed
“blend”) for five seconds, turning off for five seconds, and then on at speed 6
for five (nore) seconds. The contents of the blender were allowed to stand for
five mnutes and oil that floated to the surface was skinmed off with a kleen-
ex. The “correct” recipe for producing oil droplets is detem ned by the poduc-
tion of 10-micron diameter droplets. The choice of the 10-micron dianeter is
based on rather scanty evidencce because the actual “configuration” of oil
| eaving a slick has never been conpletely or correctly investigated. Thus, a
deci sion was nade based on the available data as noted at the end of Section
2.1. This oil droplet “recipe” yielded a final solution with droplets that re-
mai ned in suspension in the water colum and did not coalesce into a surface
slick during the course of the experiment. As with the SPM descri bed above, an
i mportant experiemntal criterion is that all oil droplets stay suspended during
t he experinent.

The experinment was then started (time = O by pouring the contents of
the blender into the agitated 4-liter vessel which contained the SPM Sanpl es
were taken for total (gross) SPMand oil loading (i.e., total oil and tetal
SPM  not number density) at this time. Sanmples for microscopic exam nation
were then taken every few mnutes for up to 30 mnutes.

The “visualization” of the oil droplets and particulate matter (with
and without oil droplets) was carried out with visual mcroscopy. It was dis-
covered (earlier) that the oil droplets would rise, even though they were quite
smal | (5-10 mcrons). Stokes law predicts a rising velocity (for 5 mcron di-
ameter) of about 0.0004 em/sec or about 1.5 cmfhour in the absence of turbu-
| ence.

Therefore, by constructing a counting chanmber with cover slips as il-
lustrated in Figure 2-3, the free oil droplets were easily seen and counted.
The thickness of the water-oil-SPM sanple was approximately 0.4 mllineter.
Thus , the free oil drops could traverse this vertical distance in 100 seconds,
and all of the free oil drops were at the water/upper-cover-slip surface while
the SPM and o0il-SPM aggl onerates sank to the slide surface. By focusing the
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m croscope on these free oil drops, only the free oil drops were seen because
the depth-of-field focus (or lack of) caused the SPM which settled to the bot-
tom of this water column to be conpletely out of focus. By adjusting the m -
croscope focus downward (approximately 0.4 nm) the SPM and oil-SPM particles
could be seen with the free oil droplets conpletely out of focus (not seen!).
Visual counting was then conducted. The mcroscope used was a KYOWA #590136
with a 10x eyepiece and 10x objective. The eyepiece had a Whipple disk in-
stalled in it to aid in field definition for particle counting.

The experinental results are presented in Tables 2-1 through 2-9 and
Figures 2-4 through 2-6. The experinmental conditions were such that the SPM
concentration (in ternms of number density) was in great excess of the oil con-
centration. Wth this experinental condition, equation 2-6 applies for the
purpose of data analysis. Hence, a plot of the logarithmof the relative con-
centration of free oil doplet numbers versus tine should yield a straight |ine.
This plot is then a test of the hypothesis represented in equation 2-6. |f
such a plot of the data did not yield a straight line, then futher refinements
or adjustments of paraneters to control the experiment would have been neces-
sary. Figure 2-4 presents the mgjor results, which are plots of the natura
| ogarithmof the free oil-droplet counts (normalized to the initial oil-droplet
count) for four experiments. The lines plotted are |least squares fits up to 14
m nut es. After 15 minutes the data “bends upward” indicating a |oss of the
“linear” relations present in the early stages of integration.

Note that oil loading in the water colum never directly enters into
the data analysis. Al that is required for the oil data is relative popul a-
tion counts. Anot her requirenent though is the necessity of observing enough
oil droplets (under the mcroscope) so that statistical results and counting
tine can be optim zed. Counts were also made of the total free SPM and the
maxi mum number of oil drops on any 5PM particle at each tinme interval. Four to
five randomy choosen fields were counted on each slide for free oil, free SPM
and oil droplets on SPM In order to conplete the counting experinent, approx-
imately 3 hours at the mcroscope was required. A photographic recording pro-
cedure was not perfected for this project. As a note of record, the oil |oad-
ing in these experinments was approximately 20 mg/l.
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Table2- 1 Thursday - November 6, 1986, 11:20 a.m.

OIL-SPM
Half field
COUNT 1 co NT 2 CO NT 3 COUN 4
e | o [rorauon o | wax | o | roTat o onfwax | o [roTAL foiON [ wax | frOTAL i on | wax
SPM SPM OIL SPM SPM OIL SPM SPM OIL SPM SPM OIL
91 63 60 55

0 12 34 0 12 28 0 11 35 0 17 37 0
2 17 36 0 24 33 5 1 14" 41 2 1 22 26 2 1
4 24 32 5 3 10 24 0 16 24 3 3 7 41 2 1
6 11 25 ] 4 16 23 3 1 18 30 4 1 6 32 5 2
8 7 26 2 t ] 19 6 3 '] 31 7 2 4 12 ] 5
10 8 62 5 1 a 54 5 1 6 30 12 ) 4 41 5 4
1s 3 6 4 3 3 24 9 2 4 19 13 4 4 32 19 5
20 5 18 25 7 4 17 S 2 3 15 9 7 2 14 6 5

25 -
30 0 26 7 7 0 18 3 3 0 19 6 3 7 29 5 2
HI SOUAR . |§l.ll S r_u,ﬂ_p
iME _ lcount | ounT : |count sjcount (| SHE (I TME - Lount 1 |count 2jcount 3{count | saak

20 17 24 14 22 3.26 0.0 34 26 9s 37 1.34
4.0 24 10 16 7 11.64 20 36 33 41 26 3.47
6.0 11 16 18 6 6.60 4.0 32 24 24 41 6.50
0.0 7 9 ] 4 2.31 6.0 25 23 30 32 1.$3
10.0 8 6 30 4 33.52 8.0 28 19 31 12 9.36
15.0 3 3 4 4 0.28 10.0 52 54 30 41 8.33
20.0 5 4 3 2 1.43 15.0 6 24 19 32 17.62
30.0 0 0 0 7 21.00 20.0 18 17 15 14 0.63
30.0 23 18 19 23 3.36




7I-¢

Table 2—2‘hursdsy - Novel er 6, 1966, 3:00 p.m.
Ol -5 u

Half FI 3
Cou 1 col IT2 col i3 cou 4
MI-IZIL'YITEES o | ToTALl o on| max | o [ ToTALl o] max | o, | rora] neon] max | | rorar| mon| max
SEM | SEM | O | | SBEM | SPM | Ol SEM | SEM | Q1L SEM | SPM | Ol
104 123 115 e
0 -
1 12 73 0 " 47 0 10 52 0 R w| 0
2 9 42 0 10 40 2 1 10 3 0 . 7] % 0
3 10 Y/ 7] 4 27 0 1 33 4 2 15| e 2 1
4 3 61 2 | 1 33 1 1 s 7| u 2 9| & 9 1
5 7 43 s | 2 1 5s 3 1 12 52 7 1 4s s 2
6 47 s | 1 ) 55 s 1 9 47 0 0 4| s s 2
. s 48 7 1 [} 43 s 2 4 | a3 » 2 4| 30 ) 9
10 2 40 7 2 6 32 ] 2 3 2 ° 3 9| 2 7 4
1s 2 1 7 9 0 22 7 2 ) 45 | 1s 4 9| s0 14 o
20 0 19 3 1 2 2s 10 [ ) s | 12 M 2 | w7 (] 4
25 1 47 7 2 4 67 s 2 0 2| 1 » s| 1 2 2
30 2 17 4 2 18 11 3 1 18 7 3 4| 24 3 2
CHI SQUAREDI \ FOR F :EOIL HI SQUARE D, ‘A FOR 8PM coOw!

MINOTES | 0UNT -] zoUNT Jcount : | ounr 4 | QUARE M|TNIL'\JATEES J0UNT_(COUNT : [cOUNT : | :0UNT 4| ;00ARe
1.0 12 14 10 11 0.74 10 7 47 52. 42 10.49
2.0 ° 10 10 7 0.67 20 42 40 3s 30 227
3.0 10 1 Is 147 3.0 97 27 53 6 2025
4.0 3 s 9 3.10 4.0 61 55 72 57 2.16
5.0 7 11 12 1.40 5.0 4s SE 52 4s 147
80 3 9 9 4 432 60 47 55 47 7s 9.3s
8.0 s (] 4 4 0.53 8.0 4s 43 43 30 434
10.0 2 6 3 3 2.7 10.0 40 32 2 25 7.0s
15.0 2 0 3 3 3.00 15.0 18 22 4s 50 2353
20.0 0 2 3 2 2n 20.0 19 2 15 17 “nn
25.0 1 4 0 3 5.00 25.0 47 67 22 3 2.07
0.0 2 1 4 30. 17 18 18 24 0.00

0.0 1 1 1 1
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Table2-3 Friday - November 7, 199S, 5:00 p.m.

OIL.-SPM
Full Field
COUNT 1 COUNT 2 COUNT 3 COUNT 4

III-II;IIT’II'EES oIL Tgl;I'IGL OéIIDI\C/l)N l\gIALX oIL Tgl;l"\/;l\L oéII_DI\SI)N l\gﬁ_X oIL TSOIIGL OIL ON| MAX oIL TOTAL |OIL ON}] MAX
SPM OIL SPM SPM OIL
1 24 62 0 0 16 112 0 (1] 20 13 1 1 15 129 2 1
3 21 116 3 1 13 149 4 1 10 114 8 3 23 154 8 2

6
7 23 103 8 2 11 70 e 3 6 108 7 2 12 119 8 2
] 7 109 11 3 6 141 18 3 8 102 22 6 8 120 20 3
11 6 114 6 1 16 123 11 3 “3 62 21 4 14 115 13 2
1s 5 116 28 7 5 47 3 1 (-] o5 27 4 6 99 16 3
23 6 112 19 S 2 67 B S 4 61 6 2 S 91 8 3
25 4 108 21 4 4 83 13 4 3 83 23 6 2 88 ] 3
30 4 54 16 4 3 61 22 4 5 47 8 4 3 4s 8 3

HI SQUARE DATA FREE OIL CHI SQUARE DATA SPM DATA .
nluxfss COUNT 1|COUNT 2|COUNT 3|COUNT 4 so%’l:'na MITN|LTTEES COUNT 1|coum 2|counT JCOUNT 4 SO?JTRE

1.0 24 16 20 1s 2.71 1.0 62 112 113 129 24.37
3.0 21 13 10 23 6.97 3.0 115 149 114 154 10.39
7.0 23 11 6 12 11.86 7.0 100 79 108 119 6.53
9.0 7 6 8 8 0.38 9.0 109 141 102 128 8.04
11.0 6 16 3 14 11.07 11.0 114 123 62 118 22.66
15.0 5 5 6 6 0.18 15.0 116 47 95 99 23.45
23.0 5 2 4 5 1.50 23.0 112 67 a1 91 12.25
25.0 4 4 3 2 0.85 25/0 106 63 83 88 10.$9
30.0 : 4 3 s 3 0.73 30.0 54 61 47 45 3.07
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Half Field*/Full Field

Table 2-4 Saturday - November 8, 1986, 10:45 a.m.
OIL - sPM

COUNT 1 COUNT 2 COUNT 3 COUNT 4
MILILI\J/ITEES oL | TOTAL{OIL ON] MAX | | TOTAL|OIL ON| MAX | o, |TOTAL|OIL ON| MAX | & | TOTAL[OIL oN MAX
SPM | sPm | oOIL SPM | sPM | on SPM | SPM oL SPM | sSPM | oIL
74 134" 155" 145"
1 22 91 5 1 20 02 1 1 32 120 4 3 34 123 4 1
3 17 103 7 2 24 93 5 2 18 110 13 2 15 112 10 2
5 13 0 1 1 15 28 2 1 22 104 6 2 13 88 14 4
7 20 89 7 2 21 123 13 4 16 112 16 4 23 130 24 5
9 6 125 22 4 13 51 6 2 4 27 1 1 13 73 1 3
11 13 7 18 3 6 47 8 3 ° 82 1 s 10 96 19 5
16 5 67 15 5 7 67 | 15 4 7 63 8 2 0 62 16 4
20 10 43 23 5 8 34 | 22 ° 7 64 5 2 1]} 66 28 8
25 4 75 24 7 3 84 | 24 8 ) 82 28 5 5 44 33 8
30 4 83 31 8 3 34 | 14 3 7 25 11 3 4 35 12 3
HI SQUARE OATA FREE OIL CHI SQUARE DATA FOR 8PM COUNTS
MiME  |cOUNT 1]cOUNT 2|cOUNT 3|cOUNT 42|sauanE I Teount 1]counT 2count slcount Jsauare
1.0 22 20 32 34 6.48 t.0 91 02 129 123 11.11
3.0 24 18 15 17 2.43 3.0 103 93 110 112 211
6.0 13 15 22 13 3.48 50 ] 28 104 88 112.23
7.0 20 21 16 23 1.30 7.0 89 123 112 130 8.50
9.0 6 13 4 13 7.33 0.0 125 51 27 73 75.64
11.0 6 9 10 13 2.63 11.0 71 47 82 96 17.38
15.0 5 7 7 9 1.14 15.0 67 67 83 62 0.32
20.0 10 8 7 1 111 20.0 43 34 84 66 14.39
25.0 4 3 9 5 3.95 25.0 75 64 82 44 12.45
30.0 4 3 7 4 2.00 30.0 63 34 25 35 20.71




Table 2-5 Thursday - November 6, 1986, 10:50 a.m.

Oil Only
Full Field

MINGTES | COUNT 1fCOUNT 2|COUNT 3/COUNT 4| TOTAL SQ‘L’J‘;‘RE
0 24 34 39 36 133 3.81
2 23 30 25 33 111 2.26
4 29 41 33 35 138 2.17
6 37 37 39 28 141 2.06
8 39¢ 34 24 35 132 3.70
10 21 35 43 40 139 8.19
12.5 43 31 29 31 134 3.67
15 40 33 35 31 139 1.29
20 24 27 31 30 112 1.07
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Table 2-6 Friday - November 7, 1986, 8:00 a.m.

Oil Only
Full Field
|\/||T\||SATEES COUNT 1 COUNT 2|couUNT 3|COUNT 4 SQCI:.ITRE

. 10 13 6 15 4.18
5 15 12 13 7 2.96
A 8 1 8 15 3.14
6 7 9 5 , 8 121
; g - 2 4 4.33
10 11 9 11 10 0.27
15 a 6 11 6 2.16
20 4 5 9 10 3.71
25 9 4 6 8 2.19
30 2 5 8 6 3.57
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Table 2-7 saturday = November 8, 1986, 3:20 p.m.

Oil Only
Full Field
o
TIME |COUNT 1 |COUNT 2|COUNT 3|COUNT 4|COUNT 5 Sﬁ‘m

1 22 36 12 17 18 15.81
3 19 23 21 24 28 2.00
5 24 24 27 27 22 0.76
7 19 22 28 24 19 2.55
9 17 14 20 10 20 4.49
11 22 19 26 20 19 1.64
15 20 20 16 14 27 511
20 13 15 24 16 28 8.69
25 13 18 17 19 20 1,68
30 17 21 23 25 15 341
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Table2-s Qil/SPM Interaction

01 1/SPM interaction and Sedimental tenExperiments
Gravimetric SPM Loads and Total 0§l Fatimates
Kasitsna Bay, AK~——November 1986

Sediment Concentration Tot. 041t Concentration
Samp. (mg/11ter) FID nC21 Tot. 0il Vol. ©® ***sawle Heights (gms)sess
Sample ID rep. GC Cone. ESTIMATE Filt. Filter Filter Sedfment
Experiment 1D Description No. no. Sample Mean Std.Dev. Exte, (ug/1) (ins/l) (mis) + Seal. Tare Helght
Jakolof Sed.-T |N o MeOH/DCM 31025.0 2.0 OXnme 0,01715 0.08605
(Mother Liquor) 4+ MeOH/DCM 41022.0 . X — —— 5.0 0.22260 0.01749 0.20511
................. -amme . . ... )
Jakolof Sed.-I1 No MeOH/DCM ] 41606.7 3.0 0.14296 0.01814 0.12482
(Mother Liquor) 2 41820,0 41832.2 189.4 3.0 0.14421 0.n1875 0.)2546
EEEEE. EBEmmE. S- 62070.0 3.0 0.14400 0.01779 0.12621
+ HeOR/DCH 1 42220,0 3.0 0.14445 0.01779 0. 126606
2 62056.1 42157.8 72.1 3.0 0.14419 0.01802 0.12617
3 42196.7 3.0 N.1445) 0.01784 0.12659
...... .. UEwa. | A Eese . - - w .
5 nov. 1986 Pre-oil ™ S9.6 25 ©,01952 0.01803 0,00149
(Kirstein/Clary) |0 mitn + oil T} 32.8 25 0.01877 0.01795 0,00082
(AM) Final Rot. Seal. X — -- 0.03055 0,018310 0.01225
L T -*, - 0. . ..9-9-9 |memmews - . . . . .- -99 . . . .--0-0----9.
6 Nov. 1986 Pre-oi 1 To 60.7 X 0.19 — 15 0.02208 0.01756 0.00452
(Kirstein/Clary) |03 min + oil TI 42.1 X 26.73 23.9 75 0.02021 0.01705 0.00316
(AM) 16=18 wmin + ofl T2 46.0 X 30.97 27.7 75 0.02048 0.01703  0.00345
30-32 win + ofl T3 44.3 X 18.33 16.4 7% 0.02232 (3.01900 0,00312
................................................................. e 9...999 mMm*-. *..m-m9...-.w.9 . Cemaaem.
6 WNov, {986 Pre-ol | To 52.7 X 0,48 e 75 0.02052 0.01657 0.00395
(Kirstein/Clary) |1-3.5 min + ofl Tl 44 ,0 X 18.75 16.8 75 0.02106 o.m776 0.00330
(PM) 15«18 min + ol T2 41.5 X 16,62 14.8 75 0.02055 o.01744 0.00311
30-33 min + ofl T3 41.3 X 11.7 1.5 75 0.02065 0.01740 0,0032%
umms . . .- . --0 - |enmenes annen sunves - | Gnecansvessnsnnaessnansanse | .. . ...l =, . ..9909 .9--- .9-- -9 99 -.9-9=
7 Nov. |986 Pre~oi 1 To 57.3 X INC INC 75 0021613 0.01730 0.00430
(Kicatetn/Clary) |1-7.5 o In + ofL TI 54.0 X INC INC 75 0.02246 0.01841  0.00405
5 PM Expt. 1518 min + 01l T2 46.0 X INC INC 75 0.02163 N.01818  0.00345
30-33 e in + ofl T3 50.1 X INC INC 75 0.02169 0.01793  0.00376
DOEERNWE - - - - - - - - P ettt nosm e
8 Nov. 1986 Pre-oil To 60.0 X INC INC 75 0.02235 0.01785 0.00450
(Kirstein/Clary) |1-3.5 min + oil TI 47.6 X 26.13 23.3 75 0.02205 0.01848 0.00357
11 AM Expt. 15-18 min ¢+ ofl T2 46.3 X 20.09 17.9 75 0.02168 0.01821 0.00347
30~33 win + ofil T3 44.8 X INC INC 75 0.02045 0.01709 0.00336

and

Sedimentation Experiments.

*
L
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011/5PM lateractton and Sedimeatation Experiments

Gravimetric SPM Loads and Total 0i1Estimates

Kasitsna Bay, AK-—~Novembher 1986

Sediment Concentration

Tot. 0l Cancent rat ton

Table 2-9 Oil/SPM interaction and Sedimentation Experiments.

arsaSample Welghts (gms)iias

Samp. (mR/liter) FID nC2t Tot. Oil vol.
) Sample ID rep. ce Cone. EST IMATE Filt. Filter Filter Sediment
Experiment ID Description No. no. Sample Mean Std. Dev, Extr. (ug/t ) (mR/l) (mlg) + Seal. Tare Weight
6 nov. 19136 O e in nettle §0 1 438 50 0.,01970 001751 0.00219
Oiled 2 35.2 42.7 5.7 50 (3.01926 0.01750 0.001 76
Sedimentation 3 49.0 50 00,0205 0.01808 0.00245
Experiment |- ----- ----- --— I I - .- ---a I I T I
(Kiratein/Clary) | 15 win settle S1S | 28.2 50 0.01832 0.01691 0.00141
(P™) 2 33.0 28,9 3.1 50 0.01948 0.01783 0.00165
3 25.6 50 0.01960 0.01832 0.m128
IWater Temp.  |------ ------""-"“"] « «@«a® e [ T
= 20.5 ] 35 win nettle S35 1 28,2 50 0,M979 0.01838 0.00141
2 25.2 24,3 3.7 50 0.M920 0.01794 0.00126
3 19.4 50 0.01935 o0.01838 0.00097
60 e in settle S60 | 21.8 50 0.01828 0.01719 0.00109
2 16.2 18,0 2.7 50 0.01950 0.01869 0.00081
3 16.0 50 0,01875 0.01795 0.00080
110 e in settle Silo | 8.4 X 2.53 2.3 50 0.01790 0.01748 0.00042
SPM 2 20.8 11.6 5.3 X 3.23 2.9 50 0.01971 0.01867 0.00104
3 1i.6 X 3.95 35 50 0.01766 0.01708 0.00058
110 e in settle Silo Ll X — -— 0.03199 0.01808 0.01391
not. 2 X — — 0.03252 0.01747  0.01505
Seal. 3 X ——— —— 0.03357 0.01797 0.01560
TEEE BRNUSw ----- e ==l - mEe® sEssunnng | MTCANRSSS sssessss 00 auss ssaasse
7 Nov. 1986 0 e in stir Cc10 50.8 50 0.02112 0.01858 0.00254
Unolled  |------ ~-~-----~ - AT I A B R LR I B R B iR 2 S ettt -
Sedimentation [30 e in stirc cTi0 49.2 50 0.02008 0.01762 ().00246
Expeciment |- - - - - - - - - - R I TN B Rl I T et e e
O min nettle Cso I 52.2 50 0.02048 0.01787 0.04)261
(Water Temp. 2 53.2 52.2 n.8 50 o.01968a 0.01702 0.00266
= 20.5 C} 3 51.2 50 0,01899 0,01643 0.00256
15 min settle CS15 1 54.6 50 0.02027 0.01754  0.00273
2 43.4 455 6.7 50 0.01977 o.01760 0.00217
3 38.6 50 0.02067 ©0.01874 0.00193
I5min nettle €535 1 24.2 S0 0.01797 0.01676 0.00121
2 25.2 26.9 3.2 50 0,01840 0.01714 0. 00126
3 3.4 50 0.01857 0.01700 0.00157
60 min settle €560 | 10.6 50 0.01068 0.01815 0.00053
2 11,6 1.6 2,4 S0 001768 0.01700 0.00068
3 16.6 $0 0.01900 0,01817 0.0008)
110D min nettle CSII0 | 17.0 50 0,01840 0.01755 0.00085
SPM 2 18.6 15.2 1.7 S0 0.01950  0.01857  n.0009)
3 10.0 SN 0.M1A69 0.01819 0.00050

mm-m .. seeee
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In (AVE # FREE OIL DROPS*)

SLOPES

\ 1.30 E-1 ¢ 11-6.88 Thursday 3:30 p.m.

\ 0.50 E2X 11.0-66 Saturday 10:45. .m.
S.7S E-2 0 11-7-86 Friday 500 p.m.
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\ 1,18 E-1 O 11-6-06 Thursday 1120 s.m.
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Figure 2.-4 Oll-SPM Interactions Free Ol Count*

* normalized t o full field counts
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in (AVE # FREE OIL DROPS*)

SLOPES
\ 3.461 E-2 e 11-6-86 Thursday 3:30 p.m.
3.26 E2 X 11-8-86 Saturday 10:45 a.m

\' 157 E-2 0 11-7-66 Friday $:00 p.m.

4.0
S N Y s
3.5 “
9 .
¢
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<
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TIME (MIN.)

Figure 2-5 Oil Interactions (Qil Only).
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_\ 3.461 E-2¢@ 11.6-66 Thursday 3:30 p.m.
\' 3.26 E2 x 11-8-86 Salurday 10:45 . . m
\ 1.S7 E-2 0 11.7-88 Friday %:00 p.m.

\ 230 E-2 D11:666 Thursday 11:20.m |
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TIME (MIN.)

normalized to full field counts

X
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Figure 2-6 Oll-SPM Interactions Total Free SPM.



From the data in Figure 2-4, the interaction constant described in
equation (2-5) is k = 0.107 m'nutes'1 or 0.0018 seconds'l, which results in

€
1.3 (-)mkacp - 0.0018"sec * (2-7)

v

From Tables 2-8 and 2-9 the sedinment |oading was nmeasured to be approximately
48 mg/l, so that the above becones

51/2 _ -5 1 _
&V, = 29 w10 S (2-8)

In order to -attribute the decrease in oil-droplet number density to
0il-SPM interactions, a “blank” experinment was conducted with no SPM present.
These results are presented in Figure 2-5 and should yield straight lines with
zero (no loss of oil droplets) slope indicating no oil-oil interaction. This
appeared to be the case for two experinents while a third case yielded a slope

of -0.0157. This slope is still smaller than those in Figure 2-4 (when SPM was
present) where the slopes ranged from-0.0875 to -0.13.

Thus , it is concluded from these “blank” experinents that oil droplets

do not interact (collide and stick) at a rate that is conparable to the oil-SPFM
rate.

Counts were also made of SPM at each tine step to determine if SPM was
flocculating significantly. The results are shown in Figure 2-6. The average
slope fromthis graph is -0.11 indicating some flocculation is occurring, but

again, not as significantly as oil-SPM interactions.

Tables 2-1 through 2-7 present the actual counting data obtained. The
volunme counted for each experinment was 50 pl so that the results are directly
conparable on a volunetric basis. Some variation occurred in oil and SPM load-
ing (Tables 2-8 and 2-9) but this variation will not affect the devel opnent of

a rate term Chi square tests of the data indicate that nore counts should be

2-23



made in the future to insure statistical confidence. This will not be a prob-
lem (in terns of time needed per experiment) as it will not be necessary to
count SPM or o0il-SPM aggl onerates.

The determ nation of the power input to the propeller (and hence the
energy per wunit time dissipated) was neasured with the experinental hardware
shown in Figures 2-7 and 2-8. A string was wound onto the stirring shaft (no-
tor renoved) and a weight attached. The (falling) nmass (or weight) was then
adj usted so that the shaft would rotate at the same speed at which it was driv-
en during an experiment. This matching of speeds is crucial because the power
required to drive the propeller is proportional to rate of rotation. The shaft
rotation rate was neasured electronically (Figures 2-8 through 2-10), Once the
rotation rate had been established by adjusting the weight, the tinme required
for the weight to fall a known distance at constant velocity was neasured.
From this information the power is calculated from

P = mgh/t (2-9)

where the termmgh is the change in potential energy (in a gravity field). The
same measurenents were then taken with no water in the vessel so that the ener-
gy dissipation due to bearing friction could be subtracted. The net nass re-
quired to stir the vessel at 400 rpm was found to be 68 grams and the distance
traversed was 2 feet (61 cm in 4.5 seconds. Thus

(68 grams) (980 cm/sec) (61 cm)

P= (2-10)
4.5 sec
dynes” cm
P =903x 10° —— (2-11)
sec

For a liquid volume of 3500 mi and density of 1 gm/cc,

9.03 x 105gm'cm2/sec3 an
€ = 3 3 - 258 —3 (2-12)
(3500 em™)(1 gm/cm™) sec

2-24



Figure 2-7 Experimental Hardware to Measure the Power
Dissipated In a Stirred Vessel.

l_-_jo_(_M_gu_Q_r_ is removed, lifted off
centerless coupling.)

Two-bearing Vertical Shaft
Bearing Support ——% g / Support

‘“}4— Roller bearing

externally supported
e v i 4 String (6# test)
‘weight}
O: >4_ 2-inch diameter, 3-Blade
propeller, VWR # 58958-244

Note: The string is wound “up” on the shatft, the falling weight allowed to reach
constant velocity, and the time required to traverse a vertical distance
recorded.

— = mgh
Power dissipated Tme
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‘Figure 2-8.  Deternmination gf yej
. weight required to achieve 400 rpm stirrin
turbulence in the 4-1iter beaker experal ment s. pm g
stirring notor is de-coupl ed from the propel | er shafNol®iihag tRe

falling weight dro i i oL .
p timed experinent.
completed without water in the beaker to d%ﬁjgﬁtti'f)ya{ hgtgidll &at &°6
friction in deternining (e power input to the stirred chanber
System
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Figure 2-9. construction of the binary counting circuit board used to accu-

rately nmeasure rpm in the 4-liter beaker o0il/SPM interaction
experi ments.
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Figure Z-10. Trigger mechani smattached to the stirrer shaft and binary count-

NG circuit board (jn the background adjacent to the battery
power supply) for the experinental “rpm determ nations.
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and finally

€. 1/2 258 cmz/sec3 /2 -1
(;) = (—2 = 160 sec (2-13)
0.01 em™/sec
. : 1/2 -
Using this value of (e¢/v) results in
2.9 «x 10ms lsec
k, = _"f' (2-14)
160 sec
or
- 2 1
k,= 1.8 x10' = (2-15)
mg
This value of ka then represents the term shown in equation 2-3. It is wvalid

for the size range of particles used in its experinmental deternination and
should not be extrapolated to other particle sizes. Extrapolation to other

nunber densities is valid, as is extrapolation to other ¢/v val ues.

From these experinents it can be concluded that oil droplets and SPM do
collide and stick in a turbulent field. It nust be enphasized that these ex-
periments were conducted with fresh (unweat hered) Prudhoe Bay crude and Jakolof
sediment. Only one set of experimental conditions was (repeatedly) investigat-
ed. Extrapolation to other oils, weathered Prudhoe Bay oil and other sedinents
is not wvalid. These experinents present a successful observation of oil-SPM
interaction Kkinetics and a nmeasured rate constant under rigorously controlled

experimental conditions.

The application of the results nmeasured in these oil-SPM experinents

begins with the equation of continuity for free oil droplets.
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d C_ a8 a a

o -
at ax( vxCo) " ay(VyCO) * az(v o) =

Z O
(2-16)
a BCO 3 aco d BCO
2% 3= ey ) % 5z ) Ry

The determnation of the velocity and turbul ent transport coefficients
and resulting integration of this equation nust be acconplished by an ocean
circul ation nodel. The 0il-SPM kinetic expression is R above and thus de-
scribes the rate of loss of free oil droplets in the water colum (and also the
production rate for oil-SPM agglonerates). R is equation 2-3 (with a - sign).
This continuity equation (in the water colunn) requires boundary conditions for
both sedinent and oil droplets.

2.3 | MPLI CATI ONS FOR MODEL DEVELCPMENT

2.3.1 Application of .0il-SPM Kinetic Equations

The application of kinetic equations for particle-particle interac-
tions involves some subtleties which can best be illustrated with an exanple.
The concept that will be illustrated in this exanple is that of the relation-
ship between “concentration” and “nunber density” and how this concept applies

to the assunptions made for the Kasitsna Bay experinents conducted in Novenber

1986. Note that the rate equation (and the working equation for the Novenber
experinents) for the free oil-drop concentration contains the sedinment “concen-
tration," i.e. ,

dc

_0 £\1/2 .

G 1.3¢) kaCon (2-17)

Based on observations over tine frames much | onger than those for the Novenber
experinents (i.e., longer than 30 minutes), it was noted that the SPM does
floccul ate. This nmeans that the SPM concentration as related to nunber density
of SPM particles changes with respect to time. Using a constant value for CP
then is not strictly correct, To be correct, the value of CP in the above rate
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equation nust decrease wth tine even though the actual SPM concentration in
terms of my/1 is constant (i.e., no distinction if there are many small parti-
cles or a few large ones in suspension).

Ther ef or e, consi der how Ccould be corrected for the short tinefrane
of the experinments if the loss of SPM “nunbers” is an experimental objective.
The starting point for SPM SPM kinetic description is the SPM collision fre-
quency equati on:

e, 1/2 n2

R= 1.3 (5™ k0] (2-18)

wher e ‘1 ‘g the nunmber density of singlets, i.e., fresh suspended particles.
This equation is the rate at which SPM particles collide with thenselves, not
oi | drops. Now assune that every collision results in sticking to formthe

“doubl et” as follows:

L g >N, (2-19)

This equation describes the stoichiometry of the particles. Using this equa-

tion the rate of loss of singlets is

dn
1 2
T -2ksn1 (2-20)

because every collision results in the loss of two particles The rate of ap-
pearance of doublets is

dn,
E— = +ks.01 (2-21)
This assunes (for the sake of illustration and sinplicity) that the “doublets”

do not react with anything. However, a simlar equation for the collision and

sticking of doublets +tof or m higher order particles can (in principle) be
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witten. Sol ving the above equation for n

1 Wi th n°1 particles present at t=0
yi el ds
o]
1
n = o
1+ stnlt (2-22)

Note t hat the “material balance” or stoichiometry is preserved, i.e. ,
nS - t 2-23
1 ‘1 °*2 ‘or all ( )
and as t — =, the result for n,becones
ks(ng)zt ni
n(t = m. ~ (2-24)
o 2
2k n.t
sl
But , observing this result experinentally cannot be done using “concentration”
of SPM i.e

the concentration of SPMis always the same because singlets and

doubl ets cannot be distinguished.

Therefore, particles nust

be counted;
will not work.

sinply measuring “concentration”
In order to take into account the decrease in number density of
SPM particles (over short time frames),

an approximation can be used for the
total number of SPM particles.

Start with the total

nunber of particles at any
tine:
ny (1 + ksnfg
n,=mn; +n = 5 (2-25)
(1 + 2ksn1t)
and since a short tinmeframe is of interest, use a Taylor series approxi mation
whi ch vyields
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=1 - ksn;t (2-26)

Folf

Therefore, in the rate expression for oil, the SPM concentration should be
witten as (to a “better” approximation)

o -
cC.=¢ (1-kct 227
P p ( <8 (2-27)

wher e C% is the time = O SPM concentration in mg/l. The rate constant ks can
be neasured by counting particles. Thus, the SPM number density, not concen-
tration, decreases linearly in tinme for small tinmes. A nephelometer could be
used to observe the timefrane where the SPM particle density is linear.

This exanple shows what the starting equations are for the particle-

particle kinetics and the assunptions required. It is true that the Kkinetics
are based on “nunber density,” yet the primry observable is usually “concen-
tration.” There nmust be a relationship avail able which relates nunber density

to concentration in order for open-ocean “circulation” calculations to be nade

Actual observations of open-ocean SPM kinetics should be made and interpreted
(i.e., fast or slowrelative to oil-SPM kinetics) before a general nodel is de-
rived. It is possible now to “wite” the equations for all interactions; how

ever, using these equations in a practical application is nost |ikely inpossi-
bl e.

The above exanple also illustrates the observations that nust be made
and experinmental variables controlled in order to obtain useable results. It
is currently not possible to obtain nore than one or two derived quantities
(i.e., rate constants) from a particle-particle kinetic experiment. These ex-
periments nust be “controlled” so that only one event is occurring (or two at
most) .
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2.3.2 Kinetic Algorithm Use inan Ccean Circul ati on Mdel

Now consider how the kinetic algorithm wll be used in an ocean-
circulation nodel. The ocean-circulation nodel will be capable of transporting
material according to the mass bal ance equation. The kinetic algorithmw || be
witten in a subroutine named SPMRTE (for SPMrate). The calling statenent
wi || appear as

CALL SPMRTE (SPMC, SPMR, EV, TSTEP, NT)

where SPMC is an array which contains the SPM concentrations for aifractions
or types being considered, SPMR is anarray which contains the SPM rates for
all fractions or types (including oil drops), EVis e/v, TSTEP is the (size of)
the tinme step and NT is the number of SPM types being considered.

Physical paraneters required are the constants which relate nunber
density to concentration for each NT type of SPM  This paraneter will be nanmed
ZETA, be a dinensioned array, and be used as

NDEN(I)=ZETA(I)*SPMC(I) (2-28)

with NDEN declared as REAL*4 (as required). The kinetic rate constants for the
collision and sticking of conponent i with conponent j will be stored in an ar-
ray KC(I,J) also declared REAL*4. These parameters nust be entered before the
program begins execution (i.e., simlar to the way True Boiling Point distilla-
tions are entered in the oil-weathering codes). Both ZETA(l) and KC(I,J) would
be passed to subroutine SPMRTE through a conmmon bl ock.

The cal culation would proceed through a DO-LOOP to calculate the rela-
tive decrease in number density of particles through a Taylor series approxinm-
tion

ZETA (I)=ZETA(I)*(1l. -KC(I,I)*TSTEP) (2-29)
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Then the rate expressions are calculated according to

SPMR(I)=KC(I,J)*SPMC(I)*ZETA(I)*SPMC(J)*ZETA(J) (2-30)

These rate arrays wll be returned to the main program and then integrated.
The main program also cal cul ates how nuch SPM has entered (or left) the water
colum through the bottom boundary and |ikew se for oil drops at the surface.
The main program al so nust keep track of the sedinment accunulated on the bottom
(i.e., a material balance of sedinent on the bottomin order to keep from flux-
ing up something that is not there). A so, note that the boundary conditions
for both sedinent and oil drops are “fluxes”, and algorithms for these fluxes

(i.e, Gant’s and Mackay’'s, respectively) nust be encoded el sewhere.

Cearly, in programmng these equations into a code, numerous “traps”
will have to be included to prevent “nonsense” nunbers from being generated.
These traps will becone apparent as real nunmbers are devel oped and cal cul ati ons
tried. The actual mathematics are relatively straightforward, the actual com
putation procedure (i.e., the integration, choosing step sizes, etc.) will be a
chal | enge.

2.4 RESULTS OF OIL/SPM | NTERACTI ON KI NETI CS DETERM NATI ONS USI NG A 28
LI TER STI RRED CHAMBER

24.1 Background, Required Assunptions and Limtations of Experinents

As described in the Sections 2.1 and 2.2, the experinmental procedure
for determning the oil-droplet and suspended-particulate interaction is based
on the continuity equation in which the rate termis identified. This rate
term for the interaction kinetics is first order with respect to oil-droplet
concentration and first order with respect to suspended-particle concentration.

The rate expression is proportional to the energy dissipation rate to the one-
hal f power.

In the beginning of this program the rate-determning experinents
were conducted in the 28-liter stirred vessel illustrated in Figure 2-11
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through  2-14. While initial experinents net with sonme difficulties,
separatory- funnel and filtration procedures were ultinmately devel oped to all ow
descrete measurenments of mg/liter concentrations of dispersed oil, free SPM and

0il/SPM aggl onerates as a function of time (see Section 3.1 and Year One Inter-
i mReport for conplete experinental details). In these experiments, the oil
(fresh Prudhoe Bay crude, 2-day weatheredr and 12-day weathered). .

lwas introduced as a surface slick, and turbul ence was provided by a propeller
in much the same manner as described in Section 2.2.

One drawback to the experinental device was that its conplexity and
size prevented an accurate neasurenent of the energy dissipation rate, e, such
that the turbulent shear rate which is expressed as (e/u)ll2 could not be
experimental |y determned to properly scale the kinetics expression. 1In order
to calculate the energy dissipation rate for an experiment, the power input can
be cal cul ated from

P =wT (2-31)

where wis the angular velocity of the stirrer (radians/see) and T is the nea-
sured torque (dyne-cn) which yields the power delivered to the contents of the
vessel (dyne-cnisee). Because all of the power delivered to the stirrer is
dissipated in the entire fluid nass of the vessel, the rate of energy dissipa-
tion per unit mass of fluid is

€ = o (2-32)

1Wéathered Prudhoe Bay Crude oil was prepared by a 16 liter experinmental spil
in the flowthrough outdoor wave-tanks at NOAA‘s Kasitsna Bay facility as
described in Payne et al. (1984). Chenical and Physical Properties of the
fresh and weathered oil are presented in Table 2-10
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A SLECTRIC MOTOA | m"bV
T <& = ~

A TENAX  TRAPS ATTACHED TO
IONED PUMPS
OILUWATER
INTERPACE L (Not Shown)
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=~ 3PT, iy

i o ‘"""7—-7 L|-J " L—H,o SAMPLING PORT

—_ K

HEATING/COOLING COILS

AIR VELOCITY ON MOVABLE
ROD MOUNTED 3 CM ABOVE
AIR/OIL/WATER INTERPACSE EXHAUST

Y rirmame |
L e
2 K

Y. ———

CHARCOAL Fi LTERED

18 IN.

AIR conDITIONED AIR INPUT |
3CMABOVE Al R/OIL/WATER MIXING SHAFT > )
INTERFACE

Figure 2-11.  Prototype tank design for evaporation/dissolution and oil/SPM
interaction experinents.
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Figure 2-12. Twenty-eight

liter oil/SPM interaction chanber
directional air

t ur bul ence.

equi pped with
mani fol d ang stirring nmotor for introduction of

Subsurface water sanples are collected through the
stockcocks inserted through the side of the gl ass chanber.
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Figure 2-13. Dispersed oil dropletsandSPMinthe 28 liter stirred reaction

chanber using 12-day weathered Prudhoe Bay crude oil and 53 um
si eved Jakolof Bay SPM.
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Twenty-eight lite il-5PM interaction chamber containing
residual dispersed o droplets and SPM twe minutes after
termination of stirring turbulence




-7

Table 2-10.

Hydrocarbon Concentration (mg/g9 O 1)

Interracial Tension (dynes/cm)

Viscosity @ 38°C

Chemical and Physical Characteristics of 0ilfromWave Tank #& Oi l/SPH Interaction Experiment

Water Content

Time Total Resolved Unresolved Compounds 0i l/Mater Oil/Air (centipoise) (X by weight)
Starting Crude 119 229 24.6 31.8 30 .30
48 hours 63.8 145 111 33.0 43 17
12 days 27.5 104 11.5 34.6 800 6.3



where V is the actual volume of fluid in the vessel and p is the fluid density.

Therefore, the working equation is

1/2 P

Vov

y/2 (2-33)

6=() (
Attenpts to install an “in-line” torque meter in the stirred chamber were un-
successful due to serious propeller shaft alignnent problens and the actual
size of the apparatus. Thus, the decision was ultinmately nade to discontinue
use of the 28-liter chanber and proceed with the snaller apparatus described in
Section 2.2 where the energy dissipation rate could be successfully measured.
It is significant, however, that with both systems, the turbulence in the ex-
perinmental solutions (i.e., derived fromthe propeller rotation and any resi-
dent baffles) was just sufficient to maintain a nomnal 50 mg/l suspended | oad
of sieved (<53 pm) particulate material from Jakolof Bay. Thus, although the
appl i ed power and contained volumes were different, it is possible (to a first
approximation) to assume similar turbulence |evels necessary to just maintain
the SPM loads in both the 4-liter and 28-liter systens. As described in Sec-
tion 2.2, the neasured turbulent shear rate (e/v)” *for the smaller system was
160 sec'l. Therefore, in order to proceed with the data anal yses from experi -

ments conpleted in the 28-liter system a simlar value will be assumed here.

The rate of a binolecular reaction can be neasured by follow ng the
rate of disappearance of one or both of the reactants or by the rate of forna-

tion of the product. Fromequation 2-3 in Section 2.1 the rate, R of oil/SPM
interactions was given by

d Prod

= 790 - 12 -
R 1.3 (e/fv) k ¢ cP (2-34)
dt
where R = rate of interaction (reactant disappearance or product formation,

ug-oilsPM/liter‘hr or mg,-oilSPNI liter’hr with proper conversions)

Prod = measured oil-SPM aggl omerate concentration (pg-oilSPM liter)
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€ = energy dissipation per unit mass (cmz/sec3)

v o= ki nematic viscosity (cnil/see)

cCoO = concentration of oil droplets (mg/liter)

CP . concentration of SPM (mg/liter)
For this derivation it should be noted that the designation pg-oilSPM (or ng-
OilSPM) represents the total mass of oil in pg (or ng) associated exclusively

with the SPM phase as neasured by filtration and sol vent extraction of the iso-
lated “oiled” SPM sanple and FID-GC anal ysis of the extract. For these cal cu-
lations the sum of all resolved peaks in the GC profile was used to quantify
the total hydrocarbon |oad on the SPM (see Section 3.1 for experinmental de-
tails) . Thus, the term pg-oilSPMIiter represents the concentration of oil as-

sociated with all the SPM neasured in a specific volune of sanple.

pg-oil
Since R = ——>&H (2-35)
1l'hr
mg (oil )1
k, = SEM - ! (2-36)
mg (oil) “ mg{SPM) ngy

which is dimensionally simlar to what was derived for k_ain Section 2.1 (i.e. ,

units of reciprocal concentration),

During the execution of any oil/SPM interaction experinent within the
28-liter stirred chanber, free SPM | oads were observed to decrease in an expo-
nential fashion with time due to interactions with dispersed oil droplets (not
sedi mentation) . At the same tinme, total free oil droplet concentrations were
observed to increase due to changes in the oil/water interracial surface ten-
sion resulting from oil oxidation, water incorporation (into oil) and SPM coat-
ing on oil droplets (presumably affecting both interracial surface tension and
surface charge) . G led SPM agglonerates increased in a non-linear fashion
whi ch approached sonme limting value controlled by the initial SPMIoading in
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the experimental apparatus. These trends are shown graphically in Figure 2-15
where equations 2-37, 2-38 and 2-39 are defined to describe the tine series

concentrations of free oil droplets and SPM

2.4.2 Results and Di scussion of Experinments with Fresh, 2-Day Wathered, and
12- Day Weat hered Prudhoe Bay Crude Q| and Jakolof Bay “SPM

Actual free oil droplet concentration data for stirred chanmber experi-
ments wth fresh, 2-day weathered and 12-day weathered Prudhoe Bay crude oil
are presented in Figure 2-16. Plots of actual in Cp/COva time data for the
three experinents are presented in Figure 2-17. Fromthese plots it is possi-
ble toobtain values for the slope, m in equation 2-37 and k in equations 2-38
and 2-39 which can later be used to explicitly solve for ka the oil-SPM rate
constant in equation 2-34. Values for mand k (along with correlation coeffi-
cients) for the three experiments conpleted in the 28 liter stirred chanber are

presented in Table 2-11.
2.4.2.1 0il/SPM Interaction Rate Constant with Fresh Prudhoe Bay Crude G|

Rewriting equation 2-34 becones

dProd
i % G (2- 40)

wher e Q=1.3 (f)l/zka“

Substituting from equations 2-37 and 2-38 yields

dProd -kt
G - Qmetcg (2-41)

Re-arranging the equation and taking the integral vyields
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Figure 2-16. Dispersed oil concentrations (my total resolved hydrocarbons/
liter of seawater) over time (hours after the spill event) for
experinments with fresh, 2-day weathered and 12-day weat hered

Prudhoe Baycrude oil. Linear regression lines fitted to the
data and r values for each set of data are included in the
figure.
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Table 2-11. Values for mand k (equations 2-37 through 2-39) calcul ated
data plots in Figures 2-16 and 2-17.

k

from

Not e:

. Ky r m r
Ol Type (hr =) (mg/f-hr)

Fresh 0.0041 0.94 0. 156 0.94
2-day weat hered 0. 0039 0.85 2.5 0.97
12-day weat hered 0. 0024 0.96 3.2 0.91

r - correlation coefficient for linear regression lines fited todata in

Figures 2-16 and 2-17.
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°/ xt
ﬁProd - Q¢ fre™ "t (2-42)

I (ke-1)
- k2

Prod = ch; [e + const] (2-43)

-kt
e (kt+l)
= QmC; {const - = kel

(2- 44)
k ° :
o kt+l
= Qme [const - LE—IE%] (2-45)

ke

At time=0, no product has been generated. Thus for Prod=0, the

As t -> =, equation 2-45 reduces a constant (i.e. , the initial |oading)

Prod = chg

Frominspection of equation 2-45 it is apparent that a value for Q can
be deternined by plotting measured Product concentration (ug oil gp, liter) ws
time and assigning values for Q until a reasonable fit to the data is obtained.
Figure 2-18 presents such a series of conmputer generated curves for the fresh
Prudhoe Bay crude oil plus Jakolof Sedi ment SPM experinment. Fromthe figure a
range of wvalues for Qof 0.05 to 0.08 is obtained. Using the value of 160
sec'1 for (e/z/)l/2 and solving equation 2-40 yields

8

k,= 6.7 X 10 ° to 1.3 x 1077 1/mg
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Figure 2-18. Conputer generated plots of product concentrations (ug oil SPM/
liter seawater) versus time (hours after spill event) for val ues
of @ ranging from0.03 to 0.12. Experinental data points are
indicated by circles for experinment with fresh Prudhoe Bay crude
oi | and Jakolof Bay sedinent (< 53 um).
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These val ues agree very well (within a factor of three) with the value
of 1.8 x10' |/ng obtained with the smaller reaction vessel described in Sec-
tion 2.2. Thus, in two conpletely different experinental systens, using dif-
ferent paraneters tneasure the rate of reaction (free oil droplets measured
by m croscope versus oil-SPM aggl onerates measured by selective isolation, sol-
vent extraction and gas chronatography), very similar reaction rate constants
were obtained. This very close agreement is particularly significant because
it validates the overall approach of the two independent methods and adds cred-
ibility to the values obtained for the rate constant of the interaction of
fresh Prudhoe Bay crude oil and <53 pm Jakolof Bay SPM

2.4.2.2 0i1/SPM Interaction Rate Constant with 2- and 12-Day Wathered Crude
Ol
This same approach with the data sets obtained fromthe 28-liter
stirred chanber experiments with Jakolof Bay SPM plus 2and 12-day weathered
Prudhoe Bay crude oil vyielded:

ka = 3.3 x10'8 1/mg for 2-day weathered oil

k,= 2.9 x10° 1/mg for 12-day weathered oil

These rate constants are in the sane order of magnitude, but slightly
| ower than the rate constant obtained in the 28 liter experinental system using
fresh Prudhoe Bay crude oil. Inspection of Figures 2-17 and 3-6(a), which show
a nmore rapid decline of SPMw th 2-day and 12-day Iweathered oil, would lead to
the expectation that the nore rapid decline of SPM with these weathered oils
should yield a higher rate constant, ka“ In actual fact, with the 2- and 12-
day weathered oil, the oil droplet concentrations in the water colum were an
order of nmgnitude higher than the oil droplet concentrations with fresh Prud-
hoe Bay crude oil. This reflects the lower oil/water interracial surface ten-
sion in the weathered crude (Table 2-10) and, hence, the tendency for the oil
to disperse into the water at higher oil droplet concentrations under a con-
stant energy turbul ent reginme.

Wth dispersed oil concentrations being so nuch higher in the experi-
ments W th the 2- and 12-day weathered oil (see Figure 3-6(b), any SPM which
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interacted with the dispersed oil phase tended to remain in the dispersed or
surface oil phase rather than remain in the SPM phase of whole water sanples
that were collected during experinents. Therefore, when tine-series aliquots
were renmoved from the stirred chanber and allowed twstand in the separator
funne 1, the o0il-SPM aggregates remained in the “floating” or dispersed oil
phase and were significantly under-represented. As a result, when the fornma-
tion of product in mlligrans of oil associated with SPM per liter is plotted
versus time, the overall maxi mum concentration of product is significantly
under - r epr esent ed. This results in smaller values for the |unped-paraneter
constant, Q, necessary toobtain an idealized fit to experimental data. As a
result of Qbeing artificially small, solutions of equation 2-40 will yield val-

ues of ka (at a constant energy dissipation rate) which are also |ow

These results clearly show the efficacy of the smaller oil-SPM inter-
action system described in Section 2.2. Specifically, with the 4-1 system the
oil droplet nunber density and concentration can be controlled, such that oil

concentrations will not be too nmuch in excess of the SPM phase.
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3.0 CHEM CAL PARTI TI ONI NG AND PHYSI CAL BEHAVI OR OF DI SPERSED O L DROPLETS
AND OIL/SPM AGGLOVERATES

3.1 SEPARATI ON AND ANALYSIS OF SPM AND DI SPERSED O L FRACTI ONS BY | NHERENT
DENSI TY DI FFERENCES

To obtain better estimates of the discrete hydrocarbon quantities in
the SPM and dispersed oil fractions, a sub-surface whole water sanple was col-
|l ected from the experinental chanbers (at pre-determned time intervals) and
placed in a glass separator funnel that was conpletely filled with solution.
The sanple in the separator funnel was naintained in a stationary position for
a sufficient period of tine (2 hrs) to allow for inherent density differences
bet ween di spersed oil droplets and SPMto produce a physical separation between
the two fractions (i.e., oil droplets rise and SPM sinks in the separator fun-
nel) . Losses of specific hydrocarbons due to volatilization of lighter frac-
tions into an overlying head space are ninimzed because the separator funnel
is conpletely filled with sanple. This sanpling protocol subsequently allows
for three reasonably discrete “phases” to be collected fromthe separator fun-
nel: 1) an “SPM phase” that is conprised of oiled and un-oiled SPM accunul ati ng
at the bottom of the separator funnel, 2) a “dissolved phase” that is co,-

prised of the water in the separator funnel (excluding the upper oil |ayer)
and 3) a “dispersed oil phase” that is conprised of the oil layer at the top of
the separator funnel. The “SPM and “dissolved phases” are physically separ-

ated and extracted with methylene chloride to recover hydrocarbons. The “dis-

persed oil phase” is recovered with solvent rinses follow ng renoval of the
“SPM and “di ssol ved phases” from the separator funnel.

Al though this separator funnel approach yields three discrete sam
ples, alimtation in the general application of this procedure becane apparent
during initial experiments with oil-SPMseawater systems. For distinctions be-
tween hydrocarbon quantities contained in the “dissolved” and »spM phases” to
be accurate, all of the SPMin a water sanple must collect at the bottom of the
separator funnel. Cbservations during experinents indicated that a portion of
the SPM often adhered to the sides of the funnel rather than sinking to the
bottom Furthernore, this trend was nore pronounced when SPM particles becane
more “oiled”. This resulted in the following linmitations: 1) an underestina-
tion of the total anpunt of hydrocarbons contained in the "SPM phase” of a
sanple (due to not only inconplete recovery of all of the SPMin the water
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phase but also the possible loss of nmore heavily “oiled” particles that prefer-
entially adhere to the funnel walls) and 2) an overestimation of hydrocarbon
quantities in the ‘dissolved phase” due to inclusion of SPM adhering to the
separator funnel walls. The latter “dissolved phase” could be further nis-
leading since it would likely contain the relatively insoluble aliphatic com
pounds (specifically associated with the SPM that would not in reality exist
in the “dissolved” phase of the sanple. Hence, a neans needed to be devel oped
to insure that SPM particles were not included in the “dissol ved phase” of a
sanpl e.

To achieve the desired separation between “dissolved” and “SPM
phases, the follow ng general approach was adopted. After “differential phase
settling” in the separator funnel, the aqueous portion of a sanple (i.e., con-
taining both SPM and water) was vacuum filtered through a 47 nmm diameter, 0.4
pm pore size polyester nenbrane filter (Nuclepore catal og nunber 181107). The
resulting water filtrate (free of SPM was then extracted wth nethylene
chloride and analyzed for the “dissolved fraction” of hydrocarbons, and the
particulate matter retained on the filter was extracted as described bel ow to
quantify the "SPM fraction” of hydrocarbons.

3.1.1 Met hod Validation for Polyester Filter-VacuumFiltration Procedure

Filter blanks were processed through the entire vacuum filtration
procedure to insure that: 1) the filter was resistant to the extraction
solvents (i.e., nethanol and methylene chloride) and did not contribute any
interfering peaks during subsequent FID-GC analysis; 2) the filter would
maintain its structural integrity through all manipul ation steps of the
filtration process plus pre- and post-filtration nmeasurenents of filter
weights for determ nation of the exact mass of SPMfiltered and extracted; and
3) the filter would not require pre- setting with an organic solvent (e.g.,
met hanol) to facilitate passage of aqueous solutions.

To evaluate whether the solvent rinses (i.e. , nethanol and methylene
chloride) of the filters were sufficient torecover all of the oil fromthe
SPM a spike/recovery validation experinent was performed. The spiked naterial
was prepared by mxing 40.8 ny (dry weight) of the < 53 pm sieved Jakolof sedi-
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ments with 600 mls of seawater and 8.0 mls of fresh Prudhoe Bay crude oil in a
1000 m glass beaker for 9 hours. This mixture was transferred to a separatory
funnel, and differential phase separation was allowed to occur as described
above. The water and SPM phase was then vacuumfiltered (30 cm Hg) through a
pol yester filter, and the water filtrate was analyzed as the “dissol ved phase”
for hydrocarbons. The filter was then vacuumextracted with 10 nls of
hydrocarbon-free distilled water (to renove residual seawater and salt)
followed by 15 nmis of nethanol (to “dry” the sanple) and 30 m's of nethylene
chl ori de. The conbi ned et hanol -met hyl ene chloride filtrates were partitioned
agai nst seawater, and the resulting nethylene chloride fraction was transferred
to a «collection flask. The remining seawater-methanol solution was back ex-
tracted with methylene chloride, and the conbi ned methylene chloride extracts
were condensed and analyzed by capillary colum FID-GC. To insure that com
plete extraction of the SPM had occurred, the polyester filter containing the
extracted SPM was re-extracted a second tinme (using the vacuum technique) with

an additional 30 nls of methylene chloride that was concentrated and anal yzed
separately.

The FID gas chromatogram of the Prudhoe Bay crude oil used in this
technique validation experiment is presented in Figure 3-la, and the chromato-
gram of the seawater filtrate (dissolved phase) is presented in 3-1b. Conpari-
son of the two chromatograns denonstrates that the aliphatic n-alkanes so ap-
parent in the parent crude oil do not appear in the “dissol ved phase” of the
sanple. The peaks that are present in the “dissol ved phase” correspond only to
aromati c hydrocarbons, which are characterized by greater water solubilities
(Payne et al., 1984). The FID chromatograms of the first solvent rinse of the
SPM pol yester filter (i.e., the nornal “SPM phase) and the second sol vent
rinse of the filter are presented in Figures 3-1c and 3-id, respectively. The
normal "SPM phase” (Figure 3-1lc) has a chromatographic profile for n-alkanes
and ot her aliphatic and aromatic conpounds that is very simlar to that of the
parent crude oil (Figure 3-la), except that the nore volatile | ower nolecul ar
wei ght  conponents are partially nmissing. The latter observation reflects the
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sel ective evaporation (and di ssolution) of these conmpounds during the initial 9
hour stirring phase of the experinment when the oil-SPM-seawater System was open
to the atnosphere. Because the second methylene chloride rinse of the filter
(Figure 3-id) yielded a chromatogram with essentially none of the oil indicated
in Figure 3-1c, the solvent rinse sequence in the filter processing protocol
(i.e., 15 ms nethanol followed by 30 mls methylene chloride) appears to be

nearly 100% efficient in recovering petroleum hydrocarbons that were adsorbed
onto the surfaces of the SPM

It should be enphasized that this polyester filter-vacuumfiltration
procedure is designed to recover hydrocarbons that are rather |oosely adsorbed
(i.e., “wetted”) onto the surfaces of SPM particles (e.g., adsorbed oil
dropl ets, oil films and “dissolved” conpounds that have partitioned onto the
SPY . The purpose of the procedure is not necessarily to extract conpounds
that may be nore intimately associated with the internal matrices of SPM
particles. However, to evaluate extraction efficiencies from “natural” sediment
sanmples, a reference sedinment containing known amounts of a variety of aromatic
compounds was extracted with the polyester filter-vacuum filtration procedure.
Duwamish |||l reference sedinment supplied in the NOAA-sponsored Status and
Trends Program (Dr. W MaclLeod, NOAA, Seattle) was used as a test material. To
estimate procedural variability, three subsamples of this sediment (each
consisting of approximately 1 gram dry weight) were extracted with the
polyester filter-vacuumfiltration procedure and anal yzed by FID-GC. Three
internal standards (d8-naphthalene, dl0-acenaphthene and dl2-perylene) were
added to each sedinent subsample i mmediately before extraction to estimte and
correct for internal standard recoveries in the procedure. Final conpound
estimates fromthese sanples were conpared with values reported by the NOAA
parent lab (W MclLeod) that wused the nmuch nore rigorous Status and Trends
sedinent extraction procedure. The latter procedure involves extraction of
sedinent wth solvents for approximately two days, whereas the sedinent with
the polyester filter-vacuum filtration procedure is exposed to the extraction
solvents for only approximately 60 seconds. The results of the extraction
tests are sumarized in Table 3-1. Keeping in mnd that the polyester filter
procedure involves a nuch less rigorous extraction sequence, the results in the

table indicate that the vacuum filtration sequence is remarkably efficient for
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Table 3-1. Aromatic Hydrocarbon Concentrations- --Duwamish |1I
Pol yester Filter Technique vs.

PE filter procedure |]

Sedi ment

NOAA Status & Trends Procedure

NOAA S&T procedure ||% PE filter]|

I
Conpound 11 Mean cv 11 Mean cv | Jof NOAA S&T| |
: : (ng/g) (% n : : (ng/g) (% n } : cone.

naphthalene |1 ND -- 311 340 35 28 || 0
2-methylnaphthalene | 82 37 3] 160 19 28 || 51
1-methylnaphthalene I 110 28 3 1] 110 25 28 || 100
S N - - - =11 - - - - - 11
biphenyl [l ND - 3 1 36 29 28 || 0
2, 6- di met hyl napht hal ene || 81 47 3 1] 72 21 28 || 113
acenapht hene 1 233 31 3 ] 330 13 28 1 71 ||
fluorene I 242 31 31 330 17 28 || 73 ||
phenanthrene Il 1868 19 3 ]| 2300 10 28 || 81 ||
anthracene I 483 14 3] 620 56 28 || 78 ||
1-methylphenanthrene | | 255 13 3] 210 13 28 || 121 ||
fluoranthene H 3201 20 3 ]} 3600 13 28 }] 89 1]
pyrene 11 3520 21 3 | 3900 11 28 || 90 |]
Y N A T B A l------ Il
benz(a)anthracene I 1069 21 3 || 1700 12 28 || 63 ||
chrysene I 1273 25 3 || 3000 15 28 || 42 ||
benzo(e)pyrene | ] 1075 10 3 |l 1800 11 28 || 60 ||
benzo(a)pyrene [ 1603 19 3 11 2000 10 28 | 80 ||
perylene [l ND - 311 600 15 28 | 0]
dibenz[a,h]anthracene ND -- 3 1] 330 22 28 | 0 ]|

I I H

[l
I-Std Recovery (%) || I-Std Recovery (%

|
Internal Standard ID | Mean cv n il Mean CV n

I I
d8- napht hal ene I 39 15 31 79 11 28
d1l0-acenaphthene Il 60 8 3 1] 90 7 28
dl2-perylene i 114 13 34 74 16 28

ND = notdet ect ed
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recovering the specified hydrocarbons from the reference sedi ment sanples.

3.2 UTI LI ZATION OF THE O L SEPARATI ON TECHNI QUE I N OIL-SPM | NTERACTI ON AND
SEDI MENTATI ON RATE STUDI ES

As discussed in Sections 2.2 and 2.4, simlar oil-SPM interaction rate
constants were obtained fromthe experinents conducted in the 4 and 28 liter
reaction chanbers. One of the benefits of the larger (28 liter) experinental
chanber was the generation of significant quantities of oiled SPMto allow for
detail ed chem cal characterization of oil after interaction wth suspended
particulate material and/or sedinentation.

To obtain information about the oil content and conposition of various
sample types (e.g., SPM dispersed oil or dissolved phases), several analytical
detection methods can be considered for quantitation of hydrocarbons. These
methods include infrared (IR) and/or ultraviolet (UV) spectroscopy or flane

i oni zati on detector gas chromatography (FID-GC). It is worthy of note,
however, t hat Wi th any of these techniques, extensive wet chemstry
mani pulations (i.e., sanple workup including gravimetric analysis, water
removal,  solvent extraction and solvent concentration) are required hefore any

instrumental analysis (IR, Wor FID-GC) can be initiated.

Both IR and W detection have nmajor limtations that severely mnimze
their usef ul ness for the ultimate purpose of current oil-SPM model
devel opment.  For exanple, IR requires initial sanple extraction with ultrapure
freon (CC12F2) or carbon tetrachloride (CCla) or exchange of all hydrocarbons
in the final sanple extract into a solvent such as freon. This is required
because IR uses the C-H stretch to quantify hydrocarbons such that C-H bonds in
typical final extract solvents (e.g., nmethylene chloride, hexane, toluene)
woul d preclude petrol eum hydrocarbon analysis. Direct extraction of wet SPM
samples with freon or carbon tetrachloride (without prior mnethanol drying)
yi el ds unacceptably poor hydrocarbon recoveries. UV suffers fromthe follow ng
limtations: 1) it requires that the final sanple extract be in ultrapure
spect rogr ade solvent (e.g., cyclohexane) to mnimze background solvent
impurity cont am nati on; and 2) it is affected by conpound specific
oil -weathering losses (i.e., evaporation and/or aqueous dissolution during
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experiments) of particularly sensitive aromatic ring conmpounds from eil or
oiled-SPM. The latter weathering |osses present a particular challenge for
selecting appropriate standard oil mixtures to quantify experinmental sanple oil
extracts by UV. Both IR and W also suffer from interferences due to
extraction of any natural background (e.g. , biogenic) hydrocarbons in final
sanple extracts. However, perhaps the nost severe shortconing of both IR and
W for the stated purpose of this programregards their inabilities to provide
information on true boiling point (TBP) cuts in oil sanples. Neither IR nor UV

provide any information about TBP content in sanples.

In contrast to the preceding linitations, FID-GC can provide nuch of

the required information needed to quantify the content and conposition of oil

in sanples. Attractive properties of FID-GC include the following: 1) it is
conpatible with a variety of final sanple extract solvents (e.g. , methylene
chl ori de, hexane, toluene); 2) it allows for potential distinction between

analytical contamnants and valid sanple hydrocarbons if the two occur at
different chromatographic retention tines; 3) it allows for evaluation and any
necessary corrections to be made for conpound specific weathering | osses from
oil during the course of experinents; 4) it allows for evaluation and possible
correction for natural background (e.g. , biogenic) hydrocarbons in sanples; and
5) it allows for direct estinmation of TBP cut content in a given sanple. The
latter information is derived from either an existing know edge of FID-GC
elution profiles for specific TBP cuts in oil (e.g., Payne et al., 1984) or
simlarly derived information for different oil types. Therefore, TBP cut as
wel | as individual conpound concentration infornmation for sanple extracts can
be obtained with FID-GC. Al t hough the follow ng discussion of experinental
FID-GC data only deals with information for specific conpound or total summed
conpound concentrations, nodifications are currently being incorporated into
the SAIC FID-GC data reduction code to yield direct information about specific

TBP cut concentrations in reduced sanple extracts.

Usi ng FID-GC procedures described in Payne et al., (1984) analyses

were performed on nunerous sanples from experiments with both the 4 and 28

liter systens. Among ot her purposes, such measurenents were utilized to

determine total oil loadings in both the dispersed oil droplet and SPM phases

of experinents to estimate kinetic rate constants for oil-SPM interactions. In
3-9



addition to these oil “loading” estimtes, however, the conbination of the
menbrane filter separation technique and the nornal data reduction procedure

for FID chromatograms of oil sanples (Payne et al., 1984) allowed for detailed
anal yses of conponent-specific hydrocarbon conpositions in a variety of sanple
types. Such sanples included not only the previously described dispersed oil
dropl et SPM and di ssol ved phases of whole water sanples but also oil sanples

before and after “blending” to generate small oil droplets for oil-SPM kinetic
rate studies (in the 4-liter systen) and sanples of “sedinented” SPM that were
collected from the bottons of both stirred and settling chanber studies.

Al though this component specific information is not absolutely essen-
tial for kinetic or sedinentation rate estimates, it does have relevance for
potential biological inplications that could derive from oil-SPM interactions
in aquatic environments. Specifically, the content of toxic conmpounds in oil
droplets associated with SPM could affect aquatic biota in at |east two ways:
1) oiled SPMthat remains suspended in the water columm can inpact pelagic and
epibenthic organisns that utilize filter feeding as a neans of obtaining food
and 2) oiled SPMthat is incorporated into sedinments (i.e. , is “sedinented out”
of the water columm) can inpact benthic fauna that either live in association
with or ingest sedinentary mterial in their feeding process. Conpounds of
particular interest for such considerations include various aromatic hydrocar-
bon conponents (e.g., mono- and dicyclic aromatics and naphtheno-aromatics)
t hat have been shown to be particularly toxic to inpacted aquatic biota (e.g.,
Hyland and Schneider, 1976; Johnson, 1977, Patten, 1977). Because FID-GC anal -
yses are routinely perforned anyway to estimate “oil |oadings” in various sam
pl e phases for the kinetic and sedinentation rate experinments, it is reasonable
to include discussions of conpound specific detail ed chromatographic anal yses
of oil sanples. Beyond the inmediate scope of this project to provide input
regarding oil-SPM kinetic rate estimates, such information should be of inter-
est to MMS'S | ong-term stated purpose of incorporating oil-SPM interaction rate
estimates into “biological effects” nodels.
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3.2.1. 0il-SPM Sedi nentation Rate Studies.

Experimental studies in the 4 liter system to determine kinetic rate
constants for oil droplet-suspended particulate matter (SPM) interactions have
been previously discussed in section 2.2. In one of these kinetics experi-
ments, an “add-on” study utilized the oil dropl et-SPM sol ution generated in the
experiment tevaluate the effects of oil droplet-SPM interactions on sedinmen-
tation rates of the SPM  These results are discussed bel ow

Sedinmentation rate experinments with oiled SPM were initiated by transfer-
ring approxinmately 1 liter of an oil droplet-SPM seawater solution generated at
the end of an oil-SPM kinetics rate experinment teach of three vertical set-
tling chanbers (i.e. , 1 liter graduated glass cylinders). Blended fresh Prud-
hoe Bay crude oil and 53 upm sieved Jakolof Bay sedinment were used for the kine-
tics rate experinent. After allowing the solutions tremain undisturbed in
the graduated cylinders, sanples of known volune were withdrawn from aspeci
fied depth in the cylinders attime intervals of O 15, 35, 60, and 110 nmin-
utes . The sanples were vacuum filtered (<30 cm Hg) onto pre-weighed, 0.4 pm
pore size polyester menbrane filters. Subsequent treatment of the filter sam
ples for both SPM gravinetric analyses and FID-GC extraction and anal yses are
described in section 3.1. above. For an experinental control, an identical
sedimentation experinent was performed with the same sieved Jakolof Bay sedi-
ment that had not been exposed to a solution of blended oil droplets.

The results of the measured SPM concentrations over time in the set-
tling chanbers for the experiments with and without the blended oil droplets
are illustrated in Figure 3-2. Because three identical settling chanmbers were
used in each experinent, the data points represent mean values wth one stan-
dard deviation unit being indicated by vertical bars. As indicated in the fi-
gure, prior “oiling” of the SPM (i.e., during the preceding Kkinetics rate ex-
periment) did not seemto substantially affect the rate at which the SPM set -
tled out of the water colum at the oil to SPM loading (ratio) considered.
This may not be the case at higher relative SPMconcentrations or when
flocculation leading to larger oil/SPM aggl onerates occurs. Additional work is
currently being conpleted with different oil/SPMratios, SPM types (and si zes)
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SPM Concentrations: Oiled vs. Unoiled
Sedimentation Experiment——4 Liter System
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Figure 3-2. Gravimetric concentrations of SPM in sedinmentation experinents
conducted with oiled and unoil ed Jakolof Bay sedinments (sieved to
<53 um). G led sedinent was obtained froma parent oil-SPM
Ki netics rate experiment.
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and oil types to investigate this sedinmentation behavior further.
3.21.1. FID-GC Analyses of G| Fractions in the Sedinmentati on Experi nment

The conpound specific conposition of oil was investigated in a variety
of sanples fromthe sedinmentation rate experiment in section 3.2.1. Such sam
ples included the initial unblended and blended oil solutions used for the par-
ent oil droplet-SPM kinetic rate experinent, oil associated with the SPM that
accumul ated on the floor of the sedinentation chamber after 110 minutes of set-
tling, and oil associated with the SPM that remained suspended in the water
colum after 110 mnutes of settling time. |Individual conpounds were consider-
ed in terms of 1) their absolute concentrations (e.g., 10'6 grans of conpound
per gramdry weight of SPM and 2) the ratio of their concentrations to that of
the n-alkane nC2l in the sanple (i.e., compound/nC21 for both n-alkanes and
aromatics) . As discussed in the June 1986 quarterly progress report to MBS
(SAIC, 1986), the use of concentration ratios can assist in detecting conpound
specific trends that might otherw se be obscured by either |arge absolute con-
centration differences between sanple types (e.g., whole oil and oil associated
with SPM and/or different concentration units (e.g., per gramdry weight of
sediment or per liter of seawater).

Prior tinvestigating conpositional differences between oil contained
in the various sanple fractions in the sedinentation experinent, an eval uation
was nmade of the changes in conposition due to the effect of the preceding
bl ending effort (i.e., oil in seawater in a mechanical blender) that was used
to generate the dispersed oil droplets for the parent oil-SPM kinetics rate
experinent. Figure 3-3 presents concentration ratios for the various n-alkane
and aromatic conmpounds (relative to nC2l) in the initial pre-blend Prudhoe Bay
crude oil and the blended seawater-oil solutions at 2 and 32 minute tine points
in the kinetic rate experinent. Substantial |osses of both n-alkanes bel ow
nCl7 and the neasured aromatics appeared to occur as a result of the initial
mechani cal bl ending process, but additional |osses were mininmal thereafter
(i.e., ratios at the 2 and 32 ninute tine points were very simlar).

The “oiled” sedinentation rate experiment in section 3.2.1. used the
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seawat er-oi | - SPM sol ution generated at the end (32 minute tine point) of one of

, Table
2-2). After the sedinentation solution had remained stationary for 110 m nutes

the 4-liter reaction vessel experinents described in Section 2.2 (i.e.

in the settling chanbers, sanples for FID-GC anal yses were collected of 1) SPM
on the bottom of the chanber (i.e., SPM that had settled out of the water
colum during this tine interval) and 2) residual suspended SPM in the water
colum (i.e., SPMthat had remained in suspension). Figure 3-4 illustrates
absolute concentrations of n-alkanes and aromatic conpounds in these two SPM
fractions. As indicated, the sedinment on the bottom of the settling chanber
had higher oil “loadings” of both n-alkanes and aromatic conpounds than that
remami ning in suspension. Because the hydrocarbon concentrations for both the
"sedimented" and “residual suspended” SPM sanples are reported per gramdry
weight of SPM this indicates that higher oil |oads were associated with SPM
particles that settled out of the water colum. Furthernore, differences
between conpound concentrations in the "sedimented" and “suspended” SPM
fractions were greater for conpounds with |ower molecular weights. Ratios for
the n- alkane and aromatic conpounds relative to nC21 are presented in Figure
3-5. Information fromthis ratio elimnates any uncertainty in interpreting
chemical fractionation trends that m ght be obscured by differences in absolute
concentration values and illustrates that the chemcal fractionation trends
evident in Figure 3-4 are still valid. Because oil droplets associated with
both the "sedimented" and “suspended” SPM fractions should be subject to
conparable tendencies for dissolution |osses of conpounds into the anbient
water, the enhanced retention of both the aromatic and | ower nol ecul ar wei ght
n- alkane conpounds in the "sedimented" SPM may reflect the existence of |arger
oil droplets associated with the SPM fraction that “settled out” of the water
colum (i.e., larger droplets will have snaller surface to volune ratios, which
wi |l favor slower rates of conpound dissolution into the adjacent water phase).

Simlar trends in the conpound specific fractionation of oil associat-
ed with “residual suspended” and “settled” SPM phases have been observed in
stirred chanber experinents with the larger 28 liter system (Section 3.2.2.3.
bel ow) . H gher absolute concentrations of aliphatic and aromatic conpounds
have been observed in SPMthat has a tendency to sink out of the water col um.

Furthernore, examination of compound/nC21 ratios indicates that conpounds wth
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hi gher wat er solubilities (e.g., aromatics and |ower nolecular weight
n-alkanes) have a greater relative enhancenent in theoil fractions of the
"sedimented"” as opposed to “residual suspended” SPM  This higher absolute
“l oading” and selective enhancement of more toxic hydrocarbon conpounds (e.g.
various di- and trieyclic aromatics) in “sedinmenting” SPM phases can have im
portant biological inplications for bottom fauna. This would be particularly
true for organisms inhabiting areas where such “oiled” SPM m ght become concen-
trated in the surface sediments.

3.2.2. SPM Load and Hydrocarbon Information from 0il-SPM Interaction Studies
with the 28 Liter Stirred Chanber System

One advantage of the larger 28 liter test chanber presented in section
2.4. (i.e., as opposed to the 4 liter chamber discussed in section 2.2.) is the
total volune of experimental solution available to be sanpled. The |arger to-
tal solution volume allows for not only larger sanple volumes to be collected
at any one time but also multiple sanples to be collected over |onger sanpling
time periods. \While experiments in the 28 liter chanmber do suffer fromcertain
experimental limtations (section 2.4.1.), it has been determined that esti-
mates of o0il-SPM interaction rate constants for fresh Prudhoe Bay crude oil and
53 pm sieved Jakolof Bay sedinments can yield conparable values with both the 4
and 28 liter systems (section 2.4.2.1.).

As discussed in section 2.4., three experiments were performed in the
28 liter systemwith seawater, 53 micron sieved Jakolof Bay sedinent and either
fresh, 2-day weathered or 12-day weathered Prudhoe Bay crude oil. As a con-
trol, a fourth experinment was conducted with the Jakolof sedi ment and seawater
but w thout any addition of oil to the system  Sanple collection and process-
ing protocols used in these experinments are discussed in section 3.1. Estim-
tion of rate constants for o0il-SPM interactions fromthese experinments has al -
ready been presented in section 2.4. A further discussion regarding SPM | oad
and hydrocarbon neasurenents during the course of these experiments is present-
ed here.
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3.2.2.1. Effect of Prior Wathering H story of Prudhoe Bay Crude G| on SPM
Loads and Dispersion of Ol into the Water Columm over Tine.

Figure 3-6a illustrates SPM | oads over tine in the water colum of the
four experiments in the 28 liter system For the SPM typeused and the turbu-
lence |level provided to the system there appeared to be little or no tendency
for the SPM Il oad to decline in the absence of oil. In fact, the SPM | oad actu-
ally increased with time (after 60-80 hours) due to processes that appeared to
be related to activities of microorganisns that were observed with |ight
m croscopy in the system Al though mcroscope facilities were not avail able
during the experiments with the three types of Prudhoe Bay crude oil, there was
no indication of mcroorgani smmediated processes affecting SPM |oads in these
experiments. The presence of toxic hydrocarbon conmpounds derived fromthe oil
(e.g., dissolved aronatics) nay have inhibited the growth of m croorganisns in
the latter systens.

The levels of SPM declined over tine in all three experinents with the
crude oil (Figure 3-6a). Because SPM was not observed to accumulate on the
floor or walls of the chamber during the experiments, the declining SPM | oads
were indicative of incorporation of the SPM into the dispersed oil droplets
and/or the surface oil slick. In contrast to the system receiving fresh crude
oil, the rate of decline in the SPMload in the water colum was nuch acceler-
ated in the presence of both the 2-day and 12-day weathered oils. Because the
abundance of polar conpounds typically increases in weathered oils due to re-
actions such as photochemical and mcrobial oxidation (e.g., Payne and
Phillips, 1985 ; Karrick, 1977) , the nore rapid declines in SPMIoads with
weat hered oil nmay have resulted from enhanced interactions between the SPM and
a weathered oil phase that was characterized bygreatersurface charge charac-
teristics than that of fresh crude oil. Certainly the oil/water interracial
surface tension was much |ower with the weathered versus fresh oil (11 vs. 25
dynes/cm  see Table 2-10) and this did enhance oil droplet dispersion. In
fact, it is quite possible that the nore rapid decline in SPM|oads with the
weat hered oils may be found in the relative dispersion rates for the three oils

into the water colum. Levels of dispersed oil (as neasured by concentrations
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Figure 3-6. (a) SPM loads over time in experinents with fresh, 2-day weathered
and 12-day weat hered Prudhoe Bay crude oil and with no oil
addition in the 28 liter stirred chanber system with continuous
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of total resolved hydrocarbons) over tinme in the three experinents are
illustrated in Figure 3-6b. The maxi num concentration for fresh oil was not
observed until approximately 170 hours after the initial spill event. In
contrast, maxi mum concentrations with the 2-day and 12-day weathered oils were
observed approximately 15-18 hours after the spill event. Consequently, the
hi gher levels of dispersed oil at early tine points in the experinents with the
weat hered oils may have been responsible for the nore rapid di sappearance of
SPM from the water colum.

In the experinents with 2-day and 12-day weathered oil, concentrations
of dispersed oil began to decline when SPM|oads in the water column fell bel ow
approximately 25 ng dry weight per liter. Although at a nuch later time in the
experiment, a simlar decline in dispersed oil levels also appeared to occur
with fresh oil when the SPM |oad reached approximately 25 nmg dry wei ght per
liter. Huang and Elliot (1977) noted that the stability of oil-in-water enul-
sions can be dramatically affected by direct interactions between dispersed oil
droplets and SPM particles. Specifically, SPM particles can associate with (or
“coat”) the oil-water interfaces of oil droplets due to surface charge proper-
ties of both the SPM particles and the oil droplets. Such coatings of SPM can
then “arnmor the oil droplets against coalescence” , thus increasing the
stability of oil-in-water emlsions (i.e., dispersed oil droplets). This
increased stability inparted to dispersed oil droplets can be directly related
to absolute concentrations of SPMin a water columm. For exanple, at SPM
concentrations either above or below some critical level, the stability of the
“SPM coated” dispersed oil droplets declines. At SPM concentrations below this
critical level, the reservoir of SPM particles in the water colum available to
interact with oil droplets is insufficient to adequately coat the oil droplets
to the degree necessary to enhance droplet stability. Under such circunstances
the dispersed oil droplets would rise to the surface and recoalesce into the
surface slick, rather than remain in the water colum. This scenario could
explain the declines in dispersed oil concentrations observed in all three
experiments when SPM | oads fell below approximately 25 ng dry weight per liter.
Al though not pursued in our experinents, Huang and Elliott (1977) note that the
stability of dispersed oil droplet suspensions in the water colum wll also
decline at high SPMloads (e.g., >200 mg/liter). At these high SPM | oads, the
specific gravity of oil-SPM agglonmerates will be increased (due to greater SPM
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inclusions in the agglonmerates) to the point that their specific gravity is
greater than that of the liquid nedium Thus, the oil-SPM aggl onerates can
sink out of the water colum and thereby |ower dispersed oil concentrations in

the water col um.
3.2.2.2. Distribution of G| Between Dispersed, Dissolved and SPM Phases in Ex-
periments Wth Fresh, 2-day and 12-day Weathered Q.

Concentrations of oil (measured as total resolved hydrocarbons) over

time in the dispersed oil, SPM and di ssol ved phases in the experinents with

fresh, 2-day and 12-day weathered oil are presented in Figure 3-7. In all
three experiments the majority of the oil in the whole water sanples was always
contained in the dispersed oil phase. It must be noted, however, that the hy-

drocar bon conposition in the dissolved phase was always radically different
from that in the dispersed oil and SPM phases. Aromatic conpounds were the
only hydrocarbons ever detected in dissolved phase sanples. In contrast, ali-
phatie conpounds were consistently the nost abundant hydrocarbons observed in
the dispersed oil and SPM phases of sanples, although aromatic conpounds were
al so detected. As for relative concentration levels in those phases with a
simlar predom nance of aliphatic conpounds (i.e., the dispersed oil and SPM
phases), it should be noted that total resolved hydrocarbon concentrations on a
per liter seawater basis were consistently greater in the dispersed oil phase.

It has been noted that only aromatic conpounds were detected in the
di ssol ved phases of whole water sanples, whereas aliphatic conponents were dom
inant (although aromatics werepresent) in all sanples of surface oil, dis-
persed oil , and SPM sanples that had either “settled out” or remined suspend-
ed in the water colum. The similar aliphatic character of the latter sanple
phases suggests that direct dispersed oil droplet-SPM interactions were the

primary route by which the oil hydrocarbons becanme associated with the SPM
particles.

3.2.2.3. FID-GC Analyses of Ol Fractions in the SPM and Dispersed Ol Phases
of Experiments in the 28Liter System

In a manner analagous to that described in the preceding sedimentation

experinents, conmpound specific differences were investigated in the dispersed
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and SPM phases of sanples collected during experinents in the 28 liter system

Simlar conpound specific trends to those reported in section 3.2.1.1. were ob-

served. For example, Figure 3-8 illustrates absolute concentrations (per gram
dry weight) of individual n-alkanes and aromatic conpounds in SPMthat had
“settled out” of the water colum as well as SPMthat remained suspended at
73.5 hours after the spill event in the experiment wth 2-day weathered crude
oil. Much higher concentrations of both the n-alkanes and aromatics were ob-
served in the "sedimented" SPM  Furthernore, ratios of the specific conpounds
to nC2l (Figure 3-9) indicate a distinct relative enhancenent of both the |ow
mol ecul ar wei ght n-alkanes and the aromatic conpounds in the SPM fraction that

had “settled out” of the water colum.

In both the sedinentation and large volume stirred chamber experinents
(Sections 3.2.1. and 3.2.2., respectively), it is noteworthy that hydrocarbon
conpositions in SPMthat “settled out” of the water colum had conmpound speci -
fic conpositions that nmore closely resenbled that in the dispersed oil as
opposed to the “residual suspended” SPM remaining at the end of the
sedi nentation experinent. Because SPM that “settles out” originates from the
initial SPMin the water colum, one might expect “settled” bottom sedinent to
have a simlar oil conposition to that of the “residual suspended” SPM Results
from both the sedinentation and large volume stirred chanmber experiments
i ndi cate, however, that "sedimented" oil (i.e., that which could be transported
to bottom sediments in natural environnents ) might be less subject to
di ssolution | osses of |ower nolecular weight conmpounds than would be expected
from hydrocarbon conpositions in particulate phases that remain suspended.
Mcroscopic exam nation of sedinented oil/SPM aggl onerates has suggested that
the larger floes of oiled SPMcontain discrete 5-10 pm oil droplets that are
less subject to |ower molecular weight conpound dissolution (conpared to thin
oil coatings on residual SPM due to their lower surface to volunme ratios.
This subject was not be pursued further due to linmtations of funds and the
desire to pursue phenonmena that could nore readily be nodeled. Although such
chenmical partitioning has not been npdeled to date, it may have particular
rel evance for predictions of effects of oiled particulate phases on benthic
fauna.
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3.3 PARTI TI ONI NG OF DI SSOLVED PETROLEUM HYDROCARBONS BETWEEN SEDI MENT AND
WATER

When a chenical conpound becones dissolved into water in the presence
of suspended particulate matter, a portion of the compound will adsorb onto the
particulate. The extent to which this adsorption takes place is typically de-
scribed by an adsorption isotherm such as the Langmuir equation, the BET equa-
tion, or the Freundlich equati on. In natural systems, however, the adsorptive
capacity of the solids is invariably orders of magnitude greater than the solid
phase concentration (0’Conner and Comnoly, 1980). Under these (dilute) condi-
tions the equilibriumconcentrations of the conmpound in the aqueous and solid
phases are rel ated by,

K = C_s_= solid phase concentration
P CW aqueous phase concentration

wher e P% is called the partition coefficient. The magnitude of this coeffi-

cient depends on the characteristics of the compound and the adsorbing solids.

The experinent described below was perforned in order to neasure the

partition coefficient of hydrocarbons present in Prudhoe Bay crude oil.

Experinental Procedure

“G | accommodated seawater” was prepared by placing one liter of un-
weat hered Prudhoe Bay crude oil and one liter of seawater into a separator
funne 1.  The funnel was then allowed to equilibrate for several days,

The sedinent utilized for the experinents was obtained from the upper
intertidal zone of Jakolof Bay. This sedinment was initially filtered through a
54 pm geol ogi cal sieve and then allowed to settle in a beaker for approxi-
mately 2 1/2 hours. The settled sediment was saved, the aqueous phase discard-
ed.

A 300 ml aliquot of the “oil acconmpdated seawater” was vacuum filtered

through a 0.4 um pore size polyester filter to renove small dispersed oil
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dropl ets. Approximately 1.02 grans of sedinment was then added to the water in
a separator funnel. The mixture was then allowed twequilibrate for 12 hours.
Cccasionally, the separator funnel was agitated to resuspend the sedinents.

After equilibration, the settled SPM (at the bottom of the separator
funnel) was carefully removed onto a polyester filter. The aqueous phase was
vacuum filtered through another filter and then extracted twice with 100 m of
methylene chloride. The filters then received vacuumfiltrations of the fol-
lowing solutions 1) tapwater, 2) 10 m nethanol, and 3) 30 nl methanol chlo-
ride. These filtrates were collected in a separator funnel, partioned against
100 m of seawater, and the renaining aqueous phase extracted with 100 m of
met hyl ene chl ori de.

The resulting extract (of the aqueous and particul ate phases) were
reduced in volune and anal yzed by FID-GC.

Experinental Results

The results of partitioning experiment are presented in Table 3-2.
Addi tional conpounds (not listed in Table 3-2) were detected in one phase but
not the other. This fact is due to the detection linits of the ¢¢ and to the
partitioning behavior of the hydrocarbons. The measured partition coefficients
range from4.1 to 380.

Inplications for Suspended Particul ate

The results above can be used to calculate concentrations of aromatic
hydrocarbons in suspended sedinent of the type used with the conditions
enployed in the experinment. Additional studies with dissolved conmponents from
different true boiling point (distillate) cuts of Prudhoe Bay crude oil and a
variety of other SPM types are being continued.

3-29



Table 3-2 Partitioning Experiment Results.

Retention Time Water phase Sediment phase Partition
(rein) Compound |.D. concentration (Mg/g) concentration (1g/g) coefficient, K
4.88 toluene 1.1 6.1 5.5
7.84 ethyl benzene 0.067 0.84 12.5
8.17 m, p-xylene 0.2 2.7 1 2
9.10 o-xylene 0.14 0.57 4.1
10.79 - 0004 0.55 138.
22.24 naphthalene 01.026 0.69 26.5
26.99 2-methyl naphthalene 0 005 1.9 380.
27.68 1-methyl naphthalene 0.016 1.4 875
31.95 - 0.053 0.67 12.6



4.0 MODELI NG OF PHYSI CAL  PRCCESSES I NVOLVED WTH THE | NTERACTION OF AL
DROPLETS AND SPM I N THE WATER COLUWN

4.1 WATER COLUWMN PRCCESSES

The modeling of the advection, mixing and interaction of oil droplets
and SPMin the water colum requires the consideration of a nunber of inter-
acting physical processes. If the problemis reduced to predicting the dis-
tribution of oil and SPM concentrations, W thout considering interactions, then
only the inputs of material from oil spills at the surface and from resuspen-
sion of sedinment fromthe bottom need to be defined and modeled. The interior
water colum advection and mixing are described by the three-dimensional nass
conservation equation which determnes the concentrations as functions of space
and time. QI and SPM occur in the water colum with size-class distributions
with the snaller oil-droplet and sedinment grain sizes predomnating. This is
because fine-grain sands and silts are nore likely than coarse sands to be
resuspended fromthe -bottom under the action of bottom currents, and smaller
oil droplets seemto be nore readily dispersed into the water colum from sur-
face oil slicks (Bouwmeester and \Wallace, 1986). Even if there is no inter-
action between particles, the non-linear form of the nmss-conservation equation
and the dependence of the sinking (rising) velocity on the particle size and
density (buoyancy) neans that each size class requires a separate equation.
This is illustrated by the one-dinensional mass conservation equation (i.e.
negl ecting horizontal advection and mxing) for the concentration of SPM C,»
with nean dianeter d. ;

1
ac,; ac, aC;
att (W ¥ e gz Wes gz ) 7O (4-1)
where w = is the vertical fluid velocity, Vg is the vertical turbulent eddy

diffusivity, Ve is the fall velocity of the particle, usually given by Stoke's
Law (equation 5-11), and z is the vertical coordinate, + upwards. This equa-
tion (4-1)is applied separately to each size class of particles and oil drop-
lets present in the water colum. |f the particles interact through coagula-
tion and flocculation then an interaction term, R, nust be included on the
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right hand side of equation 4-1. This term R, represents the source of
particles due to the coagulation of particles of different smaller sizes to

produce a particle of effective dianeter d, and the break-up of larger particle

congl omerates by turbulence to produce iparticl es of size class, i. It also
represents s inks due to coagulation of particles of size class i with other
particles and the break up of particles which remove them from size class i.
The interaction of particles isusually approxinmately nodeled by kinetic rela-
tionships simlar ttwosedi scussed in Sections 1 and 2. Thus, if even only a
few size classes, i, are nmodeled, the determnistic bookkeeping on particle
concentrations in each size class becomes quite conplex. In recent years a
stochastic approach to modeling the transport of interacting particles of nul-
tiple size classes has been proposed and used successfully tormpdel coagul ation
processes (Mercier, 1985) and turbulent reacting flows (pope, 1979; 1981;
1982) . This nethod is discussed in nore detail below

A schematic of the processes acting in the water colum is shown in Figure
4-1. In sinplest terns SPMis input fromthe sea bed by the bottom boundary
dynam cs (or riverine sources which are not explicitly discussed here) and oil
droplets are input fromthe oil slick by surface |ayer processes. Both input
conditions involve surface waves and wnd. The physics of bottom boundary
| ayer are quite well understood due to the theoretical nodels of Gant and
Madsen (1979, 1982) and involve the non-linear interaction of surface wave
oscillatory currents with steady or |owfrequency currents (i.e. tidal or w nd
forced) in the bottom boundary |ayer. The entrainnent of oil by the action of
waves and the wind driven surface turbulent boundary |ayer is not well under-
st ood. Most of the evidence comes from wind tunnel and flune experiments
(Bouwmeester and Wl |l ace; 1985; 1986) where there are problems of consistent
scaling for the turbulence and the waves conpared with the ocean. However,
there is indication that the turbulence introduced by breaking waves facili-
tates the production of snall oil-droplets beneath aslick. There have been
sone attenpts +tnodel the formation and depth of penetration of oil droplets
due to breaki ng waves (Aravamudan et al, 1982; Mackay et al., 1982) but the
devel opnent of a solid theory islimted by the lack of know edge and quantifi-
cation of turbulence generated by breaking waves.
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Figure 4-1 Sketch of water colum processes affecting the distribution of
Ol and SPM



4.2 BOUNDARY CONDI TI ONS

As far as the model of advection and mixing of oil and SPMin the water
colum is concerned, the boundary submodels provide the flux of material to the

water colum. This is expressed as

ac
Ve 32 ™ Fatz=z (4-2)

where F is the vertical flux, usually expressed as a vertical velocity nulti-
plied by a concentration, and Zp is alevel just below the surface or just
above the bottom The concentrations; C, and the turbulent diffusivity of the

interior and boundary |ayer nodels should match at z = In addition for the

z
Tll
bottom boundary | ayer nodel the current velocity, u, and the turbul ent viscos-
ity, Voo should also match the interior circulation nmodel at z = zT ( see
Section 5 for details). Equation 4-2 provides the boundary conditions for

equation 4-1 or its 3-D 'equival ent assuming a |evel bottom

The physical processes that resuspend sedinent are as follows: the near
bottom oscillatory currents generated by surface waves conmbine with the |ow
frequency currents in the bottom wave-current boundary |layer to enhance bottom
friction above that felt by a steady current alone. The enhanced bottom
friction has two effects: the first is to increase the skin friction on the
bed so that sediment grains are nore readily placed in suspension, and the
second is to increase the turbulence and hence the eddy viscosity and diffusiv-
ity in the boundary |ayer.

If the shear stress on the bed initiates sedinment notion, then this noving
bed under the action waves and steady currents has the effect of further
enhancing the effective bottom friction. The initiation of sedinment novenent
is dependant on the grain size of the sedinments. Thus, smaller particles are
mre readily noved than larger particles. Once in notion particles can be
m xed upwards by the turbulence in the boundary | ayer. Boundary |ayer turbulent

mxing is proportional to the bottom shear stress velocity. This, inturnis a
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function not only of the skin friction but of friction due to the larger scale
bedforms such as ripples or bed fornations due to biological activity. Sedinent
in motion near the bed which is not mixed up into the boundary |ayer is known
as bedload transport, and its presence introduces density stratification very
close to the bottomwhich has the effect of suppressing the mixing. Thus ,
there are a number of conpeting effects in the calculation of sediment trans-
port and vertical SPM flux to the water colum. These account for the conplex-
ity of the iteration procedures used to calculate the initiation of sedinment
motion, bottom boundary layer turbulent coefficients and SPM flux in the Gant,
Madsen and G enn nodel described in Section 5. The mpjor limtation of this
theory is that it only applies to non-cohesive sedinents such as sand. There
is currently no equivalent theory for cohesive sedinments, and thus this bottom
boundary | ayer nodel should be used with care when even small anounts of clays
are present in the bottom sedinent. A review of bottom boundary |ayer dynancs
and nodels is given by Gant and Madsen, (1986).

Surface boundary |ayer turbul ence and m xi ng under the conbined effects of
wind, waves and background currents is not well understood. Surface waves
which are not breaking are not turbulent since the wave velocity field is
irrotational. In the bottom boundary-layer it is the interaction of the wave
currents with the bottomin the wave boundary layer that generates turbul ence.
Thus breaking waves are required to inject oil and turbulent energy bel ow the
surface. Most of the studies on this problem have been done in w nd-wave
flumes where incompatibilities of the scaling of wave notion (by Froude Nunber)
and turbulence (by Reynolds Nunmber) make application to the ocean surface
uncertain. The principal result of the laboratory studies of Bouwmeester and
Val | ace (1985, 1986) was that small oil droplets (25um diameter) predom nate in
the water colum due to dispersal froma surface oil slick by breaking waves.
Larger droplets tend to return to the surface due to buoyancy. There do not
seem to be any systematic studies of oil entrainment rates as functions of
sea-state, conposition and age of the oil. Cearly the rate of breaking of the
steepest waves will determne the rate of input of oil droplets to the surface

| ayer. This can be estimated from wave spectra (Longuet-Higgins, 1969). This
inmplies a certain intermttence in both space and tine by the entrainment mech-
ani sns. Note that breaking waves are in the short period part of the spectrum
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(i.e. wnd-waves ), whereas waves that generate bottom turbul ence correspond to
long waves (i.e. swell) that have wavelengths greater than half the water
depth.  Thus, both sea and swell (i.e. the conplete wave spectrum) are required
to generate i nput data for both top and bottom boundary conditions. There are
no current formulations which satisfactorily describe the flux of oil droplets
from a surface slick to the water colum due to wind and wave action. As a
result, further laboratory experinents on this problem are being conducted by
Delft Hydraulics Laboratory under a separate MVS contract. A literature review
by Delvigne et al., (1986) discusses sonme possible fornulations for calculating
di ssipation rates and eddy viscosities due wintermttently breaking waves.

4.3 WATER COLUMN PROCESSES

The m xture of oil droplets and SPMin the water colum is acted upon by
t he advection and turbulence of the fluid, and it undergoes transformations due
to coagul ation. The. sinplest possible nodel of oil and SPMtransport woul d
consist of three -equations simlar to 4-1, one for oil droplets of simlar
diameter, one for SPMof a single size class and one for oil-SPM aggl oner ates.
Only disimilar particles could interact. Thus, the coagulation of oil droplets
to formlarger droplets or the coagulation of SPM particles or oiled-SPM par-
ticles would be prohibited. This, of course, does not happen in natural envi-
ronnents, so such an approach is only likely to be approximately true for very
| ow concentrations of oil droplets wth SPM containing no clays or organic
matter (i.e. fine sand grains) so that SPM particles are unlikely to stick
together even if they collide. As noted, this is not very realistic, and if
reactions are allowed to occur, then different ranges of size classes for oil
droplets, SPMand oiled-SPM are required. Solving a large number of equations
of type 4-1 with conplex source and sink terms for each particle class quickly
becomes prohibitive in conputer costs (Pope, 1981). Alternative nethods using
Monte Carlo techniques to solve the transport equation for the joint probabil-
ity density function (pdf) for particle concentrations has proved effective for
reacting constituents in a turbulent fluid (Pope, 1979; 1981). Mercier (1985)
applied Pope’'s nmethods to nodeling the transport and dispersion of sewage
sludge from an outfall including coagulation of the particles and settling,
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It is notthe purpose of this section to present the theory and solution
met hods for the pdf transport equation, but rather to indicate that
conventional finite difference or elenent nethods are inpractical if the
reactions (coagulation) between different particle size classes and different
particle-types are to be treated in a reasonable manner. The details of the
pdf transport equation, coagulation fornulations, and the Mnte Carlo sol ution
met hod, which should be readily adaptable to the oil-SPM problem are given by
Mercier (1985). However, brief descriptions of the concepts behind the st-
chastic pdf transport nodel and the mechanisns that pronote coagulation in a
turbulent fluid, are presented in the follow ng paragraphs.

The control volune of a finite difference transport nodel has horizontal
di nensions of the order of a few kilometers and depth of a few meters. The
turbulence length scale which is the Kolmogorov |ength scale, ,Q(approximately
1 mto 1 cm) defines the smallest volunme element that is conpletely m xed.
The joint pdf for a particular control volune is represented by an ensenbl e of

N el ements, each of which “contains” separate representative concentrations of

each constituent. El enents can be considered as approximtely equal-sized,
conpletely mxed, lunps of fluid, with characteristic length and time scales
given by the turbulence scales. The Monte Carlo nmethod manipul ates the

ensenbl e of elements so as to sinmulate the corresponding evolution of the joint
pdf which is governed by the pdf transport equation. Thus, the statistics of
the ensenble are equivalent tthestatistics of the pdf. The result is that
the mean concentration of a constituent over N elenents is equivalent to the
mean concentration of that constituent in the control volume such as mght be
determi ned by a conventional equation 4-1. Each control volume is spatially
uni form or equivalently honbgeneous froma statistical perspective. Therefore,
the elenent volumes have no relative position within the volune. The el enent
set represents typical constituent concentrations that one would obtain if N

sanples, wth volunes of order ,Q3 were taken at random points throughout the
assuned honogeneous control vol une.

The Monte Carlo technique sinulates the effects of that physical processes
of advection, turbulent mxing and settling have on the ensenble of elements in

each control vol une as wel | as t he effects on the ensenble of
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reactions in “conposition” space. One of the advantages of this pdf approach
is that the source and sink term R, does not have to be specifically nodel ed
(i.e. it appears Lpn the equation in closed form Mercier, 1985; Pope 1979;
1981) . The distribution of particle sizes in natural waters is approxi mated

by:
g(d) = Ad® *(2pm < d< 100gm) (4-3)

where g(d) is the number of particles per unit fluid volume of diameter d and A
is a constant (Mercier, 1985). Therefore particles at the | owest end of the
size range tend to predom nate. The coagul ation of particles depends upon
their collision rate. Mechanisms which cause particles to collide are Brownian
motion, fluid shear and differential sedimentation. Collision rates, derived
by assuming rectilinear motion of particles, are nodified by fluid shear gener-
ated by the notions and short range attractive van der Waals forces and repul -
sive electrostatic double-layer forces. These are taken into account by colli-
sion efficiency functions which nodify the collision rates for the various
mechani sns. Mercier (1985) discusses the formulation for the collision fre-
quencies due to the three mechani sms and sol ves the equations nunerically. He
shows that coagulation by all three mechanisns is dominated by particles of the
smal lest size. Thus, larger particles are nore likely to collide with smaller
particles than with particles of similar size. The coagulation equations can
be incorporated into the source terns of the pdf transport equation and sol ved
using Monte Carlo techniques for transport through conposition space (i.e.
changes in nunber density of particle size classes due to coagul ation).

This section is very brief introduction to the conplexities of nodeling
reactive transport of suspended particles. The reader is referred to Mercier’s
Thesis for a more conplete and rigorous discussion.

4.4 COVPONENT MODELS OF OIL-SPM TRANSPORT AND FATE

The previous sections have discussed surface and bottom boundary |ayer and
water columm processes affecting the nodeling of the interaction and transport
of oil and SPM However, to construct a nodel of o0il-SPM transport, hori-
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zontal spatially varying processes need to be considered as is indicated by the
sketch in Figure 4-2. Thus a coastal sea nodel will have open boundaries for
whi ch deep ocean conditions need to be prescribed. This includes tides, spec-
ification of salinity, tenperature and SPM concentrations at mininum A fully
three dimensional circulation nmodel is required t predict the velocity field
whi ch advects the constituents in the 3-D transport mpdel. Current velocities
and winds will move and disperse the oil slick at the surface. Qher inputs
include river sources of brackish water and SPM and SPM input from coastal
er osi on. Finally the surface wave field including deep water swells as well as
wind seas for input to the bottom boundary |ayer sedinment resuspension nodel
and the surface wave-breaking mxing nmodel wll be required.

The nodel components of a conplete 3-D oil-SPM transport nodel are
represented by the box diagramin Figure 4-3. The space dimensionality (1, 2
or 3-D) and physical basis of each nodel conponent are indicated. Thus , “nmss
conservation” indicates that the mgjor equations of this conponent are derived
from the law of nass conservation (i.e. equation 4-1) and “dynamcal” neans

that nmomentum conservation equations (i.e. the prediction of current veloc-

ities) are required. Al nodels and external inputs are assumed to be tinme
dependent . The arrows indicate the transfers of infornation between nodel
conponent s

It can be seen that the 3-D circulation nmodel is the central conponent in
that it supplies velocities and mxing coefficients to nost of the other
components which in turn supply boundary conditions. There is a requirenent
that surface and bottom velocities as well as turbulent coefficients match at
appropriate levels within the boundary |ayers. Thus, the interactions between
the boundary sub-nmpbdels and the circulation mdel are essentially non-linear.
The 3-D circulation nodel will usually predict salinity and tenperature fields
because horizontal density gradients nodify w nd-forced currents and vertical
density gradients (stratification) suppress the turbulent mxing processes.

Since the surface wave nodel needs to calculate |ow frequency (i.e. swell)
waves for the bottom boundary |ayer nodel, it may cover a much |arger area than

any given coastal circulation nodel. Thus a nodel of Norton Sound
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woul d probably require a wave prediction nodel that includes the deep water of

the Bering Sea. An exanple of a parametric wave prediction nmodel is given by

Qunther et al., (1979) and a recent review of w nd-wave prediction mdels is
given by Sobey (1986). |If the o0il-SPM nodel is used in a hindcast node then
wave spectra, preferably directional, could be obtained from offshore wave-

rider buoys and (with assunptions on uniformty) directly input into the
boundary |ayer nodels.

As a result of these analyses, it now appears that it may be nore appropriate
to use the pdf formulation of the transport equation (solved by Mnte Carlo
met hods di scussed above) for the oil-SPM transport nodel. This would espe-
cially to be case if the nodel is to include representative size classes of oil
droplets and SPM as well as different coagulation nechanisms. For this reason
as well as the conplexity of the boundary conditions, the 0il-SPM transport
model should probably be a separate nodel fromthe circulation nodel even
though the circulation nmodel provides the 3-D velocity and turbulence fields to
drive this nodel.

The conplete 0il-SPM transport nodel as represented by Figure 4-3 does not
exist and not all conponents have satisfactory nodels at present. Even though
t he bottom boundary |ayer nodel, described in detail in the next section, is
now wel | established it has not yet been incorporated into continental shelf
circulation models. The stochastic transport nodel for reactive particles is a
conpl etely new technique for oceanography. Fornul ations for surface |ayer
m xi ng due to wave breaking and Langmuir circul ations are not well established.
Therefore it is recommended that the development of the nodel proceed in
stages. Possible devel opment scenarios are as follows:

1. I ncorporate G ant/Madsen bottom boundary |ayer nodel for bottom fric-
tion into 3-D circulation nodel. Deternmine effects on w nd-driven
flow for storm conditions. Spectra from wave-rider buoys could be
used as input.

2. Attenpt application of parametric wi nd-wave/swell mpdels to areas of

interest. When possible, use hindcast wave conditions for specific
storm events to evaluate nodel ed wave spectra using wave-rider data.
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Devel op stochastic o0il-SPM reactive transport nodel based on Mercier
(1985) in simple 1-D form and apply to Kasitsna Bay Laboratory experi-
ments to test the realism of the coagulation formulations

Formul ate, and devise laboratory tests for a model of the generation
of oil droplets (including size distribution) froman oil slick by
wi nd and breaking waves

Devel op projects 3 and 4 along with the bottom boundary | ayer/sedi nent
resuspension nodel for a 1-D (depth) nodel of the water columm under
an oil slick. Horizontal uniformity of depth, current velocity, wave
fields and bottom characteristics would be assumed and motion would be
relative to the oil slick (i.e. the coordinate systemwould be fixed
in the oil slick.) Surface wave data could be obtained from project 2
or fromwave-rider. This model would in effect be a 1-D version of
the conplete o0il-SPM transport nodel (Figure 4-3). It would allow the
interactions of the conponent nodels to be properly incorporated and
experimented wupon, wthout being prohibitive in computer costs. The
limtations and approximations due to the 1-D assunption should not be
unduly restrictive.

Develop 5 into conplete 3-D nodel incorporating the 3-D circulation
model and expanding the stochastic transport nodel to 3-D. This node
may require extensive super conputer resources even for a relatively
smal | area such as Norton Sound.
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5.0 APPLI CATI ON OF THE GRANT- MADSEN BOUNDARY LAYER MODEL TO A MODEL OF
SUSPENDED PARTI CULATE TRANSPORT

5.1 | NTRODUCTI ON

The G ant-Madsen-d enn boundary |ayer nodel provides a nethod for es-
timating bottom stress in the presence of waves and currents, including treat-
ments of novable bed roughness, initiation of sediment notion, sediment suspen-
sion, and stratification by suspended sedinents. The foundation of the work is
the treatnent of waves in the presence of a steady current, presented by G ant
and Madsen (1979). The theory divides the near-bottom boundary |ayer into two
regi ons: 1) athin layer, typically two to twenty centinmeters thick, in which
the energy of the eddies is controlled by the wave notion, and 2) a broader re-
gion, with a thickness on the order of neters, where the eddy energy is related
only to the non-oscillatory part of the current. Using this assunption, the
bottom shear stress is calculated, and eddy viscosities are deternined for the
two regions. These are used to predict near-bottom velocity profiles under
conbi ned wave and current flows.

Anot her conponent of the present nmpbdel is the novable bed roughness
nodel of Grant and Madsen (1982). It predicts the physical boundary roughness
due to bedforms and noving sedinment, which depend on the skin friction shear
stress generated by the flow The bed roughness nodel contributes tothe esti-
mate of total shear stress by nodifying the effective drag coefficient of the
bed.

The application of the Grant and Madsen nodel to sedinent transport
was performed by denn (1983) and Grant and denn (1983a). This nodel uses the
G ant - Madsen  (1979) wave-current interaction nodel and the G ant-Madsen (1982)
bed roughness nodel, in conbination with enpirically derived relations for ini-
tiation of sedinent notion and seni-enpirical nodels of near-bed suspended sed-
iment concentration, to represent the vertical distribution and transport of
suspended sedinment in conditions representative of the continental shelf. The
model includes the danmping influence of stable stratification by suspended sed-
iment on turbulence in the boundary layer, wth consequent reduction of nean
boundary shear stress under certain conditions. They also developed a full
Ekman | ayer nodel under waves and currents. The near-bottom nodel is currently
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being applied explicitly to sedinent transport problens by a student of G ant
and Madsen, Margaret Goud. She has added a bedload transport estinmate and an
estimate of load and transport in the outer Ekman |ayer, and has investigated

the uncertainties in sediment |load and transport predictions based on the as-
sunptions in the nodel.

The fundamental advance by Gant and Madsen was the treatnent of waves
as they affect boundary layer flow, which is critical for prediction of sedi-
ment transport on the continental shelf. The Gant-Mdsen-d enn sedinment
transport nodel (hereafter referred to as G5 conbines this representation of
wave-current interaction wth a conmbined theoretical and enpirical represent-
ation of the sedinent dynamics to yield a relatively sinmple but powerful pre-
dictive nodel of sedinent transport. However, it should be enphasized that the
GMG nodel is only applicable where the effects of breaking waves (e.g., the
surf zone) do not penetrate to the bottom boundary layer. The GMG nbdel would
have to be nodified to be useful when water depths are |ess than approxi mately
3-4 wave heights (i.e., the depth at which breaking waves “penetrate” to the
bottom.

The follow ng discussion will provide a brief synopsis of the elements
of the Gant-Midsen-denn nodel, with enphasis on the application of the model
as the boundary condition to a circulation-transport model. The discussion is
by no means conprehensive, and the reader is referred to the three technical
reports prepared by Gant and denn (1983a, 1983b,1983¢) for a conplete treat-
ment of the derivation of the theory, discussion of the assunptions and uncer-
tainties, and the solution procedure, including Fortran code.

In Section 5.2, the relevant fluid and sedinent dynamcs wll be dis-
cussed, followed in Section 5.3 by a flow chart of the mpdel, with exanples of
resul ts. Section 5.4 will be a discussion of the nodel’s uses and limtations
as an element of a numerical nodel of continental shelf sedinent transport.

5.2 MODEL ELEMENTS
5.2.1 Boundary Layer Hydrodynam cs
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The bottom boundary layer is the region of the flow that is signifi-
cantly influenced by bottom stress, which nay be linmted to a small fraction of
the water colum, depending on the water depth, the strength of the flow, and
the tine scales of motion. A boundary |ayer can be described nost effectively
by a length scale, § which represents the height of the boundary |ayer, and a
velocity scale, u*. The so-called friction velocity u* is defined by:

(% b

T
9,172
)

wher e ‘0

mentum equation, it can be shown that

is the bottom stress and p is the fluid density. By scaling the mo-

L%

d = 0(=)

where O nmeans “on the order of” and w is the domi nant frequency of notion,
which nmay be the orbital frequency of waves, the tidal frequency, or the
Coriolis frequency, f, depending on the flow

Because surface gravity waves have frequencies far higher than tides
or geostrophic currents, the boundary |ayers associated with them are orders of
magni tude  thinner. In environments where there are significant currents as
wel | as surface waves, it is convenient to divide the boundary layer into two
regions, a narrow region that is strongly influenced by the waves and relative-
ly weakly by the current, and a broad region that is influenced only by the
current. The length and velocity scal es of the “wave-current” boundary |ayer

are designated Scw and U*,, and those of the “current” boundary |ayer are de-
noted § and uy, .
c C

The turbulence in the wave boundary layer will thus tend to be nore
intense than that in the current boundary |layer, principally because of the
strong vertical velocity gradients associtaed with the small vertical |ength
scale of the wave boundary layer. Thus the velocity scale U wll often be
nmuch | arger than U It should be pointed out, however, that U*,is associ-
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ated with an oscillatory stress, and the nean stress, reflected in the value of
Ur.is essentially constant across the wave-current boundary |ayer.

It has |long been recognized that the turbulent flux of monentum can be
represented effectively in the turbulent boundary layers by coefficients of ed-
dy viscosity Ve of the form

v, = KU*Z
t

where x i s von Karman's constant (x = 0.41) and z is the vertical distance from
t he bed. This formulation leads to the famliar logarithmc velocity profile
in the vicinity of the bed. The Gant-Mudsen (1979) fornulation assunes this
formfor the eddy viscosity in order to solve for the flow in the wave-current
and current boundary layers. Although the details of the oscillatory boundary
layer flow are not of interest in a nodel of the |owfrequency currents, the
wave motions largely determne the value of ug,, and a solution for the oscil-
| atory boundary 1layer motion is required to establish the value of U+,given
the wave and current parameters. Based on arguments about the nature of turbu-
| ence production in boundary layers, Gant and Madsen (1979) define

lJ":'c'cw = P) 4;) ‘

wher e Te and Ty are stress conponents due to the mean and the wave conponents,
each of which includes the interaction terns between the currents and the
waves.

The expression for rv\} s obtained by solving for the oscillatory ve-
locity, and using the closure relation

Ju
= KU Z =
W *cw~ 3z

to obtain an expression for Ty In terms of Uy, and the wave parameters. An
expression for o is obtained by defining a friction factor f_,using a qua-
dratic drag | aw
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wher e ‘o is the nean bottom shear stress and u is a representative velocity in
the wave-current boundary |ayer, time-averaged over the wave period. 7. and
u,., are each witten in terms of the mean and wave-induced currents and the
friction factor. These expressions are conmbined to yield an inplicit expres-

sion for f which is then used to solve for

o' and Uy, «

Ukcw

The derivation of the solution for the friction factor, and therefore
the shear velocities, is nore involved than this discussion warrants; it is de-
tailed in Gant and Madsen (1979). The solutions for the wave velocity and the
friction factor are included in a short appendix to this report. It should be
pointed out here that ug, and u*,depend on the orbital velocity of the dom -
nant waves, the wave frequency, the mean current velocity in the boundary |ay-
er, the relative angle between the waves and currents, and the bottom roughness
(see appendix for forrmula). The nmean velocity in the boundary |ayer, repre-
sented by the synmbol U, is used as an iteration parameter, starting from an
initial estimate or guess, with the iterations ending when the velocity at a

reference | evel Z_ above the wave boundary |ayer natches the val ue determ ned
from the nodel of the overlying flow

The mean velocity profiles in the wave-current and current boundary
| ayers are solved by assuming steady flow and constant stress, so that:

au
c
ut,cw(az = |"""clu*c 0 <%°< Scw (5-1)
auc
Vt,c(aT) = Iu*clu*c 60N <z< z. (5-2)
wher e
Ye,ew T Klscw® z < Scw (5-3)
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t,c Cw
and
fcu*gw
bow = 275 (5-5)
The solutions to these equations are sinply:
1 Y z
u(z) = -rc-u*c(u )lnz— z < scw (5-6)
*cw 0
1, 1n2-
u(z) = P nZOC z > 84, (5-7)

wher e ‘o is the roughness length, the calculation of which is discussed bel ow
and Z4e is the apparent roughness length of the outer flow, defined by

u
*c
(1-|u

1)
‘ ) *ow
Oc - ( cw) (5-8)
‘ Z
0] 0

which is obtained by nmatching the solutions at 5cw. Note that the effect of
the wave on the flow above the wave boundary |ayer is an increase in the rough-

ness length =z U, is greater in the presence of waves because the steady

oc’
current “feels” a rougher boundary.

5.2.2 Initiation of Sedinment Modtion

Sediment notion is initiated when the conbined wave and current bound-
ary shear stress felt by the seafloor is greater than the critical shear stress
for moving sedinent. The boundary shear stress ) defines the effects of tur-
bul ence on the flow in the boundary layer; this stress results from the viscous
interaction of the fluid with the solid boundary and from the turbul ence gener-
ated due to pressure gradients introduced by roughness elements on the bottom
These two conponents of the boundary shear stress are referred to as skin fric-
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tion and form drag. The medium sand and smaller grains which are of primry
interest in suspended sediment transport are not set in notion by the pressure
gradi ents which make up the form drag conponent. For the purposes of this nod-
el, initial sediment notion is considered to result from the skin friction com
ponent, denoted by the synbol r'o, whereas turbulent transport of nmss and no-
mentum in the boundary layer is governed by the total boundary shear stress

A sedinment grain responds essentially instantaneously to turbulent
fluctuations. Therefore, critical shear stress for initiation of notion night
be expected to be related to the skin friction conponent of the maxi mum bound-

ary shear stress = In controlled lab settings initiation of notion and

bedl oad transport in g::illatory flow were found to be quite successfully pre-
di cted using the maxi mum shear stress (Madsen and Grant, 1976, pp 18-28

40-45) . In those cases, the bed was flat, so the maxi num shear stress was
equal to the skin friction shear stress. In the nodel, the skin friction com
ponent of the maxi mum conbi ned boundary shear stress is used for all initiation

of motion and bedload transport predictions

A conmonly used enpirical criterion for determning the critical shear
stress for initiation of nmotion of non-cohesive sedinments is the Shields para-
meter, which is defined

]

= - Dogd

(5-9)
The nunerator represents the force trying to nove the particle and the denom -
nator represents the gravitational force (per unit area) on the particle, which
resists notion (s = psed/p, ps.d = grain density, g = gravity, and d = grain
di aneter). When the critical value of Shields paraneter for the grains in the
bed is exceeded by the flow, sedinent is put into notion. The critical value
is designated ¢c.

Critical values for the Shields paraneter have been deternined empiri-

tally in a series of |aboratory experinents, beginning with those used to gen-
crate the original Shields Diagram (Shields, 1936). That original diagram
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pl otted 'bc vs the boundary Reynolds nunber R* - ud/v; this was refornulated by
Madsen and Grant (1976) to nmake the independent variable a function of sedi ment
and fluid properties only. The nodified Shields Diagram plots % vs a non-
di mensi onal sedi ment paraneter S* where

s, = %/G T 1)gd (5-10)

The original flune experiments on which the diagram was based were performed
using only large grain size material, corresponding to grain dianeters of medi-
um sand or larger (R* > 1 and S, > 1). Later investigators did experinents
with grains as d = .0016 cm (medium silt) (Wite, 1970) and extended the
Shields Diagram fromR* = 1.0 to R* = 0.05. These results have been adapted to
the S formulation; the result is Figure 5-1. This figure shows the initiation
of notion criterion which is used in this nodel. The initiation of motion cri-
terion can be increased by biol ogical adhesion of sedinment grains (Gant, Boyer
and Sanford, 1982) or plastic cohesion, due to the presence of clays in even
smal | quantities. This is especially true for silt-sized grains, so interpre-

tation of sedinent load and transport results must be made with this uncertain-
tyin mnd.

5.2.3 Sedi nent  Suspensi on

Once sediments are dislodged from the seabed, they are available for
transport upward by turbul ent eddies. As described above, the strength of
these eddies governs the mixing of mass and nomentumin the boundary |ayer and
is determ ned by the boundary shear stress, T M xi ng occurs because verti cal
eddi es are transporting high-concentration fluid up and | owconcentration fluid
down, so that there is a net upward flux of sediment based on the concentration
gradi ent. This flux is bal anced by the tendency of the sediment to fall out of
suspension due to gravitational force.

The tendency of the sediment to fall is neasured by the particle fall

vel ocity We and is determined to first order by balancing the subnmerged parti -
cle weight wth the fluid drag on the particle. For grains snaller than fine
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sand (dianmeter of 0.012 cn), Stokes drag law holds and the fall velocity is
given by:

Ve _ 2

£g (5-11)
[(s-1ga)*/?2 o

the particle. The fall velocity of a particle in the field, however, can be
affected by flocculation or biological aggregation.

The distribution of sediment in the water colum is governed by the

conservation of mass equation for sediment:

ac
at

- & v L wws = o (5-12)

wher e Cr:1 is volunetric sedinent concentration and <C'nw'> represents the
Reynol ds averaged turbulent fluctuation of sediment. Anal ogous to the eddy
viscosity representation for turbulent stress, turbulent nmxing of sedinent
can |ikew se be nodeled using an eddy diffusivity, so that

1 a_C -
WS = v (5] (5-13)

Experimental evidence indicates that the eddy diffusivity and viscosity have

simlar fornms in boundary |ayer, and v g Can be witten as

Ut .3
Veg = T = ;u*z (5-14)
where 7 is an enpirical paranmeter, assunmed to be 0.74, based on Businger and
Arya (1974). The GMG nodel assunes steady state conditions, with a bal ance be-
tween upward turbulent diffusion and fall velocity, thus Equation 5-12 sinpli-

fies to
ac
-wa + "ts(—az) =0 (5-15)
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which is satisfied by

- —YWf
E 3 z—' K, -
C(Z) CO(ZO._) *ow ‘0 <z < 6CW (5 16)
z - bl
e — nu -
c(z) = Scw(scw) *c z > 5cw (5-17)

wher e .
co 's dew

the concentration at the top of the wave-current boundary |ayer, determn ned

a reference sedinent concentration, discussed below, and € is

from Equation 5-16.

Note that the GVG npdel assunmes zero net vertical flux of sediment,
since the fall velocity exactly balances the turbulent flux. This constraint
is not valid for application of the GG nodel as a boundary condition to a
ti me-dependent transport nmodel, and a slight nodification is required to gener-
alize the nodel to conditions of non-zero vertical flux. This is discussed in
Section 5. 4.

5.2.4 Ref erence Sedi ment Concentration

The reference concentration Co is calculated using the form suggested
by Smith and McLean(1977):

YnS
co ~ Cbea'Tw 703) (5-18)
‘here “bed s the bed concentration of the grain. -y,is an enpirical reference

concentration paraneter of order 10-3. S is the normalized excess skin friction

The prinmes refer to the skin friction conponent of the total boundary shear

stress. The skin friction conponent is deternm ned by cal cul ating the conbined
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wave/current friction factor fcw usi ng the dominant grain size as the bottom
roughness scale rather than the physical boundary roughness which includes the
effect of ripples and sedinent in notion. To handle the presence of waves in
this nodel, the instantaneous nornalized excess shear stress is used to cal cu-
| ate instantaneous reference concentrations which are then averaged over a wave

period to find the mean reference concentration.

The reference concentration is directly dependent on the critical
shear stress, as deternmined by the Shields paraneter. However, the Shields pa-
raneter is an enpirical value based on |aboratory flume experinments on single
grain-size sands. M xed grain sizes and biol ogical binding or mxing, as found
in field situations, may affect the critical shear stress.

5.2.5 Suspended Sediment Stratification Effects

The vertical gradient of suspended sediment results in stable strati-
fication in the boundary layer, which causes a partial suppression of turbu-
lence and a reduction in the eddy viscosity and diffusivity. The GMG nodel
uses the form devel oped by Businger and Arya (1974) for stable stratification
in the atnospheric boundary layer, in which turbulence was related to the
Moni n- Cbukov  lenth, which in the case of suspended sedinment can be approxi mat-
ed:

3
gl

L= kg(s - 1)wa(z) (5-19)

where s is the specific gravity of the suspended sedinent and the concentration
represents the total concentration for all grain sizes considered

The sedi ment concentration profile is coupled with the velocity pro-
file through nodification of the eddy viscosity and diffusivity to reflect the
effect of stratification on turbulent energy:

V= (5-20)
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v -

o (5-21)

v+ ﬁ%
where Bisanenpirical stratification parameter, assuned tobe 4.7 (Businger
and Arya, 1974) . The Monin-Obukov |l ength L becomes smaller asthe suspended
sediment stratification increases, Which causesareduction in the viscosity
and diffusivity. The dependence of the eddy coefficients onstratification
causes the vertical profiles of velocity and suspended sedienent to vary with
increasing stratification. The solution for velocity and suspended sedi nent
must therefore be approached iteratively, with corrected val ues of vy and Yis
comng from extinates of the concentration distribution C(z).

The solutions for the velocity and suspended sediment profiles, wth

the inclusion of the stratification correction are as follows:

2

1 - Z 1
u(z) = =u, [ln == + =dz | z > (5-22)

K *c Zeg 5 L cw

cw
™ p z

C z . Ku Ve 1

c(z) = acw(g—-) xc €XP - {rcu* idz) z > Scw (5-23)
cw (o4

oW

The effects of stratification are shown in the second termon the right hand
side of Equation 5-22 and in the exponential termin Equation 5-23. Because
the high energy of the eddies in the waveboundary |ayer is expected tokeep
that region well mxed, the stratification correction isnoti ncluded in the
calculation of the velocity bel ow 6cw. The velocity and concentration profiles

inside the wave boundary |ayer aretherefore given by the neutral solutions,
Equations 5-6 and 5-16.

5.2.6 Bedl oad and Suspended Sedi ment Transport

Transport of sediment in the near-bottom | ayer iscal cul ated by numer-

ically integrating the product of the predicted concentration and velocity pro-
files:

5-13



o5~ [ C U d (5-24)
()

For sedinment larger than mediumcoarse silt, nost transport is expected to be
confined to the near-bottom |ayer.

Bedload is not expected to be a significant portion of the totalload
i n the wave-dominated Shel f flows over beds of sand and silt on which this
study focuses. It is estimated using a senmi-enpirical bedload fornula as out-
lined in the foll owi ng paragraphs; this estimate is sufficiently accurate for
the purposes of this nodel. Since the bedload is assumed to travel in the di-
rection of the wave-current shear stress, however, and the suspended |oad di-
rection is controlled by the current, the bedload could be a major contributor
for sone size classes in the direction of the wave.

The bedload is calculated using the Myer-Peter and Muller (1948) for-
mulation, an enpirical formula based on an extensive set of |aboratory experi-
ments :

Gy peq = B14/Gs “Dgdl -4 ) (5-25)
where the Shields paraneter is calculated using the skin friction value of the
shear stress. W want to apply this equation, which was fornulated for steady,
unidirectional flow, to the conbi ned wave/ current flow. For this, we assume,
as we do for the reference concentration calculation, that the response tine
for the sedinment is small relative to the unsteady tine scale (as denonstrated
in Madsen and Grant, 1976) and that the nmaxi mum shear stress in each direction
dom nates the boundary shear stress. This estimate will be larger than the
actual bedload, but wll provide a reasonable scale for conparison with the
suspended | oad to see if the bedload is significant.

Since we assune that the maxi num boundary shear stress in the direc-
tion of the current is equal to the smof the wave shear stress and current
shear stress, we |ikew se assune that the nmaxi mum boundary shear stress in the
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opposite direction (rcw neg) can be calculated by subtracting the current shear

stress fromthe wave shear stress ("cw,neg -r w,max rc). (Codirectionality
has again been assumed for ease of discussion.) If we assume that the maxi mum
shear stress in each direction occurs for 1/2 the wave period, we overestimte
the bedl oad transport in each direction; however, to ‘tinme average' the trans-
port we subtract the value in the negative direction fromthat in the positive
direction, canceling nost of the error. To calculate total bedload transport,

we determine for each grain size class n the follow ng:

Tts -1)ed 3/2
Iy pea,n = 814,7Gs TDELI(W - v DV @p, O

,C n -"¢ n

3/2, (5-26)

where %' is the Shields paranmeter in the negative direction, based on Tow

5.2.7 Bott om Roughness

The calculation of the velocity profile inside the wave boundary |ayer (Equa-
tion 5-6), depends explicitly on the physical bottom roughness |ength zy- This
length is also necessary for the calculation of the friction factor f on
which the calculation of the shear velocities depends. Its value is therefore

of fundanental inportance.

A nodel for mnovabl e bed roughness under a conbi ned wave and current
flow was devel oped by Gant and Madsen (1982), and that work will be described
briefly here. Their nodel is used in GG

The physical roughness felt by the near-bottomflow is the sum of the
three conponents: 1) the roughness due to the individual grain dianeters in
the bed (skin friction); 2) the roughness due to ripples and mounds on the sea-
floor (form drag); and 3) a roughness associated with dissipation due to sedi-
ment in notion in the near-bed layer. The effect of these elenents will be pa-
rameterized in terms of a N kuradse equival ent sand grain roughness, As used
here, the roughness height is expressed in terns of the three elenents listed
above so that the total roughness height is:

kb - kb,gr * 1"'b,rip * kb,s.t:. 5-(27)
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where the three terms on the right hand side represent the roughness due to
grains, ripples, and sedinent transport, respectively.

The grain roughness, kb or is represented by the grain diameter d. For
aflat bed, the grain roughness is the only roughness elenent, and the skin

friction is the total roughness. In nost continental shelf situations, how-
eve r, there are either hydrodynam cally or biologically generated roughness
el ements at |east an order of magnitude greater than the grain size, so that
this elenent can be negl ected. It should be noted, however, that the sand

grain size is the appropriate roughness length for the skin friction conmponent
of the total boundary shear stress, on which initiation of notion and bedload
cal cul ati ons depend.

The formdrag conmponent of shear stress is generated by the formation
of eddies in the wake of the roughness el ement and the reattachment of the flow
between elements.  The"roughness is dependent on the shape and distribution of
the elenents. Gant and Madsen (1982) derive an expression for roughness asso-
ciated with a two-di nensional wave-generated ripple with height equal approxi-
mately to its |ength:

- n -
Ky rip = 27-71Q3) (5-28)

where n and X are ripple height and | ength.

The dinensions of the ripple are best determ ned from direct observa-
tion of the seafloor in the region in question. \Wen this is inpossible, or
when the roughness s in transition, enpirical bedform fornulas can be used.
The nodel used in this work, since the cases of interest are wave-donminated, is
a mde 1 of wave-generated ripples discussed in Gant and Madsen (1982). For
boundary shear stress only slightly greater than that needed to initiate no-
tion, Gant and Madsen found that ripples change only slightly with changing
shear stress, in what they refer to as ‘equilibriumrange’ . At higher shear
stresses, ripples grow smaller rapidly as they are washed out. The shear
stress where this process begins is designated by a breakoff Shields paraneter:
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0.6
S*

¥y = 1.8 b (5-29)

where S* is a non-dinmensional grain dianeter (Equation 5-10) and % is the
critical Shields paranmeter for initiation of notion. The enpirical relation-
ships for ripple geonetry under waves given by Gant and Madsen are:

7 _ 0'22(311)-0.16

b ¥e

P < ¥ < ¥y
1. 0.16¢20-04
A ¥,
and
1 _ o480 82,15
% * ¥
¥ >y

n _ 0.6,%' -1
Y = 0.285, (¢¢)
These values are used in Equation 5-28 to calculate ripple roughness in the

nodel .

The roughness associated with sedinment transport is based on argunents
advanced by Owmen (1964) that the wake structure around sedi ment grains in the
near-bed transport |ayer cause the flowto feel a roughness proportional to the
thi ckness of the layer. This concept was applied by Smith and MlLean (1977) to
steady flowin the Colunbia River and by Grant and Madsen (1982) to oscillatory
flow. Gant and Madsen derive an expression for the layer thickness by bal anc-
ing the initial kinetic energy of a particle put into notion with the potential
energy at its highest elevation. The roughness |ength they derive, using data

from Carstens, et al, 1969) is expressed:

kbs e = 11.1¢(s + Cmd$c[(f)1/2- 0.7] (5-30)
' c
wher e Cm = 0.5 is the coefficient of added massof a sphere.

The roughness length Z. in fully turbulent flows as considered in the

nodel is equal to k/30. The expression used for the roughness length is
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t herefore given:

n..: ,
zy - (nrip)‘_]r:iys) + 5.3(s + cm)d¢c[(a$—é)1/2-o.7]2+ s (5-31)

The three terns on the right hand side represent, respectively, ripple rough-

ness (z0 rip)’ sediment transport roughness (z. s ¢ ), and grain size rough-
ness. '
5.3 RUNNI NG THE GMG MODEL

The interconnections of these disparate elenments, and the generation
of the results, mght be better understood by using a step-by-step exam nation
of how the boundary |ayer nodel works. The conput ational procedure, as
di scussed in the preceding sections and applied here, is traced in Figure 5-2.
Each line in the flow chart is labelled, and those |abels are referred to in
this discussion.

There are three inputs (Line 1) to the nodel at each point: (1) cur-
rent velocity (u) at some height within the current boundary |ayer and above
the wave boundary layer, (2) wave climte, consisting of maxi mum wave bottom
velocity (ub) and wave excursion anplitude (Ab) (or, equivalently, wave height
(H and period (T) and water depth (h)), and (3) sedinment size (d), density and
texture. (For sinplicity, co-directional wave and current and a single grain
size bed are assumed in this discussion.) The exanple presented is a nmoderate
stormwave, wWith a 26 cnisec current neasured one neter above the bottom which

is composed of coarse silt. The nodel input parameters are as follows:

ub: 40 EEE Ab: 96 cm.
H: 2.6 neter T: 15 seconds

h: 50 neters

u_ : e z 1.0 neter

r sec [

d: 0.006 cm. p, 2.65 gm—3
cm
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The first step in the nodel is to neke a guess at the current contri-
bution to boundary shear stress on the bottom (Line 2a). This is represented
as ua/ub’ wher e u represents the mean velocity at some unspecified height
within the wave boundary layer. The nodel makes an initial guess that ua/“b =

ur/ub.

This shear stress estimate is used with the grain roughness (d) in the
equation for the friction factor (found in Section 5.5) to calculate the skin
friction conponent of the friction factor (few s,; Line 2b). That friction
factor is necessary to test for initiation of se’di ment notion. It is used to
calculate the skin friction conponent of the maxi mum bottom shear stress 10‘
and, fromthat, the Shields paranmeter for the flow (Equation 5-9). If the
Shiel ds paraneter is less than the critical value for the sedinment on the sea-
floor, no sedinment noves (Lines 2c- 2e). In that case, the skin friction
shear stress is the sane as the total shear stress. If sediment is moving,
however, and no bed roughness was specified as input, the boundary roughness
due to ripples and sedinment transport is calculated according to Equation 5-31,
and that roughness is used in the friction factor equation to calculate the to-
tal friction factor fO/v (Line 2f). The total f_, is used to calculate the mean
and maxi mum shear velocities (see Section 5.5). Fromthese, the first guess at
the predicted reference velocity is calculated using Equations 5-6 and 5-7
(Line 2h). If the predicted velocity is not acceptably close to the given ref-
erence velocity (as it will certainly not be on the initial try), the nodel
chooses anot her val ue of ua/ub, and proceeds again through the steps just de-
scri bed. If the predicted value was too low, the value of ua/ub is multiplied
by a factor of 2.05; if too |ow, the parameter is halved. |Iterations continue
until the predicted and given currents match. At that point,the neutral vel oc-
ity profile is calculated using Equations 5-6 and 5-7 (Line 2j).

If sedinment was put in notion, the sedinent concentration profile is
calculated, first without including stratification corrections to either veloc-
ity or concentration profiles. The particle fall velocity is deternined and the
sedinent reference concentration is determned from Equation 5-18. These are
used in Equations 5-16 and 5-17 (neglecting the exponential termin the latter)
to calculate the sediment concentration profile (Line 2n).
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Finally, the velocity and concentration profiles are integrated to de-
termine the neutral load and transport predictions. The estinated bedload is
cal cul ated using Equation 5-26.

The neutral results for the wave case described above are shown in Ta-

ble 5-1. Note that the value of Udrops by a factor of three fromthe first
guess. Most of the roughness is generated by ripples (conpare ZO,rip Lo
zO,s.t.)’ and the additional roughness increases the friction factor signifi-
cantly (conpare fcwﬁf- vs. few). The wave-current shear velocity is nmore than

twice the current shear velocity. The predicted bedl oad transport is insigni-
ficant conmpared with the suspended transport. The predicted neutral velocity
and concentration profiles are shown in Figures 5-3 (a) and (b).

The stratified calculation begins, as does the neutral one, with a
guess of ua/ - Initially, the value which produced the neutral case solution
is used. This results in a prediction of reference velocity which is higher
than the given reference velocity, since stratification increases velocities
above the wave boundary layer. The sane steps as for the neutral case are fol-
| owed through calculation of the shear velocities at Line 3f. At this stage,
the calculation of the stratification-corrected concentration profile begins.

First, the concentration profile without the stratification correction
is calculated, as for the neutral case. That profile is used to deternine
Moni n- Cbukov Length (Equation 5-19), which is substituted into Equation 5-23 to
get a revised estimate of the concentration profile (lines 3g and 3h). This
provides a revised estimate of the integrated Monin-Obukov Length (Lines
3i-3j). If the difference between the old and new integrated MO Length val ues
is greater than the allowable error, the new value is used to cal culate another
revised concentration profile. These iterations (Lines 3i-3k) continue until
the integrated MO Length val ues converge.

Once the concentration profile is deternined for this ua/ub val ue, the
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Neutral results for sample run
h 203 fewas 4.745 x 1073
v 0.5657 Ve 0.1226
P 8.837 x10~%cm | zomp 6.226 x10~2cm
F 1432 em 20,21 2.591 x107%cm
few 2.907 x 10°
Use 2.46 cm/sec Uecw 5.802 cm/sec
bew 11.13 cm b 16.41 m
susp. load .6294 %";‘-
susp. tran 22.65em3/cm/sec | bedload .0663cm3/cm/sec

Tabl e 5-1. Some results for neutral, near-bottom model run for a moderate storm wave on the
continental shelf, as described in text. Load and transport are calculated for near-bottom

layer, designated z < %

5-22



Near Bottom Wave and Current Model
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Figure 5-3.  Predicted neutral and stratified velocity and concentration profiles to a height

z=1% for amoderate storm wave with areferencecurrent of 26 cm/sec
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new reference velocity prediction including stratification effects can be cal-
culated using Equation 5-22. As in the neutral case, if the predicted and giv-
en val ues are outside acceptable error limts, iterations of Lines 3a-3m begin
again with a revised ua/u'b value. Once the velocity values converge, the final
stratified velocity and concentration profiles and the transport and |oad pre-

dictions are cal cul ated.

The stratified results for the wave case described above are shown in
Table 5-2 and Figures 5-3 (c¢) and (d). Conpare these with the neutral case
results shown in Table 5-1 and Figure 5-3 (a) and (b). The sharp drop in con-
centration and increase in velocity above the wave boundary | ayer can be seen
by conparing the neutral and stratified profiles in Figure 5-3.

The largest changes from the neutral case result from the reduced cur-
rent shear velocity: U, is approximately one-half the neutral value. For this
reason, 6c/6 drops to 9.4 min the stratified case from 16.4 m and the sus-

pended |oad and transport drop by an order of magnitude or nore.

Parameters which reflect only wave boundary |ayer conditions change
much | ess: The wave-current shear velocity U*, and wave boundary |ayer height
SON are essentially the sane; the roughness prediction rises slightly in the
stratified case because the ripples are left intact by the smaller current

shear stress; the sedinent transport roughness drops sonewhat. Bedload trans-

port drops by only 25% but is still insignificant conpared with suspended
transport.
5.4 APPLI| CATI ON TO A SUSPENDED PARTI CULATE FLUX MODEL

whilet he GMG nobdel solves for steady-state distribution of velocity
and suspended sedinent, it can be applied to tine-dependent problens if the
vertical scale of the boundary layer is small enough that the vertical flux di-
vergence terms are nuch larger than the tine-dependence of the currents and
suspended sedinents within the boundary layer. This condition is satisfied if

the GVG nodel extends over a small fraction of the total boundary |ayer height,
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Stratified results for sample run
Jewss 4.861 X 10~3 b .0539
. 0.4448 Y. 0.1226
Zo 1317 x 107lem | 25 1.135 x 10" cm
206 3.646cm 20,08, 1.7937 X 10~3cm
few 3.659 x10~?
U*e 1.4 18cm/sec U*CU 5.702 cm/sec
bew 10.95 cm b 9.45 m
susp. load 0.0373 €25
susp. tran 0.7430 em¥/cm/sec | bedload .0482cm3/cm/sec
Predicted %, with $* = 0.203: 39.0 cm/sec

Tabl e 5-2. Sonme results for stratified near-bottom model run for a moderate storm wave,
strong current, and a silt bed on the continental shelf. Load and transport are calculated
f or near-bottom layer, designated z < ft Predicted velocity on bottom lineisthe result

for the neutral current shear stress
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for instance:

For practical application, z_ can be as little as a few meters, thus minimzing

the errors due to neglecting time-dependence in the boundary |ayer.

The GMG nodel can provide an estimate of the bottom stress and the
near-bed suspended |oad, based on the input of the directional wave data, sedi-

ment size and texture in the bed, and the velocity at the matching level. From
the standpoint of a circulation mbdel, it can be thought of as a black box nod-
el of the effective bottom drag coefficient. However, in order for the nodel

tobe used for prediction of vertical flux of suspended sedinment into the do-

main of the overlying model, a minor nodification nust be made of the equation
for suspended sedinent distribution.

The nodification is made asfoll ows: Rat her than assuming that there
is zero vertical flux of sediment, the vertical flux is allowed to vary depend-
ing on the concentration at the matching Ievel z, bet ween the boundary |ayer
model and the outer flow model. At that level, the concentration of suspended
sedinent is specified, based on conditions in the overlying nodel, which in
turn is subject to the vertical flux condition of the GMG boundary |ayer nodel.
Considering for sinplicity a sinple current boundary layer without stratifica-
tion, the solution for a steady-state sediment distribution is

’YWf

z - —*%
c(z) = C1 + c:2 (26) KU

wher e Cl and 62 are constants. VWhen the vertical flux is zero, C1 is zero and
the solution is the same as in GMG  For application to a suspended particulate
flux nodel, Cl is not zero, but rather it is adjusted tosatisfy the condition

atthe top of the boundary |ayer.

The bottom boundary condition will remain the same, so that C = Co at
z =z, This gives
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‘YWf
c(z) = € + (C4- cl)(g—)' KU
0

*c

Satisfying the boundary condition that ¢ = C atz-z_, wher e c. is specified
by the overlying nodel, gives

’YWf
T kU
c - Z_ *c
r CO(zo)
C E ]
1 1wf
z -
1 - (zo ) KU

CGeneralizing the result to the case of a wave-current boundary |layer and a cur-

rent boundary |ayer, we have to match the sol utions at Scw‘ obt ai ni ng

_ C Coosar
c, 1 - oo
r
wher e
- Wf
CwW
o (z_") "ecw
0
and
’YWf p .
T KU W
o = (=) = *c exp . —F ~dz
r Ku
cw *c 5

This solution will have to be iterated several times, since the stratification

1" The Moni n- Cbukov |ength L
wi Il not depend on the total concentration, but only on the z-dependent part,

correction will change, depending on the value of ¢
SO

3
[ugl

T kg(s - 1w (C(z) -Cp)
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The vertical flux of sediment is constant across the boundary layer, and it is
simply equal . , 'Clwf' | f C1 is positive, the flux is downward, and if C
negative, the flux is upward.

1IS

Wth this nodification of the GG nodel, the suspended sedinent flux
aswell as the stress are determined at the top of the boundary |ayer, based on
matching the velocity and the concentration at Z Suspended sedi ment of mul-
tiple size classes or a single size class can be considered with equal facili-

ty, depending on the needs of the nodel.
5.4.1 Interfacing Wth a \Wave Prediction Model

The GMG nmodel requires the orbital velocity and frequency of wave no-
tion near the bottom This nay not be the spectral peak, because shorter waves
will be attenuated with depth according to the short wave particle excursion
relation:

W
sinh kh (5-32)

N

w -

where H = trough-to-crest wave height, k is wave nunber and h is water depth.
It is a straightforward natter to integrate a nodel -derived wave spectrumto
determ ne the peak near-bottom oscillatory current as a function of sea state.

5.4.2 Pr obl ens

The single nost difficult problemw th the GG nodel is the estinmation
of near-bottom sedinment concentration Co“ This quantity has only been arrived
at empirically;, there is no theoretical basis for its estimation. The problem
is far worse in the case of cohesive sedinents than non-cohesive sedinents,
since the threshold for resuspension is not well known, and resuspension is
strongly dependent on biol ogical processes. For particles finer than sandy
silt, the properties of suspended sedinment becone very difficult to quantify.

Anot her problem area is the question of stratification-induced stabil-
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ity. VWhile the concept is well-docunented for thermal stratification in atno-
spheric boundary layers, there s still some uncertainty in application to
suspended sedi ment. The matching zone between the wave-current and current
boundary | ayers appears to be particularly sensitive twstratification effects,
and nore research is required to ascertain the proper neans of representing the
stabilizing influence of stratification.

As a final difficulty, it should be noted that the GVG nodel is not
readily conpatible wth the open ocean oil weathering code. Therefore, ele-
ments of the GMG nodel are unlikely to be incorporated into the oil weathering
code at this tinme.

5.5 APPENDI X: FRI CTI ON FACTOR, SHEAR STRESS AND SHEAR VELOCI TY SCOLUTI ONS
The characteristic boundary shear stresses and shear velocities are

calculated from the instantaneous boundary shear stress. The instantaneous
boundary shear stress is defined in GMG using a quadratic drag |aw

1 2
= opf (" + V)| < ' 4 (5-33)

]
2 172 2 . 2172

0 (u +v2) (u” +

where u, v are the x, y conponents of a conmbined wave and current reference ve -
locity close to the bottom (though we are, for the monent, assuming that the
wave and near-bottom current are collinear in the x-direction). fcw is the
conbi ned wave and current friction factor. The characteristic shear stress in
the wave boundary |ayer (rch = p U*_, is defined as the maxi num val ue of
Equation 5-33. For the current boundary |ayer, 70c (= p uz*c) is calculated by

time averaging equation 5-33. The solutions for the shear velocities are:

u
Upey = 15 fcwa(—u-:)] Y2y (5-34)
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e = 5e) ub>] Y, (5-35)
where # is the angle between the wave and current directions, a and V,are
functions of the maximum and tinme-averaged velocities, respectively, in the
wave-current boundary | ayer. Uis a representation of the velocity of the
mean flow in the wave boundary |ayer, so ua/u'b is a representation of the rela-
t ive strength of the nean versus the nmaxinmum oscillatory flow in the wave

boundary layer. The val ue of fcw is determ ned using these definitions and the

wave velocity profile. The val ue of fcw( is calculated inplicitly with the
equati on:
kb kb v 3/4 V2
1/2 K 1/2 K 2 _a o2 _ag
[o. 097(Ab 3/4] + 2[0. 097(Ab 3/4][ 1/4]cos¢c m 4a1/2 (5-36)

CW

where a and V2 are functions of the maxi mum and nean velocities in the wave

boundary | ayer, respectively. Ab is the bottom excursion anplitude for the
wave, defined:

A = ;9 (5-37)

and K is derived fromthe equation for the wave velocity, defined below, and is
def i ned:

1 1

K- 2 2
(ker 2;’0 + kel 2§‘0

172)1/2
2,

The solution for the wave monentum equation inside the wave boundary |ayer is

not explicitly of interest for the present problem though it is necessary for
the calculation of the boundary shear stress. The solution is:

il
1n§+l.154+¢2 LW

= [1 + . | (5-38)
b ker2§l/2+ ke 255/2”
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where ¢ - )(/5cW and 50 = XO/Gcw' Ker and kei are Bessel Functions: tabul ated

solutions to a particular form of differential equation. The derivation and
background for the wave velocity profile and friction factor equation are cov-
ered in sone detail in Gant and Madsen, 1979.
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6.0 EXECUTI VE SUMVARY

The objective of this study was to characterize the nature of oil/sus-
pended particulate material (SPM) interactions such that predictive mathemati -
cal forrmulations could be derived and (ultimately) incorporated into an open-
ocean oil spill trajectory and circulation nodel. Dispersed oil droplet/
suspended particulate material (SPM) interactions provide a potential nechanism
for transport of spilled oil to benthic mari ne environments. Section 1 of this
report contains a detailed review of previous field and |aboratory studies and
our know edge of the mechani sms involved (including uncertainties on oil drop-
| et dispersion, turbulence requirenents, sediment flux, and oil/SPM interaction
ki netics).

Ol and SPM interactions occur through two primary mechanisms: 1) oi
droplets colliding wth suspended particulate material and 2) nolecular sorp-
tion of dissolved species. Chromatographic profiles presented in Section 1
(Figure I-1) illustrate the selective partitioning of intermediate and higher
mol ecul ar wei ght aliphatic (Fig. 1-1A) and polynuclear aromatic (Fig. 1-1D) hy-
drocarbons onto suspended particulate material. The chromatograms al so denon-
strate the conconitant selective |ower nolecular weight (one ring) aromatic hy-
drocarbon dissolution (Fig. 1-1G) into the water col um.

The paraneters and/or conditions that mght influence the rate of “re-
action” between dispersed oil droplets and SPM are nunerous and include: con-
centrations of dispersed oil and SPM size distributions of the oil droplets
and SPM composition of the oil and SPM the extent of previous weathering and
di ssolution of individual conmponents from the dispersed oil droplets, and the
turbul ence required for mixing. Data from field and |aboratory studies suggest
that SPM sorption of truly dissolved conmponents is not inportant to the overal
mass bal ance of oil froma spill; however, such adsorption may be inportant for
bi ol ogi cal consi derati ons.

As initially envisioned, this programwas initiated to exam ne the

rate of oil/SPM interactions for the purpose of devel oping a mathematical node
to predict the potential for sedimentation of components of spilled crude oil
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and refined petroleum products. The devel opnent of a nodel for this interac-
tion was intended as an “add on” calculation (or sub-routine) to a general cir-
culation nodel that addresses both vertical and horizontal transport. All cir-
culation nmodels are essentially solutions to nonmentum transport equations, and

sedi ment transport depends on ocean circulation for nodeling purposes

An appropriate three dinensional mass bal ance equation for the concen-
tration of a given species i yields the following partial differential

ac, 3 8 vV C )‘?—(
é-t_ + 5;(VXC1) 3y 'y i Bz V_é:l) =
(6-1)
ac ac ac
e e e T S TR az(kzaz ) + Ry

Thisequation allows for calculation of a nmass balance that yields the
concentration of species i when integrated over tinme and space. This equation
appears in nunmerous branches of science and engineering when nass bal ance con-
siderations are encountered. In the equation, the left-hand side, with the ex-
ception of aci/at, represents advection through a differential volune elenent
that is fixed in space. The right-hand side, with the exception of R, de-
scribes horizontal and vertical dispersion. This partial differential equation
is the basis for discussing and describing oil and suspended particulate nate-
rial interactions in the water colum. Al of the “interaction” information is

contained in the reaction term RI This reaction term can be either a renova
(output) or source (input) termfor the species i. Thus, for oil/SPM interac-
tions, it is necessary to describe what species are going to be identified and

kept track of. It is not possible to quantify every single species in the sys-
tem there are sinply too nmany, |Instead, experience seens to indicate that
sinmplifying assunptions can be made

Wien these equations are applied with specific boundary conditions
(e.g., bottom topography, shoreline, and weather), a specific 3-D circulation
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nodel is obtained. These nodels are “huge” because the |arge nunber of equa-
tions and the form of the boundary conditions make it inpossible to “sinplify”
the mathenntics. In essence, every differential elenent of the nodel affects
eve ry other differential element. Integrating an existing circulation nodel
with the inputs of oil at the air-sea interface and sediment from the bottom
and shoreline (including rivers) will yield a description of oil and SPM trans-
port and the interaction of these two additional “species”. These species wll
not affect general circulation in any way because their presence does not sig-
nificantly affect nomentum transport. Thus, the fate of oil and SPM depends on
circulation (and weather), but circulation does not depend on oil and SPM The
defining equations for oil and SPM are thus decoupl ed and essentially “ride

al ong” as the nmonmentum equations are sol ved.

The reaction for oil droplets in the water colum describes the rate
of collision and sticking of an oil droplet with a suspended particulate (i.e.,
a loss of a “free” oil droplet) and the settling (or rising) of an oil droplet.

The reaction term R for” oil droplets can then be described by

R = C 6-2

» - % (6-2)
wher e '%p((\)p% is the rate of collision and sticking of an oil droplet and a
suspended particulate to produce an oil-particul ate agglonerate. The effect of
buoyancy of oil droplets or o0il-SPM agglonerates appears in the vertical
velocity termin equation 6-1.

Details of the conplete derivation of the mathenatics required to gen-
erate the rate equation for oil droplet/SPM interactions are presented in
Sections 1.2 and 1.3. From these derivations the collision frequency for

dilute suspensions of particle (SPM and oil) interactions can be expressed as

RPN 3
R =13 (u) (ri+rj) nil:l_j (6-3)
when R is the collision frequency, e is the energy dissipation per unit nass
(of fluid) per unit time (cm2/sec3), v is the kinematic viscosity (cnf/see), r

is the radius of particles i present at a nunber density of n,, and |likew se
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for particles j. This equation describes only the collision frequency. Noth-
ing is inplied about the “sticking” of particles. Essentially, the interac-
tions are nodeled on a particle/particle basis where number densities for both
species (discrete oil droplets and suspended particulate) are required. That
is, the *“concentrations” or nunber densities of the two reactants are related
to the rate of interaction (collision and sticking) as described in equation
6- 3.

Clearly, the above equation cannot be applied directly to oil droplets
and (or) SPM  The obvious problemis that a distribution of particle sizes ex-
ists in any real situation, and the above equation is witten for a specific
size class only. Therefore, in order to apply the equation to the neasured ki-
netics of oil/SPM interactions it is necessary to assune that oil droplets in a
narrow size range wll behave as a nono-sized popul ation, and that SPMin a
narrow size range wll |ikew se behave as a mono-sized population. The ratio-
nale for these assunptions and their inpact on the mathematics of nodel devel-
opnent are considered in detail in Section 2. If these assunptions are valid,
then the rate equation can be rewitten as

R = 13 (5)1/2 kn,n, (6-4)

1]

where k now “lunps” the unknown information about the particle sizes.

Experinmental application of the oil/SPM kinetic equation can be car-
ried out in any vessel or flow situation where the independent variables can be
controlled. The experinental nethods found to work satisfactorily in this pro-
gram utilized well stirred vessels (with no inflow or outflow) with a known
power input through a propeller. By introducing oil droplets of a narrow size
range and SPM of a narrow size range into the stirred vessel and neasuring the
free oil droplet counts versus time, it was possible to generate rate constant
data for the oil/SPM interaction. Under the experinental conditions chosen to
comply wth the nodeling (nathenatical) requirenents, the concentration of SPM
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remai ned constant (i.e., its nunber density did not change). Thus, the rate of

change of free oil droplets, co, could be defined as

d Co

——d == -k C_ (6-5)
t

where k = 1.3 (e/v)]‘/zkac, Integration of equation 6-5 yields
P

c
in —=- k't (6-6)
CO
o
wher e Cg is the initial oil droplet concentration at time = O The experimen-
tal data, which are the free oil droplet counts nornmalized to the initial
count, should fall on a straight line on a senmi-log plot versus time if the as-

SUprtiOﬂS are correct.

Sections 2.2 through 2.4 contain results and discussions of experinen-
tal data on the interaction of fresh and weathered Prudhoe Bay crude oil with
representative SPM types. Figure 6-1 is representative of the linear regres-
sion analysis of free oil droplet disappearance for the interaction of fresh
Prudhoe Bay crude oil and Gewingk Gacier till. These data were derived from
photomicroscopic analysis (i.e., counting) of declines in free oil droplet num
bers over time (e.g., see Figure 6-2). Concomtantly, the formation of multi-
ple o0il/SPM aggl onerates and their settling due to density increases could be
docurmented as a function of tinme (e.g., see 0il-SPM agglonerates in the photo-
graph in Figure 6-3). Using photomnicroscopy to obtain rate data on the forna-
tion of o0il/SPM agglonerates is a much nore difficult task (conpared to noni-
toring di sappearance of free oil droplets) because of depth of field focusing
problems wth the nicroscope and the conplex distributions of SPM and discrete
oil droplets within the oil/SPM fl oes or aggl oner at es.

Much nore detailed experimental results with fresh and weat hered Prud-
hoe Bay crude oil and a representative suspended particulate naterial are pre-

sented in sections 2.2 and 2.4. For these nore extensive experinents, the
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(a)

(b)

Figure 6-1.

ln(OH_ DROPLET -NUMBER) vs. TIME
30 July 1987—-——Experiment A
fresh Prudhoe Bay crude oil + Grewingk till
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Figire 6-2.  Photomicrograph of blended oil

: : _ droplets on {pe pjcroscope slide at
2 minutes into a stirred vessel experiment \ith an energy di

rate (€) of approxi mately 260 ergs/c¢m Sec.
50 mcrons = —i

ssinpoiion

Size scale for
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Figure 6-3.

w

. )s N

£ . ..

Photomicrograph of oil droplet-Gew ngk d acial t111 SPM aggl omer at es
on the microscope slide at 5 minutes into a stirred vessel experinent.
Energy dissipation rate and size scale are as in Fig. 6-2.




suspended particulate naterial was selected to represent observed grain size
distributions (1 to 53 gm) and relatively high total organic carbon (TOG bur-
dens characteristic of Al askan Quter Continental Shelf (0CS) waters (Baker,
1983) . Because of the difficulty in collecting large (kg) quantities of “natu-
ral” SPMin the open ocean, < 53 um sieved-fractions of selected intertidal
sediments from | ower Cook Inlet were used for nmost of the studies. The “SPM
SO0 obtained was characterized by X-ray diffraction (for mneral ogy), total or-
ganic carbon (TOC) | oading, grain size distributions and background compound-
specific organic conposition by flame ionization detector gas chronmatography
(FID-GC). These SPM characterizations are presented in Tables 1-2A and 1-2B in
Section 1.1.

Rates of oil/SPM interactions under carefully controlled conditions of
turbulence were obtained for fresh Prudhoe Bay crude oil and SPM derived from
Jakolof Bay using two conpletely independent analytical techniques. Both the
rate of disappearance of “free” oil droplets (as neasured by |ight mcroscopy;
see Section 2.2) and the” formation of oil-SPM aggl onerates (quantified by phys-
ical separation, solvent extraction and FID-GC; see Section 2.4) yielded oil/
SPM interaction rate constants that agreed reasonably well (k = 0.67 x 10"to
1.8 X 10" 1/mg) with the different experinmental approaches. For these experi-
ments the turbulence (as neasured by the energy dissipation rate) was approxi-
mately 260 ergs/cmssec.

Section 3 contains the results of detailed chem cal conpositional
anal yses of dispersed oil droplets, dissolved conponents, oiled SPM and sedi-
mented oil/SPM agglonerates. Quite clearly, selected oil weathering patterns
due to evaporation, dissolution and conpound specific adsorption are observed.
The FID-GC data that are presented can ultinmately be used to conpare computer-
predicted oil weathering behavior fromthe Open Ccean Q| Wathering Code
(Payne, et al., 1984) with observed oil-weathering behavior from the stirred
chanber  experinents. The chromatogranms and reduced data illustrate that the
1-10 pm sized oil droplets used in the experinents undergo wvery rapid
evaporation/dissolution weathering (even during the blending/oil droplet gener-
ation process). Substantial |osses were observed for all conponents in boiling
point ranges of 107° to 393° F (distillate cuts 1 through 11 as described by
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Payne et al ., 1984). Those conpounds renaining (after droplet generation) also
showed selective partitioning behavior, and enrichnent or enhancenent of both
intermediate and higher nol ecul ar wei ght aliphatics and aromatics was observed
in the sedimented particle agglonerates asopposed toresidual (less than 1 pm
suspended phases renaining in the water columnfollowi ng the cessation of stir-
ring (e, turbulence) in the experinmental system(e,Settling colum stud-
ies) . Interestingly, [little or no enhancement in settling velocities of the
0il-SPM agglonmerates was noted using fresh Prudhoe Bay crude oil and Jakolof
Bay-SPM under the conditions examined. Additional work is currently under way
to further investigate sedinentation rates at varying oil/SPM ratios with dif-
ferent oil and SPM types.

Section 4contains a discussion of the potential conputer requirenments
(and limtations) for nodeling oil/SPM interactions within the context of a
full three-di nensional open-ocean circulation mdel. As discussed, there are
several possible approaches including finite element circulation hodel s based
on conservation of nmass and energy as well as probability distribution func-
tions (PDFs) that might be used to approxi mate the problem Finally, Section 5
presents an overview of the late Dr. WIliam Gant’s contribution to nodeling
of the bottom boundary |ayer and sedi ment resuspension/transport as controlled
by non-linear wave and current interactions.

It is significant that several inportant program elenments (e.g. wave
and current induced sedi ment resuspension and transport, breaking wave induced
oil droplet dispersion, and turbulent energy dissipation rate predictions for
the open ocean) are all areas of on going Ph.D. -level research at mmjor univer-
sities , oceanographic institutions and private |aboratories. As a result,
there are still many gaps in our know edge, and at this tinme it appears to be
premature to believe that a fully operational three-dinmensional ocean circul a-
tion nodel that incorporates all of the desired interaction ternms (e.g., oil
dropl et dispersion, sedinment resuspension for all size classes of sedinent,
0il/SPM collisions as a function of oil and SPM | oadi ngs and turbul ence, etc.)
is possible in the very near future. In any case, extensive conputer capabili-
ties and resources may be required to ultinmately develop predictive nodels that
incorporate all of the variables and stochastic processes involved.
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Therefore, a nore pragmatic approach nay be the devel opment of a one-
di mensi onal nodel that would be nore useful in providing infornmation which to a
first approximation could be used to assess the potential inmpact of a hypothet-
ical oil spill in SPM-rich waters. In the conceptualization and devel opnent of
such a nodel, one nust eventually ask, “What will this nodel ultimtely be used
for, and by whon? How can an environnmental studies manager use the results of
this Study and the nodel to assess and predict environmental danage and re-
sponse to a near-shore oil spill? In other words, what is the |ogical end

product for this research?”

In the course of answering these questions, it has become apparent
that it may not be appropriate (or even possible) to directly couple the oil/SPM
interaction mpdel with a fully devel oped three-dinmensional circulation nmodel.
Instead, as research and nodel devel opment progressed, the need for a
stand- al one  one-di mensi onal code that could run on a Personal Conputer becane

more apparent. If such a stand alone program were to be devel oped, what should
it contain?

deally, the nodel should be not only very user friendly but also ca-
pabl e of accepting user input that includes at |east the follow ng:

0 anticipated sea state
o oil type and tinme frominitiation of spill
0o weather conditions

o

anticipated suspended particulate loads and types

The nmpodel would then request a wind speed to which (to the best of our
ability and what is currently attainable through the open literature) near-
surface energy dissipation rates nmight be assigned or correlated. ldeally, it
would be nice to estimate the relation between wind- induced sea-surface turbu-
lence (potentially represented by Beaufort Sea Scal es for which the user has
some intuitive feel) and near surface and mid-depth energy dissipation rates.
Then, based on the user specified sea-state, an energy dissipation rate could
be selected from avail abl e published data (representative values are presented
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in section 1.2.1). This energy dissipation rate would then be matched to nea-
sured oil/SPM interaction rate constants fromthe current (i.e. , Section 2) and

ongoi ng | aboratory studies

An accounting of the dispersion of discrete oil droplets froma sur-
face oil slick (i.e., by droplet size, nunber density, interracial surface ten-
sion, specific gravity, etc.) has yet to be successfully acconplished. This is
still an area of active research being pursued by other investigators. As an
initial starting point, however, a dispersed oil flux into a water colum nust
be assuned (or assigned) to provide material for SPM interactions. This topic

is currently being investigated by Delft under contract to MVB

For the purposes of an oil-SBM interaction nodel, potentially inpor-

tant user-defined properties of SPM that would be desirable may include

0 total organic carbon (TGC) content

0 mcroscopic size” fractionation

0 mneralogical conposition

o general surface norphol ogy

0o electron mnicroscopic characterization of the <53 um size fraction
(Payne et al., 1984).

In designing a mathematical nodel and experinments to provide data for
its verification and inplenentation, it quickly becomes apparent that there are
more variables to consider than can be reasonably accounted for. For exanple,
Section 2 deals just with the mathematics necessary togenerate rate constants
for the interaction of single sized oil droplets and one size of SPM particles
Qoviously, sinplifying assunptions are required to nodel a mixture of varying
oil droplet and SPMsizes. There are also inherent experinmental difficulties
in trying to conplete nmeasurenents of oil and suspended particulate nmateria
i nteractions. For exanple, should only one size of oil droplets be exam ned?
How are the oil droplets to be generated, and can that process be related to
envi ronnent al condi tions? Furthernmore, can the interaction rate constants be
correlated with open ocean conditions (which are also the subject of intense

ongoi ng research) to devel op adequate descriptive mathematical nodels.
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In sumary, nodel devel opnent to adequately describe and predict oil-
SPM interaction phenonena and their relation to contributing environnental
vari abl es is a conpl ex undertaking from both conceptual and experinmental stand-
points. Wiile all of the difficulties entailed in such an effort have not been
resol ved, it is felt that the results of the present program provide nuch use-
ful information and a good foundation toward further nodel developnent. As a
simpler and nore realistic point of departure, an experinmentaly verifiable one-
di mensi onal nodel (with certain sinplifying assunptions) now appears to be
achi evabl e. Further |aboratory and modeling efforts are being directed at its
devel opment and inplenentation in a PC-based form which will have nore immedi-
ate utilily for environnental studies nmanagenent needs.
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APPENDI X A

COVPOUND SPECI FI C HYDROCARBON CONCENTRATI ONS
FROM 28 LITER STI RRED CHAMBER EXPERI MENTS



HYDROCARRON. QUNCENTRATTONS FRM STIRRFD CHAMAFR EXPFRIMPNTS—XHM, Total Resolved, and Total n-alkanes

FID-GC Hydrocarbons With Retention Times Greater Than . . Fqual to n=C10

Fresh Prudhoe Rav Crude 011 and Jakolof Rav Sedimenta

Tim? ——————————————Burface 01l Dispersed Phase-——-—w— Phuise- Diesolwed  Phase—
from Hydeocarbon tration Rydrocarbon Concentrations Hydrocarbon Concentratiors SPM Load Concentratfons Hydrocarbon Concs.
start (s of m (gt | ter sea vater) (ug/licer sea inter) (mg dry (vg/g dry weigt) {ug/Uter)
(hrs) UOHTot .Res, UM Tot.Res, Tot .-alk. Tt Res. UM Tot.Res, Tot sali. UOHTot Res. UM Tot Res. Tot .alk, wt./l)  UDtTot.Res, UM Tot.Res. Tot.oalk. ||| UO#Tot.Res, UM  Tot.Res.
0.00 2322 11 5 1878380 443735 269769 0.0 0.0 0.0 0.0 0,0 2.0 0.4 52.9 39.2 0.0 38.2 7.1 0.0 0.0 0.0
0.25 7.4 0.0 37.4 32.4 0.0 0.0 0.0 0.0 50.1 0.0 0.0 0,0 0.0 256 0.0 25.6
0.50 607.0 52638 782 65.0 61.5 524 9.1 52 53.0 | [60.7 989.2 1715 98.2 67.2 0.0 67.2
1.00 571.2  500.9 70.3 9.1 NA N RA NA 47.7 NA n NA m 9.4 0.0 169.4
2.03 13412 11180 2232 157.4 557  47.1 8.6 5.1 51.3 1085.3 917.7 167.6 9.5 532.0 1446 407.6
4,00 27631  2275.1 480.0 3355 852 B9 6.3 45 50,1 01 A 776.4 125.0 0.7 6640 0.0 664.0
8.00 44290 37106 718.2 494.6 1238 1452 28.6 16.9 53.8 3229.6 26%$3.7 5%0.9 N4& 1707.9 334.5 13734
12,00 B018.7 67485 1270.2 8133 %8.8 2900 58.8 3$.2 48.2 72%6.0  6016.0  1220.0 7102 13%4.4 2739 1905
18.03 1680.4 0.0  1489.4 1140.7 5395  460.7 78.8 63.6 44.4 12150.7  10372.0 . 1633.2 1%5.3 292.0 1073.3
24,02 17350.8 14684.3 26355 1392.7 9291 7394 18,7 126.7 50.4 195353 146716 37637 25131 — 299.3 m
48.00 349x3.8 20973.2  8625.6 53424 19749  1597.9 377.0 2173 438 45089.7 X.581.3 B60B.8 4%l .0 — 518.9 LY
72,00 292373.6 244%7.0 471426  31615.0 544445 43919.2  10525.3 5898.2 40329 33287 04,2 398.8 35.9 1123%5 927215 196150 111100 1362.9 726.9 6%.0
96.00 33198.0 23615.9  7582.1 43544 101.4 87658 424.6 2725 8.7 452449  W05%0,5 14794.4 9494.8 1217.6 612.5 605.1
120.00 38606.5 28080.5  10317.0 5286.2 9975  559.3 438.2 287.0 25.0 I0.0 223720 175230  114a3.0 1500,7 957.9 3428
168.00 52203.9 2874.3 2349?.6 152424 157774.7 121453,0 %321 7  21778.1 14753 109.5 4358 237.4 295 503102 352323 147729 9742.4 1705.2 1225.8 439A
216,00 129510.9 1050110 264999  15994.4 51518.9 41491.1  10027.8  6%90.4 1288.7 7754 513.3 38,5 23.0 S6030.4 337 130 22317 4 147174 x335.6 1633.8 L8
2 Day Weathered Prudhoe Bay Crude 011 and  Jakolof Bay Sediments
Tine e eeBrface  O11: —Dispersed  Phase——— SPM Phage- lved Phage~—
from Hydrocarbon  Concent rat 4one Gorventrationa Hydrocarbon Concentrations SPM Load Hydrocarbon  Concentrations Concs,
start (ug/g  of oil) (ug/1iter sea triter) (W/liter sea water) (ng dry (ug/g dry weight) {(ug/11ter)
{hre) UHTOt . 7a. UM Tot.Res, Tot.n-alk. ||| vowTor ,Res, UM Tot.Res. Tot .o-alk. UQ#Tot.Res, UM Tot.Res, Tot .ralk, 912./1) UDHTot.Res, 4  Tot.Res. Tot.malk. (|| UD#Tt .Res. UM Tot.Res,
0.0 R0%.3 54659.6 253747 121320 3.3 0.0 33 0.0 18.9 14.0 4.9 25 51.6 3%.3 2m5 95.7 492 L) L) )
0.25 [y NA ) NA 425 .8 7.7 4.8 49.3 &l 5 705.1 156.4 97.0 1Y 'Y WA
0.50 973.1 815.5 157.6 107.0 170 164 2.6 2.0 4.4 3670 310.8 %.3 425 435 0.0 405
i.03 1027.0 3423 84,7 120.0 411 335 7.7 55 4.8 879.1 715.6 1635 116.9 126. 1 0.0 1.1
2.0 22027 18229 339.8 213.3 724 938 12.6 6.6 43,0 16840 1912 292.8 153.0 NA ' '
4,00 323$22.8 26%8.6  6012,2  3559.8 1971 164.2 52.9 227 .1 S780.1 4815.2 964.8 666.2 1235 0.0 1235
8.50 96012.5 73667.0 233455  11595.8 2629  221.1 4.8 335 &1.0 6412.2 5392.7 1019.5 13165 449.2 203.4 2458
1200 144588.0 1194ifl.o  25162.0 143838 43,0 3376 65.6 49.6 20.2 19950.5 167030 32475 2454,8 4'$%4 133.1 325.3
,15.25 186452.7 147484.0 3696%7 25878 434.2 3374 %.8 55.5 2.4 16447.0  127?0.3 3666.7 2103.8 581.9 325.4 2%.5
26,00 105935.7 858%.1  190A0.6  0353[.1 1464.3 1 162.7 3016 166.7 25.0 58572.0 46508,0 120640  6666.1 583.7 271.8 XR.9
48.00 MB466.7  703%.7  16128.0 51338.5 mo 826 19.4 1.2 3.6 23323.0 229444 5753.6 31155 6409 330.6 3103
73.50 78402,6 53111.7 202009  11060.8 62759.8 49718.2  1X41.6  645R.5 150, 135 37.0 13.8 3.8 33597.4 29968,4 97289 3673.1 6227.3 335.9 292.4
Bot .Sed., 247373.0 025450 44028.8  24933.1
(73.5 W)
12 Day Weathered Prudhoe Bay Crude 041 and Jskolof Bay Sediments
' o
Time —surface 011 ~Dispersed Phase——n SPM Phace DL Phare
from Hydrocarbon Concentrat ions Hydrocarbon Concentrations Hvdrocarbon Concentrat fons SPM Losd Hydrocarbon  Concentrat fone Hiydrocarbon Conca.
start /g of ou) (ug/ltter sea water) (ug/liter sea water) (g dry (ug/g dry weight) (ug/liter)
(hrs) UMHTot Res. M Tot .Res, Tot .n-alk. Tt Res, UM Tot.Res. Tot.n-alk. UMHTot Res. M Tot .Res. Tot .n-alk, wt. /1) UQ4Tot.Res, [Ls} Tot JRes. Tot wralk. U#Tot JRes, XM Tot Rea,
0.00 14082,1 91197.9  22%%4.2 13324 225.9 195.4 335 23.2 50.8 44.4 6.5 46 48.0 1058.8 924.0 135.8 %.5 6.2 34.8 15.4
0.25 70156 56277 1387.9 833.4 211 19.0 8.1 4.9 43.9 616.2 4323 183,8 1123 1122 515 0.7
0.50 27352.0 21522.2 $829.8 3432.9 39.0 29.4 736 43 48.s 778.5 .7 175.8 80.7 75.8 23.6 522
1.00 18654,2 14631.9  4022.3 2533.11 346 259 737 5.5 46.4 745.0 558.(7 187.1 n1s 153.3 65.6 8.7
2.03 57322.7 412775  16045.2 10061 .8 51.5 3.9 16.6 9.6 46.4 1109.5 752.6 3%.9 207.0 1867 718 i16.9
4.03 78602.9  60147.2 184557 114237 1665 1348 3.7 16.3 455 3%659.3 2962.6 6%,7 358.9 290.6 167.6 123.0
8.00 103237.6 78410.9  2%926.7 18918 %7 726 2.1 14,7 37.2 2598.4 1951.6 646.8 373.8 554.4 401.6 157.8
12.00 1402068 106929 .0 332778 212814 M NA A ) 2.5 RA NA Ly N 245..9 203.4 42.4
18.00 A52846,3 367693.0  64153.3  20770.2 123.5 924 .1 19.5 27.2 4540.0 3390.1 1141.9 7176 333.9 3%73.9 45.0
36.00 87698.0 63252,1 244359  17033.0 %4 47 132 8.0 11,2 59 42089 11821 712.9 453.7 357.8 95.9
48.00 136798.8 105588,0  31210.8  20357.9 %7.3 4546 2.7 65.1 2.9 269909 2078 .3 42329 2974.3 3.4 280.6 9.8
72.0 43177.5 21025.7 221518  15%R.2 13%.1  105.5 2.6 16,7 6.8 19720.6 155147 452059  2106.5 534.6 444.5 10,
9.00 83?79.9 668%.,2 169337  10123.7 31290.2 0.0 312Q32 234959 98.3 76.9 21.4 "n. 54 182074  14240.7 6T N0 610.4 4¥.t 180.3
Bot ,%ed. 6018 5190.8 1023.0 672.6

{96.0 hr)




HYIM CARHON OONCFNTRATTONS FROM STIRRED CHAMBER FXPFRIMENTS
n-alkanes (nCl0 through nC32), pristane, and phytane

SURFACE OTL—Concent rations per gram of oll

Yrereathered Prudoe Bay Crude Oil and Jakolof Bay Sediments

Uweathered Prodwe Bay Cnsde 0]  and Jokolof Bay Sediments

Surface 021

rface Oil
Concent.
wal Ol
Cl4

Tine
from
start
(hrs)

FID-GC Rm: vions
Visual

Place Time AlkMex

Hydrocas
s 0

w10 Wl ci2 nC13 Cts

16

oCl7 pristane oCl8 plytene  oCl9

Hydroca Concent rat Long
g OT total ofl)
oc20 oc2l nC22 aC23 n24 nC26 27 nc28

[ ox B+ 1]

3

o3t nC32

0.03 269.6 BB 2976.5 29x3.2 2324.0
0.25
0.50
1.00
2.0
4,00
8.00
12,00
18.00
24.00
48.00
12,00
%.m
120,00
168.00

216.00 u

B Jm-85 C11,C13

KB Jur85 Cl4 2390.7 2813.8 328.0 ¥11.1 2465.8 2210.6

L} Mar86 (i3

Mar-86 Cl13 1308.9 132!

%6.8 1720.0 1616.0 1746.2

3333.7

19%1

2470.7 1772.8 KA

983.7 1576.9 1820.7 1527.4 1159.2 11408 1037.3
.5 1169.6

16081 NA

831.8
97s.3

413.1
542.0

1307.5

13738

837.6
912.5

403.6 1162.6  933.6 972.3 953.1 706.5 792.4 6249  607.3 548.2 3379 236.6

571.0 1234.4 1125.2 1161.9 i18.6 910.7 102%6.8 820.0 023.7 772.4 443.7 4%.2

1.1
173,5

421.7 ¥%8.2 2527 200.0

3335 310.3 208,5

473.4
411.4

501.8
4%,0

593.5
5%.2

726.5 630.0
757.4  650.2

547.0
515.6

3%.6
367.5

2 Dav Weathered Prudhoe Bav Crude 011 and Jakolof Bay Sediments

2 Day Veathered Prudhoe Bay Crude 011 and Jakolof Bay Sadiments

Surface oil

T

im.7

173.3 1293 LI )

Te Tr

137.9 95.2

Surface 021
Rydrocarbon Concent rations
(ug/g of total oil)
wl3 nCla nCl5

Tim?
from
gtart
(hrs)

FID-C Run:
Visual
Place Time Alk.Max

IC10 nCl} ol 2

nCl6

nCl7 pristane nCI8

Rydrocarbon Concent rations
(u/g of total oil)

o0 21 o022 o023 of24 oc28 29

phytane  nC19 nC25 26 027

1217 118.7

a0

93.1

act )

873 722

0.00 u J-86 ClI-Cl4 .911.5 1022.6 1047.0 971.5 10415 9%47.0
0.25
0.30
1.00
2.0
4,00
8.50
12.00
15.25
24 0
48.00

73.50 953.3

5.7 386 C11-C13 6784 97,7 1021 5 975.2

343.5

924.3 s32.6

7%.3

760.8

499.3

483.5

642.2

651.3

275.4 531.1 470.5 461.4 669.5 413.5 388.4 3221 2785 182.9

1.2 570.0 455.6 415.0 400.3 3370 3100 246.6 222.2 1326 92.9 0.5

47.9

421 29.2

12 Day Weathered Prudhoe Bay Crude 011 and Jekolof Bay Sediments

12 Day Weathered Prudhoe Bay Crude 01 and Jakolof Bay Sediments

Surface 021

—Surface ml
Hydrocarbon Concentrations
(g of taal Ol

nCl12 LY nCl4

(hrs) Plasce Time AlkMax o @l oC15

nCl6

nCi? pristane nCI8 plytane

Hydrocarbon Concent ratfons
ok o e O
oC2]

n22 nG28

nCl9 23 nC24 w25 26 27 n29

0
T

ol31 32

KB Feb-86 CI3 2448 7m.2 o4 1045.6 BI

KB Peb-86 c13-C24 64.7 401.4 7754 A03.6 BI 888,7

878.4

957.2 1088.0 8X2.6

630.2

521.7  7%.3

%5.3 6hbb.l

419.2  768.1 807.8 6419 699.4 610.2 644.6 S525.4 4%.8 239.8 281.7 241.8

n.2 511.0 4118 482.9 43,0 4621 42s.5 3840 319.7 262.3 197.2 159.2

180.8

106.9 na:a




LA = sorreran i VISR TXPERDMENTS

n-alkanes (nCl0 through nC32) | pristane, ad phytene

DISPFRSED 00. PHASE—Concentratfons per liter of sea water

Unseathered Prudhoe Bay Crude 0f] and Jakolof Bay Sedivents

Ureathered Prudoe Bay Crude 011 and Jokwolof Bay Sediments

Tine Dis 4 011 Phase- ved 011 Phase

from FID-GC Run: Hydrocarbon Concentrations Hydracarbon Concentrationa

start Visual (ug/1 of sea water) (ug/1 of sea inter)

(hrs) Place Time Alk.Max oCl0  nCll €12 o013 oClé oClS  nCl6  nCl7 pristane oCI8 phytane €19 o020 o2l o022 o223 o264 w25 o026 o7 o8 o8 o0 o3l o2

~0.00 B w85 — 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 00 0.0 00 go 00 0.0 00 0.0
0.25 KB Jun-85 CI6 T T T 1.0 23 2.8 3.3 3.2 1.6 2.8 1.5 2.7 2.3 2.3 2.3 1.7 1.8 1.4 1.4 1.1 Tc T ™ 3 0.0
0,50 KB Jn-85 Cl6 0.9 1.0 1.5 2.9 4.9 5.0 5.7 5.4 2.7 4.7 2.4 4.6 3.4 3.8 4.0 .0 3.5 2.9 2.7 2.3 1.4 15 T T T
1.00 KB Jun85 Cl6 17 1.7 2.1 2.8 3.7 3.5 5.2 4.1 3.9 3.7 27 32 2425 25 18 2 | 17 1.6 0.9 0.9 ™ T
2.0 KB Jun-B5 CI5,Cl6 2.9 4.3 7.7 117 133 14.8 16.1 125 6.7 111 52 8.8 10.7 6.3 6.5 4.5 6.0 4.9 46 50 24 22 13 T
4.03 KB &85 C15,C16 73 13.1 222 29.7 244 319 287 23 75 187 6.2 13.3 155 12.9 111 9.4 11.7 7.9 8.2 7.1 4.1 3.8 Tc * b
8.00 KB Ja85 Cl4 19.4 299 0.5 48.3 413 %0.6 444 306 7.2 268 87 21.3 217 18.8 19.7 14.1 16.5 138 139 12,6 7.7 7.2 5.4 Y T
12.00 225 Jun-85 C13,C14 9.0 %4 733 817 71.0 715 73.7 57.9 246 497 Bl 39.1 2.1 15.9 315 331 7S.0 177 21.4 2.3 8.9 9.9 5.0 )7 ™
18.00 L] Apr-86 C13,015 M A m Y T4 N NA 852 421 75.6 304 685 0.9 %3 53.4 499 453 %9 317 2.0 13.0 21 ™ T 0.0
24,00 KB J-85 (cl 3) 1209 167.0 1880 1869 1342 1429 1180 m.6 23.2 31.6 288 265 33 | 294 244 204 143 121 13.1 10.1 4.4 Tc 13 T
48.00 KB Feb-86 C13 2177 3759 4332  A13,7 B 4131 6448,8 3224  193.0 M5 1314 2556 244.4 2603 214.6 2206 2086 1828 1642 1050 951 M8 514 Tr 0.0
72.03 KB Jun-85 (cl 3) 3277 626.3 683.0 6436 A47B.5 4655 466.7 3345 1488 2759 947 B 958 I199.4 1782 1338 1722 1236 110, 1550 58.8 Tr T T T
9.00 LI May-86 CI3 2038 3325 3768 4520 3927 339 M6 IWB.7? 196 2629 1101 2218 1864 1660 1555 1339 1196  100.0 9.3 60.7 40.3 ™ ™ T 0.0

120,00 L May-86 13 3282 4225 4384 SAM9 4758  &58.2 A9.7 3742 2328 3170 1339 2757 , 2544 210 1991 1622 1380  105.0 93.0 58.8 1r T ™ 0.0

168.00 KB Feb-86 CI3 1310.3 1714.8 19,2 1763.5 m  1710.6 I747.2 1337.1 625.9 | 1753 502,01 102,0 #98.1 8589 0324.4 7525 078.4 S587.8 626.4 4559 5319 341.7 M4 T T

216.00 L er-86 (C1Y) 3481 623.6 60BY 6744 5231 571.9 509.3 4146 252.8 433.7 166.8 3138 2678 2440 2183 188 1668 1340 1195 n5 66.3 64.9 472 472 27.1

2 Dey Weathered Pradhoe Bay Crude 011 and Jekolof Bay Sedinenta 2 Day Weathered Prudoe gay Crude 011 and Jokolaf Bay Sedizents

Tioe i 3 011 Phase Dispersed! 011 Phase

from FID-GC Rm: Hydrocarbon Concentrations Hydroca: Concent rations

start Visua' {ug/l of sea water) e/t O sea weoter)

(hrs) Place Time Alk.Mn nClo nCll oC12 ©o€l3  ofl4  nClS ofl6  aCl7 pristae nCI8 phytane  nCI9 o2l ne22 2 0G5 26 2?7 o2 a9 0 of¥ ol 032
0,00 KB Feb86 — 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0,0 0.0 0.0
0.25 ® 1Y LY 'Y L) WA L'y RA YA £y A A L'y LY L' £ L) L' m m LY L) L) RA A
0.0 || B Fb-86 Ci5 3.4 g% 6.7 7.2 BI 9.2 8.4 7.9 5.2 75 34 6.6 6.7 5.0 4.9 47 45 3.7 3A 2.2 1.9 1.8 09 ™ 0.0
100 KB Fob-86 Ci4 CL' 3.9 .1 82 8.2 Bt 10.7 1S 8.4 5.2 7.9 4.1 6.9 6.7 5.8 55 4.4 45 3.9 3.5 2.4 2.1 1.9 1.3 ™ 0.0
2.00 KB Feb-86 Cl4 7.1 11.0 15.2 16.6  B( 196 20,2 15.0 103 15.8 8.5 12.0 132 10.7 9.6 8.5 7.8 6.5 3. 3.5 3.3 17 T T 0.0
4.03 KB Feb-86 C13 1362 236.3 2855 292 B  2m3 2m3 2110 0.6 m35 1039 1S53  1%.9 W73 1500 1413 8.2 o 1164 875 0.4 645 406 432 ™
8,50 KB Feb-86 CI3 7335 969.8 1129.4 %0.8 m  886.0 2.2 6544 V0L 5875 6.9 5934 4m.9 4840 A78.2 4745 4533 3551 3.4 2441 1423 1%.4 3 T T
12,00 KB Feb-86 Ci2 8130 10923.51252.2 10894 BL  1068.8 11374 8X.8 4726 7421 4002 7365 6418 6722 6275 6889 6911 5457 45.4 3168 ml.0 ™ T ®5 ™
15.25 KB Feb-86 33 11811 1631.4 1878.8 1632.5 BI  1723,2 17611 13494 0338 12%.8B 5276 1109.9 10207 985.8 0367 938.6 9183 806.0 /2.4 490.8 4064 WLI 2328 ks L
24.00 KB Feb-96 CiI3 6339 8926 1083.1 931.2 Bl 9574 %7.8 7321 4790 665.2 3262 5449 ABK9 4660 4261 W08 9x48 2330 U774 944 767 ™ 0.0 0.0 o .
48,00 KB feb-86 CI3 5120 726.4 693.1 7533 BL 7330 767.0 5783 3438 5177 2332 4758  408.0 4026 6224 4750 4000 3473 Q116 2097 1722 1516 90.9 T 0.0
73.50 KB Feb86 CI13 84,5 4264 5212 4657 m 4905 5143 9.0 2466 3578 1821 3157 3176 3218 2M0.8 2571 2430 254 2150 4S8 1227 109.2 616 548 ™
12 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sedirents 12 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments
Time Dispersed 021 Ph 4 011 Ph
from FID~GC R Concent rations Hydrocarbon Concentrations
start Visual (ug/1 of sea water) {ug/l of eea inter)

(hrs) Place Time Alk.Max nClo  oCll oClz i3 uCl4 nCl5  nCl6  nCl7 pristane nCI8 phytane ©nCI9 20 o2 22 23 o6 0025  nC26  o27 o028 o029 0 ofd o0l nC32
0.00 |[[®8 Fev-86 ci6 T 0.5 0.8 12 1.7 2.0 2.3 2.1 13 2.1 0.9 1.8 1.6 1.4 1,4 1.2 L2 1.1 1.1 0.8 Tc T ™ Tr Tr
0.25 £B Peb-86 C13,Cl6 120 425 M8 719 B 0.2 759 55.6 345 559 255 458 39.6 %.5 30.4 33.0 31.0 295 18.6 151 24.1 101 T 8.5 T
0.53 KB Feb-86 CI3 65.92113.6 3238 337.6 m .3 3IN6 225.8 13.6 2183 8.8 180.5 1649 1645 1268 1489 120,01 107.3 925 61.0 0.7 425 T T 0.0
1.00 KB Feb-86 c 13 438 1414 2176 217.0 m 1925 223.3 1596 1040 1530 644 1W.O0 1WS5 1119 1177 1065 100.0 03.0 70.7 559 49,5 426 279 @ Tr 0.0
2.00 7.3 Marp6 C13 2162 791.8 l00B.8 M.2  92%7 9751 0354 M03,0 3?22. 1640.9 2759 5596 4779 4455 392.7 3224 2673 2134 1973 1.0 1052 07.3 M2 558 Tr
4,00 L} Mar86 C13 2336 8829 11649 1349.3 106921081 ,5 %8.8 7658 4672 7759 3160 6930 530.0 4%.0 4214 3447 N6 2339 5.6 1283 UL.B 925 761 62.6 T
8.00 u  Mar-86 C13 365.2 1395.3 1822.4 2135.6 1721.0 1711.7 1577.2 1352.7 678.4 12147 493.8 I1045.2 890.7 7974 6516 563.5 495.4 304.6 3529 2196 1923 1706 1366 1139 79.4
12,00 LI Har86  C13 332.7 1558.3 2116.1 2415,2 011.0 1972,6 1821.1 1554).2  065.7 14425 S82.8 1317.3 1017.3 929.2 790.4 655.2 %9.4 4450 &0t .2 253.4 2188 1826 1540 1232 Tr
18.00 U  Sep-85 Cl4 NA NA N A m 33820 2950.9 3225.0 1616.5 2828.0 1112.4 2343.5 1993.7 2150.3 1094.3 1678.8 1387.4 1280,51304.1 1165.2 6656 6382 417.9 %6.1 Tr
36.00 LI Mar-86  C13 22,2 9%.9 1508.3 1822.0 1%03.1 1670.0 1515.7 1198.0 7265 1236.0 499.3 10607 933.9 g28.7 689 5797 5169 W8I  Wle 20 22009 1669 1343 1149 T
48.00 2.7 Mar86 CI3 222.7 12209 19125 2265.2 1972.6 1943,6 1M3.6 14758  857.0 1491.7 614.3 1269.0 1059.2 929.0 7595 651.0 5742 4723 4337 281.0 256.7 2139 1694 1496 Tr
72,00 L er 86 €13 1250  770.3 1306, 1629. | 1366.7 1524.3 1905 1102.6  651.6 11657 478.4 .2 8%.2 n5.3 665.4 50.0 4764 3759 3430 2074 1935 1590 125.5 T v
96.00 u  Apr-86 C13,CI5 T 813.9 1472.0 1972,7 1819.7 188,118M9.4 1773.8 96.6 16783  661.7 15187 1%5.0 1271.6 1218.61122,8 1026.6 0334 738.2 4642 3082 291.2 ™ T




2run RS EEERRTATTAUTN

n-atkanes (nC10 through nC32), pristane, and phytane

SPM PHASE—Concentrat fons per liter of sea water

Unseathered Prudhoe Bay Cnude 021 and Jakolof Bay Sediments

Uniweathered Prudhoe Bay Coade O1L and Jakolof Bay Sedimenta

Tise 5P Ph SPM Phase

from SPM Load FID-GC Run: Hydrocarbon Concent rations Hydrocarbon Cancent ratione

atart (mg dry Visual (ug/l of sea water) {ug/1 of sea water)

(hrs) wt, /1) | Place Time AlkMax CI0  ofl!  ol2 €13 oCl4  oCl5  nCl6  oCl7 pristawe nCI8 phytase nCIS o020 ol21 n22 naC23 nC26 025 o026 o227 o288 o029 o0 o3l oo
0.00 52.9 L) QOct-85 -— 0.14 0.11 T T T Tr T 0.05 T ki3 T Te §v3 0.04 0.04 Tr T T Tc T 0,00 ks Tr Tc 0.00
0.25 50.1 KB hm85 —— T T 0.00 0.00 0.03  0.03 0,00 000 000 0.00 000 000 000 0.0 000 0,00 0s23 000 000 0.00 000 000 000 000 000
0.50 530 | W oct-85 €17 0.2 048 013 020 035 037 043 049 030 044 028 042 038 030 0.33 028 025 020 018 0.19 0.09 0.00 Tr ™ 0.00
1.03 47,7 | KB 85 — A N M NA NA NA NA RA NA L' NA NA NA A NA N A N NA RA NA 'Y R M LY
2.0 51.3 u  Oct-85 €17 0,00 T ™ 013 02903 040 046 029 041 0.24 0.38 . 0.36 031 027 025 021 019 024 013 043 010 0.15 T
4,00 0.1 LI Oct-85 C17 0.00 0.00 i3 0.14 0.34 0.39 044 050 0.32 042 0.7/4 0.3 8?45 0.33 0.23 0.22 0.18 0.14 0.12 0.12 0.07 0.07 ™ T s
8.03 53.8 | w Oct-85 CI7 000 010 033 090 m 1.43 141 1,53 091 123 078 1.03 0.96 100 093 079 070 061 055 057 035 031 023 030 0.8
12.00 48.2 u  Oct-85 (€17) T 0.29 * 1.10 .05 313 2.85 295 1.78 2.44 1.65 203 193 203 1.83 157 1.3% 1.19 095 0.82 059 056 0.33 045 033
03.03 444 | KB Jwr85 CI5 2.00 2.77 3.64 4.48 BI 4,70 5.83 4,64 227 417 144 360 281 295 2% 220 261 202 218 198 1.13 1.0 T T ™
24.00 0.4 | XB Jun85 CI5 330 498 Elm 1026 1049 11,28 1153 8.95 4.38 813 365 6.69 5.01 531 5.64 499 520 332 393 &2 202 163 1.61 ™ b3
48.00 438 | KB Ju-85 (C15) 9.% 14.23 2,02 2,85 1.8l 1963 2041 18,28 7.22 1267 6.8t NA 6.53 6.99 7.27 6.40 687 575 4.4a 505 233 290 T T T
72.00 35.9 B Jn-85 (C13) 14.69 26.98 3749 4227 .48 34.72 3553 2371 1387 2164 9.93 M 1255 14,86 1547 1190 1476 1277 145 565 347 354 Tr ™ Tc
96.00 8.7 | w Mar-86 C13,C15 824 18.88 2129 2423 2.6 2423 21,91 1806 1131 19.70 943 1660 114 1306 1183 1013 9.07 723 647 416 353 3.00 2.34 1.87 LW

120.00 25.0 u  Mar-86 C13 10.14 22.46 23.94 2729 23.7a %3 BN m72 1166 18153 793 15.8 1367 120 1081 9% 874 7.26 674 414 377 329 280 205 151

168.00 295 u  Mar-86 C13,C15 731 1777 A8 23.77 .00 2%.85 2460 0.1 185 2113 9.18  17.67 1495 1357 1136 1013 937 7.68 699 449 408 355 3 232 1.54

216.00 230 | u Mar-86 C13,C15 715 1904 2376 2782 27.07 31.17 39.% 2695 1339 47 1063 2114 1875 16,89 1502 12,35 WSO 903 832 524 416 420 3.33 2.72 .82

2 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments 2 Day Weatheréd Prudhoe pay Crude 011 and Jakolof Bay Sediments

Tiwe M SPM Phane-

from SPM Load FID-GC Rm: Hydrocarbon Goncent rations Concentrations

atart (ng dry Visual {ug/l of een water) (/1 of eea water)

(hrs) wt./1) | Place Time AlkMax w0  nCll  nCl2  ut13  oCl4  of15  noCl6  nCl7 pristane nCI8 phytse «Cl9 o020 o201 nC22 23 o026 o5 o026 o2 o028 o2 0 o0 o3l a2
0.00 51.6 KB Feb-86 CI6 0227 0,089 0086 0.056 0078 0127 0.4 0.2% 0.108 0.254 0.102 0.199 0162 0.1 0.123 0114 0.108 0.102 Tr 0.115 T Tr Tr ™ Tr
0.25 49.3 KB  Feb-86 CI7 029  0.205 0080 Tr 0.116 0200 0303 0338 0153 0337 0.163 0.3% 0.312 0.27?2 0.265 0.234 0226 0213 0192 0211 0177 0215 T  02%1 T
0.50 .4 | KB Feb-86 CI7 0172 0.126 T 0055 0.106 0175 0.247 0.2?5 0.144 0.288 0130 0.248 0166 0.131 “ Tr T ™ T ™ Te T Te T 0.033 0.00
1.00 4.8 | XB Feb-86 C17 0.248 0,207 0.1 0129 0224 0350 o04m 0515 0265 0.522 0.230 0.519 0.469 0417 0376 0336 0.278 0.223 0.164 T ™ T Tc ™ 0,000
2.00 430 | ¥® reb-86 Cl6C19 0272 0210 0.18 0112 0.306 0318 0.427 0.402 0.343 0.435 0.309 0446 0403 0375 035 0349 0331 0317 0273 0284 0.238 0352 Tr 042 T
4,00 34.1 KB Feb-86 CI7 0572 0512 0413 0611 0553 1.368 1566 1.712 0.683 191 0.718 1.80 1727 1633 1,52 1 .603 |53 1.3% 1.20 0.976 1T T Te ™ 000
8.X3 41,0 | KB Feb-86 C16-Cl6 1.188 1,277 1424 1.039 Bl 2388 2373 2347 1371 2.5% 1147 2,474 2,350 2221 2192 2013 1838 1831 1314 0.9% T Tc Tr i Tr
12.00 33.2 KB Feb-86 Cl17 1.093 0838 0.874 1.369 62 3181 4492 4263 2.8% 4.8 2.276 3.886 3532 3251 3.134 3.006 2.766 2,348 1.940 1.314 108 0933 T T T
15.25 26.4 KB Feb-86 CI7 1012 114l 1,690 2.7m m 3510 4789 4.395 2.X33 4.651 2.349 3915 3700 35m 3423 3237 3154 2.633 2.408 1533 1347 1.266 Tr 13 Te
24,00 250 | ®B Feb-86 cC146~C16 1385 2.697 7.088 8.852 63  12.837 15312 12.415 8.159 12,086 6.633 10.698 9.489 10,220 9.133 10.017 8431  5.747 7401 5.3 4.196 4,088 Tx 2133 Tr
48.00 36 | KB Feb-86 CI19 0612 0423 0140 0.137 m 0627 0.8 1.017 0.688 1 .280 0612 1172 1315 0972 0.831 0638 0.48 0.3 0269 T T T T T 0,000
73,50 38 | KB Feb-86 CI9 0.697 0.489 0.204 0.214 BI 0526 0.8M 0,806 0554 1.0150.5.93 1.041 0.88% 0912 0901 0.862 0.8 0743 0721 0531 0525 0.49 ™ 0221 Tr

(7350) [| Bor.Sed. | ®B Feb-86 c13,Cl4

(ve/g)

12 Dy Weathered Prx ‘e Bay Crude Ofl and Jskolof Bay Sedinents 12 Day Weathered Prudhae Bay Crude 011 and Jakolof Bay Sediments

Time ~SPM Phase SPM Py

from SPM Load FID-GC Rum: , Hydrocarbon  Concentrations Hydracarbon Concentrations

start (mg dry . Visual (ug/l of sea water) (vg/l of sea water)

, (hrs) .T.71) | Place Time AlkMm nClI0 o€l nCl2 oC13 oC4  ofl5 nCl6  nCl7 pristane nCl8 phytae nCI9 20 o2l w22 23 2% o225 026 o027 n28 o9 oC0 ol w2

0.0 48.0 Fe TI5,C) 0.08 0.074 0.I00 0.267 0.649 0746 o0.7m 0.666 0.393 0.50 0.257 0.3% 0272 0.19 0142 0.106  .Tr Tr T Tc 3 Tc  0.000 0,000 0.000
0.25 439 | ®® FReb-86 Cl6 0152 0,17 0082 O0.64 0445 05% 0723 0724 0437 0.6 0312 0511 0362 0.246 OJM 0.122 0.039 Te Te Te Te T 0000 0.033 0,000
0.50 488 | KB Feb-86 cl6,C17 0157 0.117 T 0102 0.227 0.%48 0.460 0515 0257 0533 0241 0492 0443 0.371 0.296 0223  0Q.158 3 T T T T Tr ™ 0.000
1.00 46.4 KB Feb-86 C16,C17 0.189 0.149 0.098 0153 0.319 0473 0638 0594 0321 058 0276 0527 0467 0417 0,%5 0279 0218 0.144 Tr T Te Te T 0000 0,000
2.00 46.4 | KB Feb-86 C16,C1 7 0.300 0249 0,181 0.243 BI 0645 0892 0773 0,585 0791 0.429 0631 0.606 0555 0%l 0513 0493 0.428 0375 030 0240 0.265 T 0235 T
4.00 455 | KB Feb-86 C16,C17 0420 0319 0239 0.387 B 0897 1255 1.9 0%5 1.2% 0723 1242 1 .246 1.020 0930 0.929 0.099 0.808 0.726 0.57.90.535 0.495 Tt 0.411 Tr
8.00 37.2 KB Feb-86 CI6 0.413 0931  0.248 0.%3 BL 1714 2263 1897 1,403 183 0.936 1,30 1.0% 0773 M A NA M A 73 NA A N NA m
12.00 265 KB Feb-86 Cl6 0.300 0.221 M NA RA [ N A NA NA NA A NA NA L' NA NA RA L") A NA NA NA A m
18.00 272 | KB Feb-86 Cl6,C17 0272 0232 0192 0352 0.9% 1 .%9 1.833 1931 1.436 1 .88  1.058 1734 1.48 1339 1277 1005 0955 0763 0.673 0.469 0416  0.429 T 0338 T
36.00 1.2 | wB Feb-86 C16,C1 7 0.363 0.268 0162 0.202 03  0.6% 0.865 0.803 0,5 0.861 0450 0.800 0.667 NA Y A NA NA N M A A NA N ™
48.00 219 | KB Feb-86 CIS 1599 1911 2954 3.1314 of 4991 5.980 5147 3228 5030 2403 4313 3917 3.546 3283 3102 3,004 2.611 2.464 1.689 1.42 1301 Tr T ™
72.00 68 | kKB Feb-86 CI6 0.695 0511 0231 0.3m BL 1,073 1,466 1,219 0794 1.199 0524 1041 0,860 0,89 0.810 0754 0.604 058 0523 0357 0339 0.321 T ™ T
96 .00 54 | KB Feb-86 (CI6) 0.557 0.408 0.202  0.414 Bt 1.083 1416 1225 0831 1278 0419 1,08 0.820 Y N RA M A NA Y NA NA NA NA NA

(96.00) Bot.Sed. | KB Febr856 (Cl4)




HYDROCARRON CONCENTRATTONS FROM STIRRFD CHAMEFR EXPERDMENTS
ralkanes (nCI0 through nC32), pristane, and phytane
SPM PHASE—Concentrations per gram dry weight of sediment

Urueathered Prudoe Bay Crude 011 and Jakolof Bay Sediments

Uwesthered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Time ~5PM Ph SPM

from SM Load Hydrocarbon Concentrations Hydrocarbon Concent rationa

atart (mg dry (ug/g dry weight) (w/g dry weight)

(hrs) wt,/1} oCl0 oGl 1 aCl2 o3 Prety w15 wCl6 wCl7 pristece  nCI8  phytswe  oCl9 20 w21 w22 w2 w4 25 w26 w27 w28 w29 w0 o3l w2
0.00 52.9 2.6 20 T T Tc Tr Tc 0.9 T Tx E3 Tc Tc 0.8 0.8 Tr Te £ Tc T 0.0 EYS £ Tr 0.0
0.25 50.1 T T 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.70 53.0 4.1 3.5 2.5 3.7 6.6 7.0 8.2 9.2 5.6 8.4 5.2 8.0 7.2 7.1 6.3 5.3 5.8 3,9 3.3 36 1.7 1.5 T b 4 0.0
1.00 41.7 NA NA N m [’ N A ) NA M ' NA NA NA A M N 7Y N M RA RA N NA RA
2,00 51.3 0.0 Tr ™ 2.6 5.7 6.5 7.8 8.9 5.6 19 4.7 7.4 6.8 7.0 6.1 5.4 4.8 4.2 3,7 4.7 25 .5 20 29 1
4.03 50.1 0.0 0.0 Tr 2.9 6.9 7.7! 8.9 9.9 6.0 8.5 4.8 7.5 6..9 6.6 5.6 4.4 3,6 2.8 2.4 2.5 1,4 14 Tr ™ T
8.00 53.8 0.0 1.9 7.2 16.6 BI 26.6 26.3 284 17.0 22,9 14.6 19.1 18.1 18,7 16.8 14.6 1.0 114 10.3 10.6 6.6 5.8 4.3 5.6 3.4
12.00 48.2 ™ 5.9 2.7 4.6 m 65.0 39.2 61.2 39 937 363 421 9.3 42,0 39.0 326 27.9 24.7 19.7 16.9 12.2 1.7 7.2 9.4 6.8
18.00 44.4 45.0 62.3 &0 1039 BL 1059 1326  100.0 51.0 96.0 324 81.0 63.3 66.5 663 49.5 38.8 454 69.0 445 254 3.1 Tc ™ k3
24.00 50.4 65.5 98.8 1587 m3.5 208.2 2238 2287 177.6 8.9 161.2 764 1327 9?.4 1054 1119 99.0 1032 659 78.0 8.3 80,2 3.4 31.9 kv ™
ham 43.8 2124 3248 4570 5218 432.2 668.1 4659 3232 164.9 293.8 1554 MA 1492 139.6 1660 1460 1%.9  131.3 1023 1152 53.7 66,2 Tr T d
72.00 35.9 49,2 7151.6 1044.4 1177.3 1016.2 %?.1 98.8 716.2 3%.4 602.8  278.1 NA 3595 6140 43,9 3316 4111 3556 3190 1583 %.6 987 T i3 ™

96,00 28.7 287.0 6366 741.8 BM.2 7548 8449 7634 657.3 394.0 686.4 328.6 5785 492.8 4552  412.1 352.9 3159 251.B 225.5 1448 1231 1073 815 65.2 45.4

120.00 25.0 405.8 #98.6 957.7 10916 9511 03336 932.9 828.8 4664 7530 7.1  635.8 546.8 492.1 4324  379.9 349.7 290.5 269.5 1657 150.9 1318  112.2 8.0 60.5

168.00 2.5 47,8 032.3 716,66 873.4 7M.6 910.@1 ° 8%.6 2.1 .7 762 3113 5989 06,6 460.1 92,0 3635 317.5 2004 2%.8 1521 1385 1203 0353 78.6 52.0

216.00 23.0 3111  8323.0 1032.9 1209.5 1176.9 1355.4 1285.4 1171.7 5823 1063.8 4645 919.1 8151 7344 653.2. 5%.4 499,8 3.1 W6 2219 207,0 1826 1446 1183 M.2

2 Day Weathered Prudhoe Bay Crude 0fl and Jakolof Bay Sediments 2 Day Weathered Prudhoe Bay Cosde 011 and Jakolof Bay Sediwents

Time Phase- SPM

from S Load Rydrocarbon Concentrations Hydrocarbon Concentrations

start (g dry (ug/g dry weight) (/g dry weight)

(hrs) wt./1) nCl0 ocll nC12 Cl3 nCl4 15 w16 oCl7 pristane nCI8 plytane  oCl19 nC20 n21 22 23 ncz4 25 w26 27 nc28 w29 nc0 03l nc32
0.00 51.6 4.4 3.7 1.1 L1 15 25 6. | 4.6 2.1 3.9 2.0 3.9 3.1 2.7 2.4 2.2 2.1 2.0 T 2.2 ™ T T Tr r

0.25 49.3 6.0 4.1 16 T 2.4 4.1 6.1 6.8 3.1 6.8 33 7.2 6.3 59 5.4 5.2 4.6 4.3 3.9 4.3 3.6 4.4 Tc 5.3 b3
0.50 46.4 3.2 2.7 Tc 1.2 2.3 3.8 5.3 6.3 3.1 6.1 2.8 5.4 4.0 2.8 ™ T T ™ T ™ T ;2 ™ 0.0 0.0
1.00 4.8 5.3 4.4 2.8 2.7 4.8 75 10.0 11.0 5.7 11.6 55 11.1 10.0 8.9 8.0 7.2 59 48 35 ks T ™ ™ 0.0
2.00 43.0 6.3 4.9 2.5 2.6 7.1 7.4 9.9 9.3 8.1 10.1 7.2 10.4 9.4 8.7 8.3 8.1 7.7 7.4 6.4 6.6 55 82 Tr 9.8 T
4,00 .l 16.8 15.0 12.1 17.9 16,2 40.1 45.9  W0.2 20.0 %.7 211 54.0 0.7 47.9 45.2 67.0 45.0 W7 372 286 1T T ™ Te 0.0
8.50 41.0 29.0 31.1 3%, 392 m 592 57.9 57.2 334 62.4 28.0 60.3 57.3 542 53.5 49.1 45.3 39,0 321 233 ¢ T Tr L4 3
12,00 2.2 54,1 4.5 43.3 7 m 1575 222.4 L4 1814 226,1 112.7 1924 I75.2 1609 1551 1488  1%,9 1163 %.1 6S.0 52.7 46.0 T ) T
15.23 264 38.3 43.2 64.0 8.4 82 1329 1814 1660 1100 176.2 89.0 1483 1402 1352 1297 1226 | 19.5 9.9 91.2 58.0 51.0 47.9 ™ ™ ™

24,00 25.0 554 1079 2835 3MJ BL 513.5 6125 4%,6 326.3 483.8 2733 4279 3.5 498.8 %5.3 &00.7 3373 2299 2%.0 2105 1679  163.5 T 8S2 Tr

48.00 3.6 1.1 119.0 41.0 3.1 m 174,2 23?2.3 2824 191.2 3556 7,1 3236 %53 270.1 208 1772 1350 %.0 69.3 n Tc Tr ™ Tr 0.0

73.50 3.8 1834 1286 53.7 %.4 m 1383 2187 2121 1458 267.1 1533 2740 2327 2%.9 2371 227.0 22,0 1954 1@.7 i¥.7 138t 1313 T 73.9 Tr

(73.50) Bot .Sed. 1172.0 1827.2 2244.1 2000.7 BI  3X.9.6 2018.2 1575,4 9996 11726 7W,3 1243.3 10294 10419 LS %35 879.4 85435 %9.6 5740 3WLé 1%.3 ™ T T

(%)

12 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments 12 Day Weathered Prudhoe Bay Crude 011 and Jakwolof Bay Sedinents

Time M

from SPM Load Hydrocarbon Goncentrations Hydrocarbon Concentrat ions

start (og dry (ug/g dry weight) (ug/g dry weight)

{hrs) wt./1) nClo nCl} oCl2 aCl3 nCl4 oC15 nCl6 nCl7 pristae nCl8 phytsne  oCl9 ac20 L ol nc22 nC23 24 25 26 27 28 29 30 nC31 32
0,00 48.0 1.0 1.5 2.3 5.6 135 15.6 16.0 13.8 8.2 1,3 5.4 8.1 5.7 4.0 3.0 2.2 1r T Tr Tr [ Te 0.0 0.0 0.0
0.25 43.9 3.5 2.7 1.9 3.7 10.1 13.6 16.5 16.5 10.0 14.8 71 11.6 8.3 5.6 3.9 2.8 2.0 [ ™ Te ™ T 0.0 0.0 0.0
0.% 48.8 3.2 2.4 +3 2.1 4.6 7.1 9.4 10.5 5.3 10.9 4.9 10.1 91 76 6. | 46 3.2 ™ 3 T T Tc T ™ T
1.0 46.4 A 22 2.1 3.3 6.9 102 13.7 128 6.9 12.6 5.9 11.4 [0.1 9.0 79 6.0 4.7 3. 1 Tc T 1 T Tc 0.0 0.0
2,00 46.4 6.5 5.4 3.9 5.2 81 13.9 19.2 16.7 12.6 17.0 9.2 13.6 13.1 12.0 121 1.0 10,6 9.2 8.1 6.7 5.2 5.7 T 5.1 Tr
4,00 45.5 9.4 1.0 5.7 8.5 83 19.7 330 2.2 21.2 275 15.9 27.3 27.4 22.4 2.4 0.4 19.5 17.8 16.0 12.7 1.1 10.9 ‘h’ 9.0 T
8.00 37.2 11 84 6.7 15.1 20 %, 60,8 51.0 37.7 69.3 232 37.1 28.4 20.8 W R NA A 'Y MA [ [ KA m m
12,00 2%.5 11.3 8.3 'Y LY . A A A t24 NA [} NA N A M M NA RA M 'Y m Y NA NA L7
18.02 7.2 10.0 8.5 7.0 13.0 352 933 616 NO 528 69.3 B9 63.7 546 49.2 %9 403 35.1 20.1 24.7 7.2 15.3 15.8 3 13.1 Tr
36.00 11.2 32.4 239 144 252 m 586 n2 n.gs 49.1 76.9 40.2 714 595 MA N M NA NA 7Y M KA NA NA Y A
48.00 21.9 73.0 87.3 1351 1182 4 2279 2731 2350 147.6 2330 1097 1%.9 1789 1619 1499 1416 1372 1192 1125 774 66.8 63.1 T g Tc
72,00 6.8 102.3 75.2 339 544 m 1578 2156 1793 1168  176.3 770 1531 1266 1219 1191 1109  100.6 85.7 7.7 326 49.8 47.2 T* b3 T
9.00 S.b 103.2 75.5 37.4 76.7 81 1932 2624 2269 1536  2%.6 1147 1922 1519  NA A 'Y 'Y NA M Y KA 'Y RA ') m

(96.00) Bot.Sed. 4.07 2172 4263 4595 8t 4831 5197 4031 2,85 43.88 72,58 34332 42.63 38.48 41,49 3598 3495 3372 2945 1687 1541 13,08 11.27 Tr T

(ug/g)




HYDROCARBON CONCENTRATIONS FROM STIRRED CHAMBFR EXPERIMENTS
Tdentifiable aromatics

SURFACE OlL——Concentrations per gram of oil

Urseathered Prudhoe Bay Crude 01l and Jakolof Bay Sediments

Time Surface 011
from F-ma Run: Hydrocarbon Concentrations
start (ug/g of total ofl)
(hrs) Place T

Naph 2-MeNa I-MeNa 2,6~diMeNa 1,3~diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth

0.03 KB 85
0.25
0.50
1.03
2,00
4.03
8.00
12.00
18.00
24.03
48,00

72.00 KB Jm85 o 11011 659.4 Tr 261.4 b

%.00
120.00
168.00 LI Mar-86 M 5422 B 3232 269%9
216.00 LI Mar86 2102 581.1 m

233.1 1087.6 737.9 Tr 276.2 T

129.
350.2 288. 8 130.

Tr NA

Tr A

1100  118.9
9.4 1357

2 Day Weathered Prudhoe Bay Crude 0i1 and Jakolof Bay Sediments

Tine Surface 01l

from FID~GC Rm: Hydrocarbon Concentrations
start (ug/g of total oil)
(hrs) Place Time

Naph 2-MeNa 1-MeNa 2,6-diMeNa },3-diMeMa 1,2-diMeNa 2,3,6-triMeNa Phenanth

0.00 LY Feb-86
0.25
0.50
1.00
2.00
4,00
8.50
12.00
15.25
24.03
48.00

73.50 L] Feb-86 170.8  350.2 2193 307.9 268.6 109.6

213.1 38%.6 2352 387.8 295.6 1455

155.2 Tr

132.0 T

12 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Time Surface 01l
from FID-GC Rm: Concentrations

Hydrocarbon .
start (ug/geofrotal 0i | )
(hrs) Place Time

Naph 2-MeMa  1-MeNa 2,6~diMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth

0.00 KB Feb~86
0.25
0.50
1.00
2.03

8.00
12.00
18.00
36.00
48.00
72.00
%.00 KB Feb-86 18.3 217.3 199.5 B 211.6 168.2

132.0 %69 2849 BL 266.2 89.1

130.0 70.6

95.7 39.2



HYDROCARBON CUNCENTRATIONS FROM STIRRED CHAMBER EXPERIMENTS
Identifiable aromtics

DISPERSED OIL PRASE—Concentrations per liter of sea water

Unweathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Time Dispersed 011 Phase

from FID-GC Rm: Rydrocarbon Concentrations

8 (ug/1 of sea water)

0?”3 Place Time Naph 2-MeNa I-MeNa 2,6~diMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth
0.00 KB Junr85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.25 KB Jn-85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 KB Jo85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.00 KB  Jn85 0.0 0.0 0.0 0.0 Tc 0.0 Tr 0.0
2a) KB Jm85 0.0 1.d 0.8 e 0.8 0.0 0.6 1.2
4.00 KB 85 1.4 6.1 4.5 1.1 2.2 0.8 1.1 0.8
8.00 KB Jun85 2" 14.4 8.2 Tr 4.1 Tr 2.0 0.0
12.00 KB Jun-85 4.1 28.6 17.9 Tr - 7.4 -7 Tr 3.9
18.00 LJ Apr-96 Tr A 8X 245 18.9 7.9 10.8 8.5

26.00 KB Jur85 21.8 74.0 49.1 3.8 11.0 5.9 57 8.9

48,00 KB Feb-86 62.0 142.7 115.4 BL 101.8 38.0 49.5 Tc
72.00 B Jur85 76,1 282.6 181.2 Te 58.0 15.9 T 321

9% e | L J - 57.5 122.8 BL 125.3 104.9 51.1 %.9 33.0

120.00 L] May-86 75.5 149.0 BL 147.0 129.5 64.0 71.6 36.3

168,00 KB Feb-% 6.5 5739 4772 81 418.3 138.7 1%.2 66.0

216.00 L] Mar-86 81.3 186.7 BIL 137.0 1137 50.6 41.4 41.7

2 Day Weathered Prudhoe Bay Crude Ofl and Jakolof Bay Sediments

Time —Dispersed 0f1 Phase

from FID-GC Run: Hydrocarbon Concentrations

start (ug/l of sea water)

(hrs) Place Time Naph 2MeMa 1-MeNa 2,6-diMeMa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth
0.00 KB Feb-86 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.25 17 A 7Y A A A NA NA
0.50 KB Feb-86 T 1.4 0.7 81 1.3 0.4 1.1 1
1.00 KB Feb-86 0.4 1.7 1.1 , 81 1.6 0.6 1.1
2.00 ¥B Feb-86 T 1.7 2.5 BL 3.6 1.2 2.8 0.6
4,00 KB Feb-86 13.2 79.6 67.8 BL 67.9 5.4 36.8 14,3
8.50 KB Feb-86 8L.5 3225 276.8 BL 2%0.6 78.5 1184 44.0
12.00 KB Feb-86 81.3 384.5  326.6 B 216.4 104.3 136.9 66,7
15.25 ¥B Feb-% 145.4 584.5 479.8 81 440.6 154.9 2186 122.3
24.00 KB Feb-86 1244 351.2 286.9 B 54,2 79.4 122.9 42.6
48.00 KB Feb~86 81.8 2123 .1 BI 192.6 67.7 94.6 45.9
73.50 KB Feb-86 65.6 1713 1401 BT 126.2 43.8 62.2 22. 4
12 Day Weathered Prudhoe Bay Crude 01l and Jakolof Bay Sedirents

Time -)spersed 011 Phase

from FID-GC Rm: Hydrocarbon Concentrations

start (Ug/]. of seakater)

(hrs) Place Time Naph 2-MeMa l-MeNa 2,6-diMeNa 1,3-dfMeNa 1. 2-diMeNa 2,3,6~triMeMa Phenanth
0.00 ¥B Feb~86 0.0 0.0 0.0 0.0 Tr 0.0 Tr 0.0
0.25 KB Feb-% 7.7 B35 - 18.6 Bl 17.7 6.4 8.8 46
0.50 KB Feb-86 352 1066 620 ° B 75.0 25.8 37.9 16.3
1.00 w Fe- 20.2 89.7 51.6 BI 50.2 17.0 25.6 14.7
2.03 LJ  Mar-86 627 366.1  BL 245.7 202.1 90.8 735 100.8
4.00 L] Mar-86 672 4159 81 287.0 2221 109.3 87.8  109.0
8.00 L] Mar-86 1190  663.4 BI 475.0 367.4 185.9 1539 1734
12.00 L]  Mar-86 669 759.1 BL 550.4 4272 198.0 1605  2%0.5
18.00 LT  Sep-85 NA R WA m 839.4 207.3 4159 Tr
36,00 L] - Mar-86 Tr 4999 B 386.1 240.0 2451 1072 187.2
48,00 LJ  Mar-26 T 6739 B 510.0 419.6 369.4 1542 1976
72.00 L) Mar-86 0.0 4258 8X 3416 302.2 2333 98.0  159.3
96.00 LJ A8 Tr 46l BL 510.2 387.5 ™ 2100 177.2




HYRGCARBON (ONCENTRATTONS FROM STIRRED CHAMEER EXPERIMENTS

Identifisble aromstics

SPM PRASE—Concentrations per liter of sea water

Urmestheved Prudhoe Bay Crude 01l and Jakolof Bay Sediments

Time ~5FM Phage:

from SM Load | FID-GC Rm: Hydrocarbon Concentrationa

start (g dry (ug/l of sea wmater)

(hrs) Tit./l) | Place Time Neph 2-MoNa 1-MeNa 2,6-diMeNa },3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenath
0.00 52.9 LJ Oct-85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
0.25 50.1 KB Jur85 0.00 0.00 0.0 0.00 0.00 0.03 0.00 0.00
0.5% 53.0 | LI Oct-85 kv 0.06 Tr B Tr 0.03 Tr Tr
1.00 477 | BB  Jer85 7Y A 179 M NA N A NA
2.00 51.3 u Oct-85 0.00 b2 T 81 Tr 0.00 Tr 0.05
4,00 50.1 LJ  Oct-85 0.00 T Tr BL Tr 0.00 Tr Tr
8.00 53.8 | LI Oct-85 Tc 021 0.2 BL 0.24 0.06 0.18 0,08
12.00 48.2 u Oct-85 T 038 0.40 14 0.46 0.14 0.39 0.13
18,00 A4 | FB  Jue8S 0.00 0.65 T 81 0.42 Tr 0.37 Tr
24.00 50.4 | KB Jn85 ™ 3.02 1.93 BL 1.21 Tc Tr 0.77
48.00 438 KB Jun-85 .23 790 477 m 2.47 0.52 1.25 137
72.00 35.9 B Junes 2.7b 15.48 1058 B 4.25 Tr 2.85 2.75
96,00 28.7 L)  Ma-86 1.07 5.68 B 4.23 4,38 1.% 1.83 2,08
120.00 250 | LI Mar-86 157 7.04 H 5.36 5.23 2.23 2.01 2.11

168.00 2.5 | J M8 1.17 6.5 81 5.21 5.08 3.9 1.90 2.29

216.00 23.0 | L} Mar-86 Tr 5.83 BL 5.32 5.49 2.19 2.16 2.27

Time -5PM Phase:

from SPM load | FID-GC Rim: Concentrations

start (mg dry (ug/l of sea water)

(hrs) wt./1) | Place Time m p h 2MeNa 1-MeNa 2,6-diMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeRa Phenanth
~0.00 | 516 | KB Feb-96 T Tr Tx BL Tr 0.000 0.000 0,000
0.25 49.3 KB Feb-86 Tr Tr Tr BL Tr 0.000 0.000 Tr
0.0 46.4 KB Feb~86 Tr Tr Tr BI Tc 0.000 0.000 Tr
1.00 46.8 KB Feb-86 Tr TC Tr BL Tr 0.000 Tr Tr
2.0 43,0 ¥B Feb-86 Te Tr ‘0.051 BL Tr 0.000 Te Tr
4,00 3.1 KB Feb-86 0,000 Tr ) 4 B Tr 0.000 Tr 0.000
8.5 41,0 KB Feb-86 0.000 Tr 0.290 B 0.484 Tr Tr Tr
12.00 20.2 KB Feb-86 0.000 Tr 0.278 BL 0.426 Tr Tr Tr
15.25 26.4 KB Feb-86 0.000 Tr 0.438 BL 0.619 Tr 0.372 Tr
24.00 25.0 KB Feb-86 0.000 1.553 1*¥726 BL 2.448 0.823 1.799 Tr
48,00 3.6 KB Feb-% 0.193 0.410 0.206 BL 0.191 Tr 0.109 Tr
73.50 3.8 KB Feb-86 0.255 0.385 0.229 B 0.181 Tr 0.088 T

(73950) || Bot.Sed. | KB Feb-86

12 Dmy Weathered Prudhoe Bay Crude 01l and Jakolof Bay Sediments

Time SPM Phase

from S Load | FID-GC Ram: Hydrocarbon Concentrations

start (g dry (ug/l of sea water)

(him) wt,/1) | Place Time Naph 2-MeNa |-MeNa 2,6~dfMeNa 1,3~diMeNa 1,2~diMeNa 2,3,65-triMeNa Phenanth

0.00 48,0 KB Feb-86 0.000 Tr Tr BL T 0,000 Tr 0.000
0.25 43,9 KB Feb-86 0,000 - Tr Tc 8L Tr 0,000 Tr Tr
0.50 48.8 KB Feb-86 0.000 e i 4 BL Tr 0.000 Tr Te
1.00 46,4 KB Feb-86 0,000 0.070 Tr Bl Tr 0,000 Ir Tr
2.0 46.4 KB Feb-86 T 0.200 0.115 BI 0.134 Tr 0.076  0.112
4,00 45,5 KB Feb-86 T 0.247  0.191 B 0.241 0.090 0.152  0.235
8,00 37.2 KB Feb-3 0.000 0.195 0.1% B 0.299 Tr 0.176 90.X0
12,00 265 | KB Feb-86 0,000 ) M B NA M N N
18.00 21.2 KB Feb-86 0.000 Tr Tr BL Tr 0.000 Tr Tr
36.00 11.2 KB Feb-96 T T 0.061 BI 0.129 b\ 0.074 0.078
48,00 219 KB Feb-86 Tr ) o 0.375 BL 0.831 Tr 0.361 T
72,00 6.8 KB Feb-86 Tr Tr Tr BL 0.119 Tr Tr Tr
96.00 5.4 KB Feb-86 T 0221 0131 A4 0.205 T 0.122 Tr

(%.00) || Bot.Sed. | ¥B Feb-86




HYDROCARBON CONCENTRATIONS FROM STTRRFD CHAMBFR EXPERTMENTS
Tdentifiable aromatics

SPM PRASE——Concentrations per gram dry weight of sediment

Urweathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Tine SPM Phase

from SEM Load Hydrocarbon Concentrations

start (ngdry ('-g/gdry M@t)

(hra) Wall) Naph 2MeNa I-MeNa 2,6~diMeNa I,3-diMeNa 1,2~diMeNa 2,3,6~triMeNa Phenanth
0.00 52.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.25 50.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 53.0 Tr 1*1 Tr BL Tr 0.0 Tr Tr
1.00 47,7 NA 2. NA NA M NA NA NA
2.00 51.3 0.0 Tr Tr BI Tr 0.0 Tr 0.9
4.03 50.1 0.0 Tr Tr BL Tr 0.0 Tr Tr
8.00 53.8 Tr 4.0 3.6 Bl 4.4 1.1 3.3 1.4

12.00 48.2 Tr 7.9 8.2 BL 9.6 2.9 8.2 2.6
18.00 44.4 0.0 14.5 Tr BL 9.5 Tr 8.4 Tr

254,00 0.6 T 60.0 ?78.2 B 24,1 Tr Tr 15.3

48,00 43.8 28.2 180.3 109.0 BL %.3 11.8 “28.5 31.3

72.00 35.9 76.3 431.1 294.8 BL 118.3 Te 79.4 76.5

96.00 28.7 37.3 197.8 BI 147.4 152.7 68.4 62.5 72.5

120,00 25.0 62.7 281.8 Bl 214.5 209.4 63.4 m.3 84.5

168.(3I 29.5 39.5 221.6 BL 176.8 172.1 131.0 64*2 77.7

216.00 23.0 Tr 252.2 BL 231.1 233.5 95.2 93.9 98.6

At . ran .

2 Day Weathered Prudhwe Bay Crude 01l and Jakolof Bay Sed{ments

Ti{me SPM Phase

from SPM Load Hydrocarbon  Concentrations

start (rg dry (ug/g dry weight)

(hrs) wt./1) Naph 2-MeNa 1-MeNa 2,6~diMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth
0.03 51.6 Tr Tr r BIL Tr 0.0 0.0 0.0
0.25 49.3 r Tr T BL T 0.0 0.0 Tr
0.50 46.4 Tr Tr Tr BL Tr 0.0 0.0 Tr
1.00 46.8 Tr Tr Tr BI Tr 0.0 Tr Tr
2.00 43.0 Tr. Tc 1.2 BI Tr 0.0 Tr Tr
4.00 34.1 0.0 Tr Tr BL Tr 0.0 Tr 0.0
8.0 41.0 0.0 Tr 7.1 BL 11.8 Te Tr Tr

12.00 W.2 0.0 r 13.7 14 21.1 Tr r Tr
15.25 26.4 0.0 Tr 16.6 Bt 23.6 Tc 14.1 Tr
24.00 25.0 0.0 62.1 69.0 BI 97.9 329 72.0 Tr
48,00 3.6 53.6 113.8 57.3 BL 53.1 Tc 30.2 Tr
73.50 3.8 67.1 101.3 60.4 BL 47.7 Tr 23.1 Tr

(73.50) Bot .Sed. 223.4 674.6 587.6 BL 545.2 162.0 2325 51.8

12 Day Weathered pnsdhoe Bay Crude 011 and Jakolof Bay Sediments

Time SPM Phaser

from SPM Load Hydrocarbon Concentrations

start (mg dry (ug/g dry weight)

(hrs) wt./1) Naph 2-MeNa 1-MeNa 2,6~dfMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6~triMeNa Phenanth
0.00 48.0 0.0 Tr Tr BL Tr 0.0 hry 0.0
0.25 43.9 0.0 Tr ™ BL Tr 0.0 T Tc
0.50 48.8 0.0 T T BL Tr 0.0 Tr Tr
1.00 46.4 0.0 1.5 T - BL T 0.0 Tr Tr
2.00 46.4 Te 4.3 2.5 BL 29 Tr 1.6 2.4
4,00 455 Tr 5.4 4.2 BL 5.3 2.0 3.3 5.2
8.00 37.2 0.0 5.2 5.1 BL 8.0 e 4.7 8.1

12.00 26.5 0.0 NA NA BL A NA NA NA
18.00 27.2 0.0 Tr Tr Bl Tr 0.0 Te e
36.00 11.2 N \ 4 Tr 5.5 B 115 Tr - 6.6 7.0
48.00 21.9 Tr Tc 17.1 Bl 37.9 Tr 25.6 Tr
72,00 6.8 Tr Te Te BL 17.5 Tr Tr Tr
96,00 5.4 Tr 4.9 24,2 BL 38.0 Tr 22.6 Tr

(96.00) Bot ,Sed, r Tr 2.39 B . 441 1.01 3.14 Tr




Ident1 flable aromticas (Note: ND observed aliphatics)

DISSOLVED PHASE—Concentrations per liter Of ges water

Unseathered Prudwe Bay Crude Oil and  Jakolof Bay Sediments

Tioe ~——Disgolved S Sl ved Phe:

from FID-C Runt Hydrocarbon Concentrations tiydrocarbon Concentrations

start (ug/1 of sea water) (ug/l of sea water)

(hrs) Place Time folsene Ethylberz p-Yylene o-Xylene Qmene n—Propyltenz Mesitylene Naph 2MeNa I-MeNa 2,6~dfMeHa 1,3-diMeNa 1,2-diMeNa 2,3,6-triMeNa Fluorene FPhenanth
0.00 B k85 0.0 0.0 0.0 0.0 0.03 0.03 0.03 0.0 0.0 0.0 0.03 0.0 0.03 0.0 0.03 0.00
0.25 L]  Apr-86 %0 0.7 3.2 1.7 T Tr Tr 14 1 .0 09 0.30 0.33 T 0.00 Tr T
0.50 KB Jur85 20.4 4.6 17.6 10.0 Tr Tr 0.61 3.0 2.0 1.7 0.03 ™ 0.00 0.00 0.00 0.00
1.00 L] Apr-86 76.1 5.5 13.9 11.2 0.48 0.61 0.8? 1.7 3.6 3.3 .20 1.18 0.37 Tc 0.47 0.49
2.00 KB -85 2%0.0 14.9 49.3 20.2 1.09 1.35 1.42 12.8 8.7 7.4 1.51 0.69 T 0.00 0.82 0.00
4,00 KB Jm-85 380.3 63 6%5 48.5 1.50 2.36 2.38 24.1 15.7 134 2.65 L15 1.63 T 1.02 0.03
8.03 KB Jumr85 749.5 54.8 176.5 100.3 4.41 5.38 6.03 38.7 25.1 22.4 3.8 1.7 245 0.65 2.69 Tr

12.0 B Jur-85 6291 43.9 133.0 03.3 3.65 4,11 4,79 2.8 17.6 16,2 2,57 1.22 1.53 ™ 1.% T
18.00 KB Jun-85 593.6 43.1 135.3 84,8 3.35 3.84 4.53 275 19.7 18,3 2.53 101 1.79 T 1.68 >
25.00 KB Jun-85 m 15.6 57.6 38,1 1 .43 1.63 2.07 23.0 15.1 14.0 2.24 1.05 T 0.00 1.97 ™
48.03 KB Je-85 |51 26.2 2.1 61.0 2,% 2.73 3.26 34.8 19.1 19.0 3.33 | .47 1.62 0.70 2.6a ™
72,00 KB ;85 m 35.9 120.8 925 3.98 4.10 603 9.9 31.2 29.1 5.44 2.37 1.3 1 .23 39 0.62
96,00 KB Feb-86 95.7 19.9 60.9 %.6 2.61 3.16 5.07 393 15.0 17.8 1.52 5 9a 1 .80 .19 2.9 1.13

120,00 KB Feb-86 55.4 13.8 50.9 45.4 2.05 2.03 4.24 “.3 135 17.4 1.9 4.48 1.59 1.25 3.25 1.05

168.00 KB Febr86 18.0 9.5 %.8 31.8 1.53 1X2 3.76 42.8 16,2 18.0 1.85 4.33 1.50 1.31 5.27 1.22

216.00 KB Feb-86 4,7 4.2 23.5 26.4 1.13 1.45 3.71 29.7 13.9 16.1 1.40 4.91 1.79 171 7.63 0.85

2 Day Weathered Prudhoe Bay Crude 011 and Jekolof Bay Sedisents

Tine ~Diasolved Ph A Phage

from FIDGC  Rm: Rydrocarbon Concenteat tona Hydrocarbon  Concentrations

start (ug/1 of pea water) (ug/1 of sea water)

{hrs) Place Time Toluene fthylbenz p-Xylene o-Xylene Omene n—Propylberz  Mesityleme  Naph 2-MeNa |-MeNa 2,6-diMeNa 1,3-dfMeNa 1,2diMeNa 2,3,6~t riMeNa Fluorene Phenanth
0.00 ) ) ) ™ ) ™ ) [ NA [ ) ) R [T ) )
0.25 ) Y M N N M [} [y A ) A ) m M M ™
0.9 || ® Fer-t6 1.6 14 53 36 1 0.45 0.0 53 35 27 0.69 1.04 * 0.42 ™ 148 Tr
1.00 KB Feb-86 47 48 115 124 087 151 223 167 100 8.0 2.20 269 108 0.48 308 067
2.00 N M M [ A m NA NA [ ™ N "y N 7Y [ A
4.00 X5 Peb-86 ™ 00 T 12.5 1.09 0.00 153 0.0 08 6.1 2.04 339 111 072 1 T
850 || x» reboe 54 27 T 208 237 1.24 4% 00 1.7 161 4.67 6.55 2.08 077 T ™
12,00 KB Feb-86 106 9.7 16 346 373 3.09 745 09 48 221 5.63 7.48 2.40 088 065 Tr
15.23 KB Feb-86 7.0 5.6 T 208 181 2,06 1,82 09 34 165 .80 5.47 1.69 0.80 28,07 ™

20 || B P 9.2 116 & 399 272 372 6.01 15 114 258 6.22 777 261 1.0 1.8 092

49.03 KB Feb-85 5.0 87 143 0.9 2.09 322 573 WS 262 219 L% 5.82 1.81 0.8 141 I

150 || kB Fevrs6 5.3 6.3 228 247 162 241 450 271 188 170 3.78 4,30 1.35 T T 0.00

12 Dy Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sedimenta

e Lved B I Phage

FID-GC Rim: \ Hydrocarbon Concentrations Hydrocarbon Concent rat{ons

atart (ug/1 of sea water) (ug/l of sea water)

{hrs) Place Time loluene Ethylberz p-Y¥ylene o-¥ylene Oumene n-Propylbenz Mesitylene Neph  2-MeNa  1-MeNa 2,6~diMeNa 1,3-diMeNa 1,2-diMeNa 2,3,6-triMeNa Fluorene Phenanth
0.00 KB Feb-8b 3 Tr b3 ™  0.000 0.000 T 1.51 2.3 1.7 0.74 1.06 0.44 Tr 0.59 T
0.25 B Feb-db T ™ T T 0.00 0.000 T 632 41 32 0.97 142 0.49 T 069 T
030 || xB retr6 T T T ™ 0000 T T 9.75 8.0 6.3 1.4 2.3 0.85 0.42 T 0.4

1.03 KB Febr86 ™ 7 ™ T 0.000 Tr 057 1606 1.5 ) 251 3.28 . 055 T 0.68
203 || B Feb-86 ™ ™ T 0.69 Te T 117 785 M1 21” 4,9 g%% 2.54 083 1% LD
4 || '8 rebes ™ Tc 000 0513 T ™ o om0 B9 ? g % 2.99 0% 217 146
8,00 KB  Feb-86 ™ T*  0.000 T  00s3 T 157 T UL na . 1%% 3.9 131 241 1.62
12,00 KB Feb-86 [ T 0.000 ™ 0.0 0.000 T T 1.4 2.2 T . 0.63 029 041 T
18,00 KB Peb-86 ™ T 0032 T 0.000 0.000 0.02 T 1A 0.9 T 0.46 0.49 T T T
36.00 B b8 ™ T 0000 0297  O(K33 Tr 0.% T 3.1 8.0 %] 6.78 2.15 098 055 0.7
48.00 B Feb-86 T T Tc 0373 0,000 0.000 T T 3.1 8.1 3.25 5.65 1480 055 003 0.0
72.00 KB Feb-86 ™ Tr 0000 05% 0.0 0.000 0.00 T 4.0 74 0.77 1.2 131 045 181  0.36
9.0 || x® Feboo T T Tc 0620 0013 0.000 0.0 T 8.8 210 6.32 6.64 252 092 429 131




HYDROCARBON (ONCENTRATIONS FROM STIRRED CHAMBER EXPERIMENTS
RATIOS: Compaund/nCl9 for selected n-alkanes and aromatics

SURFACE, OIL

Ursseathered Prudhoe Bay Crude Ofl and Jakolof Bay Sediments

Time
from
start
{hrs)

Surface 01l
RATIOS: compound /aCl9

nC25/ WZ—M/IMW!HIWZZ%HM/
nCl19 oCl9 oCl9 nCl9 nCl9

nCl0/ oflY/  noClé/
nCi9 nC19 nCl9

nC19/

oCl9 nCl9

nCl9

0.00
0.25
0.50
100
2.(XI
4,00
8.00
12.00
18.00
24.00
48,00
72.00
96,00
120.00
168.00
216.00

2.55  2.% 1.71 1,00 ~ 0.8 ~ 0.5 0.20 ~ 0.9 0.24 — — =

2.00 1.00 0.% 0.66 0.15 0.89

1.43
1.54

1.00
1.00

0.75
0.68

0.55 —
0.44

0.75 0.37
0.28 0.77 0.38

0.18 0.15 0.16
0.17 0.12 0.15

2 Day Weathered Prudwe Bay Crude 0il and Jakolof Bay Sediments

Time
from
start
(hrs)

Surface 01l

RAr'Its: compand/nC19
nc22/ nC25/ Neph/ 2-MeNa/ 1,3~diMeNa/ 1 Z-dﬂ‘hNa/ 2,3,6~triMeNa/ Phenanth/
nCl19 oCl9 ‘X19 nCl9 Cl9 nClo nCl8

nC10/
oCl9

Cl2/  nCle/
oCl9 ofCl9

19/
oCl9

0.00
0.25
0.50
1.00
2.00
4a)
8.50
12.00
15.25
24.00
48.00
73.50

1.53 1.97 1.59 1.00 0.88 0.61 0.40 0.72 0.56 0.27 0.29 —

121 1.82 143 1.00 0.71 0.44 0.63 0.48 0.20 0.24 —

Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Sutface Oil

RATIOS: compand/nCl9

nc22/ 25/ Naph/Hﬁla/l}-dea/lz-dim/ 2,3,6~triMeNa/ Phenanth/
nC19 nCl9 oCl9  noCl9 nC19 nC19 nC19

nCl0/
nCl9

nCl2/  oCle/
nCl9 oCl9

oC19/
nCl9

0.32 1.43 1.42 1.00 0.91 0.09

0.68 .0.17 0.48 0.35 0.12 0.17

0.13 1.52 1.72 1.(Y3 0.94 0.75 0.41 0.13 0.19 0.08




HYDROCARBON OONCENTRATIONS FROM STIRRED CHAMBER, EXPERIMENTS

RATIOS: Compond/nCl9 f OF selected n-alkanes and aromatics

pipmsd O L musE

Unweathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments

Time Dlaperved 011 Phase:

from RATTOS: compound/nCl19

start oCl/  oCly/  oClé/ wCl9/ ot oe25/ Naph/ 2-MeNa/ 1,3-diMeNa/ 1,2-diMeNa/ 2,3,6-triMeNa/ Phenanth/

(hrs) w9 ofl9 oG9 oCl9 oCl9 oCH o9 nCl9 oCl9 nCl19 nCl9 oCl19

~0.00 | - - - -

0.25 -_— _ 122 1 00 087 0.54 0.00 0.00 0.00 0.00 0.00 0.00
0.50 0.18 0.31 1.23 1.00 085 0.63 0.00 0.00 0.00 0.00 0.00 0.00
1.03 053  0.67 1.63 1.00 078 054 0,00  0.00 0.00 — 0.00
2.0 033 0.87 183 1.0 074 055 000  0.13 0.09 0.03 0.06 0.13
4.00 0.55 1.67 2.17 100 0.84 0.60 0.10 0.46 0.17 0.06 0.08 0.06
8.00 0.91 1.90 2,08 1.00 0.92 0.65 — 0.67 0.19 — 0.09 0.00
12.00 100 1.88 188 100 081 0.45' 0.11 0.73 0.19 — — 0.10
18.00 —_ —_ — 10 078 0.54 —_ —_— 0.28 0.12 0.16 0.12
26,00 — — —_ —_— — —_— — —_ — — —
48a) 1.13 1.69 1.76 100 0.84 0.72 0.24 0.56 0.40 0.15 0.19 —
72.00 - - - - _ —_ —_ —_— — — —
%.00 1.18 170 150 100 070 045 0.26 0.55 0.47 0.23 0.26 0.14

120.00 1.19 1.66 149 100 072 0.38 0.27 0.54 0.47 0.23 0.26 0.13

168.03 1.27 1.8 1.69 1.00 0.99 057 030 056 0.41 0.13 0.19 0.06

216.00 1.11 1.94 162 1.00 070 043 0.26 0.60 0.36 0.16 0.13 0.13

2 Day Weathered Prudhoe Bay Crude Ofl and Jakolof Bay Sediments

Time i spersed 011 Phase

from RATIOS: compouwd/nCl9

start 1/ ol oCle/ ol oY oS/ Napt/ 2-MeMa/ 1,3-diMeNa/ 1,2-diMeNa/ 2,3,6-triMeNa/ Phenanth/

(hrs) o9 oCl9 €9 nCl9 oCl9 o€l nCl9  nCl9 oC19 nCl9 nCl9 nC19

~0.00 |
0.25
0.50 0.51 1.02 1.27 100 074 0% -_— 021 0.20 0.06 0.17
1.0 0.57 .20 1.68 1.00 081 0.57 005 025 0.23 0.08 0.16 —_
2.00 0.59 1.26 1.77 1.00 0.8) 054 — 0.14 0.30 0.10 0.23 0.05
4.00 0.84 1.5 1.51 1,00 0.85  0.60 0.07 0.43 0.37 0.14 0.20 0.08
8.50 1243 213 168 1.00 0.90 067 015 061 0.43 0.15 0.22 0.08

12.00 1.10 1.70 154 103 0.85 074 0.11 0.52 0.38 0.14 0.19 0.09
15.25 1.06 169 1.60 1.00 090 073 013 053 0.40 0.14 0.20 0.11
24.03 1.16 1.91 1.78 1.00 078 042 022 064 0.47 0.15 0.23 0.08

48.00 1.08 1.79 1.61 1.00 0.89 0.73 0.18  0.57 0.40 0.14 0.20 0.10

73.50 0.90 1.65 1.63 1.00 0.89 0.75 021 054 0.40 0.14 0.20 0.07
FUPUI LOVIU SN .

12 Day Weathered Prudhoe Bay Crude Ofl and Jakolof Bay Sediments

Time Dispersed 011 Phase

from RATIOS: cowpand/nC19

start oCl0/  oCl2/ oCl6/ oCl9/ 22/ o025/ Naph/ 2MeNa/ 1,3~diMeNa/ | 2-diMeNa/ 2,3,6-triMeNa/

(hrs) nClY nC19 noCl® noCl9 o019 nCO nCl9  nC19 nC19 nC19 nC19 nC19
0.00 — T 046 L4 100 0.4 0.8 0.00 ~ 0.00 — 0.00 = 0.00
0.25 0.26 155 166 1,00 084 064 0.17 051 0.39 0.14 0.19 0.10
0.50 0.37 1.79 1.78 100 070  0.59 0.20 0.59 0.42 0.14 0.21 0.09
1.00 0.32 1.58 1.62 Lloo 085  0.62 0.15 0.65 0.36 0.12 0.19 0.11
2.03 0.39 1.80 1.49 103 068  0.38 0.11 0.65 0.3% 0.16 0.13 0.18
4.00 0.34 1.68 1.40 1.00 061 034 0.10  0.60 0.32 0.16 0.13 0.16
8.00 0.35 1.74 1.51 1.00 062 037 0.1 063 0.35 0.18 0.15 0.17
12.00 0.29 1.61 1.38 100 060 034 0.05 058 0.32 0.15 0.12 0.17
18.00 — _ 1.26 ey 081 0.55 — 036 - 0.9 0.18 —

36.00 0.19 1.42 1.43 100 064 038 — 0.47 0.32 0.23 0.10 0.18
48.03 0.18 1.51 141 lel 0.0 037 — 0.53 0.33 0.29 0.12 0.16
72.03 0.13 1.32 1.40 100 067  0.38 0.00 043 0.30 0.24 0.10 0.16
9% .00 — 0.97 1.24 100 083 0% — 0.33 “ 026 — 0.14 0.12




HYDROCARBON CONCENTRATTONS FROM STIRRED (HAMBER EXPERIMENTS

RATIOS: Compound/nC19 for selected n-alkanes and aromatics

SPM PHASE

Urnweathered Prudhoe Bay Crude 01l and Jakolof Bay Sediments

Tine SPM Phase-
from RATIOS: compound/nC19
start nCl0/ oCl2/ noCle/  oCl9/ nC25/ Naph/ 2-MeNa/ 1,3-diMeNa/ 1,2-diMeNa/ 2,3,6~triMeNa/ Phenanth/
(hrs) nC19 nCl19 nC19 oCl9 €19 nCl9 oCl19 nCl19 nC19 nC19 nCI9 nCl9
0.00
0.25
0.50 0.51 0.32 1.03 1.00 0.79 0.48 — 0.14 — 0.00 — -
1.00
2,00 0.00 — 1.05 1 .00 0.82 0.56 0.00 — — 0.00 — 0.13
4,00 0.00 — 1.18 100 0.74 0.37 0.00 — — 0,00 — -
8.00 0.00 0.38 1.37 100 0.88 0.59 — 0.21 0.23 0.06 0.17 0.01
12.03 — 0.54 1.41 1,00 0.90 0.59’ — 0.19 0.23 0.07 0.19 0.06
18.00 0.56 1.01 164 1.00 0.02 0.56 0.00 0.18 0.12 — 0.10 —
24,00 0.49 1.20 1.72 1.0 0.84 0.5 — 0.45 0.18 — 0.12
48.00 — — — —— _ —_ _ — — —
72.00 —_— — — —_— -— — —_ —_— — — — —
96,00 0.50 1.28 .32 1.00 0.71 0.44 006 0.34 0.26 0.12 0.11 0.13
1273.03 0.64 1.51 147 100 0.68 0.46 0.10 0.44 0.33 0.14 0.13 0.13
168.00 0.41 120 1.40 100 0.65 0.43 0.07 0.37 0.29 0.22 0.11 0.13
216.00 0.34 1.12 140 1.00 071 043 — 0.27 0.26 0.10 0.10 0.11
2 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments
Time SPM phase
from RATIOS: compound /nC19
start nCl0/ €12/  oCl6/ oCl9/ 22/ oC25/ Naph/ 2-MeNa/ 1,3-diMeNa/ 1,2-diMeNa/ 2,3,6~triMeNa/ Phenanth/
(hrs) nC19 nCI9 nCl9 nC19 nCl9 nC19 nCl9 nC19 nCl9 nC19 nC19 oC19
0.00 114 ~ 0.43 1.58 1,00 0.62 0.51 — — — 0.00 0.03 0.00
0.25 0.83 0.23 0.86 1.00 0.75  0.60 —_— _— — 0.00 0.00 —
0.50 0.69 — 0.99 1.0 - - —_— _— — 0.00 0.00 —
1.00 0.48 0.25 0.90 1.0 0.72 0.43 —_— — —_— 0.00 — —
2.0 0.61 024 , 0% .00 0.79 0.71 —_ 0.00 — —
4,00 0.31 0.22 0.85 1.00 0.84 0.74 0.00 — — 0.00 — 0.03
8.50 0.48 058 0% 1.03 0.89 0.65 0.00 — 0.20 — — -
12.00 0.28 0.22 1.16 1.00 0.81 0.60 0.00 — 0.11 — — -
15.25 0.26 0.43 1.22 1.0 0.87 0.67 0.00 — 0.16 — 0.10 —
24,00 0.13 0.66 1.43 1.00 0.85 0.54 0.00 0.15 0.23 0.08 0.17 —
48.00 0.52 0.13 0.73 1.00 0.71 0.29 0.16 0.35 0.16 — 0.09 —
73.50 0.67 0.20 0.80 1,00 0.87 0.71 0.25 0.37 0.17 — 0.08 —
Bot.Sd. 0.94 1.8 162 1.00 0.89 0.69 0.18 0.54 0.44 0.13 0.19 0.04
(73.52)
12 Day Weathered Prudhoe Bay Crude 011 and Jakolof Bay Sediments
Time SPM Phage
from RATIOS: compound/nCl9
start oCl0/  nC12/ oCl6/ oC19/ 22/ oC25/ Naph/ 2¥eNa/ 1,3-diMeNa/ 1,2-diMeMa/ 2,3,6~triMeNa/ Prenanth/
(hrs) nC19 nC19 w9 o9 19 nC19 s  nCI9 €C19 C19 nC19 nC19
0.03 0.12 0.28 1.97 1.00 0.36 -— 0.00 — -— Q.00 —_— 0.00
0.25 0.30 0.16 1.42 1,00 0.33 —_ 8,00 —_ 0.00 —_
0.0 0.32 — 0.93 1.00 0.60 —_ 0,00 —_ 0.00 —
1.00 0.36 0.19 1.21 1.00 0.69 0.27 0.00 0.13 0.00 -_— —
2.03 0.48 0.29 1.4l 1.00 0.89 0.68 — 0.32 0.21 — 0.12 0.18
4.00 0.35 0.21 1.10 1.03 0.75 0.65 — 0.20 0.19 0.07 0.12 0.19
8.03 0.3 0.18 1.64 1.0 0.03 0.14 0.22 0.13 0.22
12.00 — — — — — — — — —_—
18.00 0.16 0.11 1.06 1.00 0.74 0.44 0.00 —_— 0.00
36,00 0.45 0.20 1.08 1.00 — 0.16 — 0.09 0.10
48,00 0.37 0,69 1.39 1.03 0.76 061 — — 0.19 -— 0.13
72.00 0.67 0.22 141 1,03 078 0.% — —_— 0.11 —_
%.CO 0.54  0.19 1.36 1.00 — 0.21 0.20 — 0.12 —
Bot .5d. 0.11 111 1.36 1.00 1.08 0.80 — 0.11 0.03 0.08 —
(96.00)




APPENDI X B

TABLE OF MATHEMATI CAL
EXPRESSI ONS



APPENDI X B
Tabl e of Mathemati cal
Expr essi ons
DEFI NI TI ON
partition coefficient
concentration of oil on SPM
concentration of oil in water

shear stress exerted in the z-direction on a fluid surface
of constant y by the region of |esser y

viscosity

energy dissipation rate

concentration of species i

vel ocity component in the x- (or y- or z-) direction
di spersion component in the x- (or y- or z-) direction
reaction term for species i

reaction rate for oiled particles

0il-SPM interaction rate constant

concentration of oil droplets

concentration of SPM

rise velocity

particle settling velocity

fluid velocity in the
x-direction

turbul ent shear

nunber density of particles
of species i



APPENDI X B

Tabl e of Mathenati cal

Expressi ons
SYMBOL DEFI NI TI ON
a radius of a “collision” sphere
r radius of particles of species i
o stability constant or “sticking” factor
v ki nematic viscosity
k | unped parameter for “sticking” and including the effects
a of particle radius
t time
P power
mgh change in potential energy in a gravity field
ks rate of SPM- SPM interaction

B-2



