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Foreword

This is the second volume of a three-volume study of
the impact on New England of a range of possible changes
in the region's petroleum production, crude processing and
products distribution system including a spectrum of hypo-~
thetical petroleum discoveries on the Georges Bank. Velume
I focusses on the impact of these changes on regional
income, Volume II concentrates on the impact on regional
environmental quality and a third summary volume combines
and summarizes the results. We emphasize that neither
volume I nor Volume II can be read independently of the
other and in particular much of the analysis of Volume II
depends on the results of Chapters 1 and 6 of Volume I.

This study was made possible through the encourage-
ment and support of the National Sea Grant Program, the
New England Regional Commission and the New England River
Basins Commission. More complete acknowledgements will
be found in the preface to the Summary.

The entire study and Volume II in particular was a
joint effort for which the offshore 0il Task Group is
collectively responsible. However, Chapters II.1l, ITI.Z2
and II.3 are largely the work of Mr. Robert Stewart and
pProfessor David Hoult, Chapters II.4 and II.5 were the
direct responsibility of Professor Stephen Moore and
. Mr. Robert Dwyer, and the analysis in Chapters II.6 and
II1.7 was done by Mr. Manuel Alvarez under the supervision

of Professor James Fay.
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Chapter II.1l
0il Spill Probabilities

IT.1.1 Introduction

The purpose of this volume is to investigate the
environmental implications of the various developments
hypothesized in Volume I, which implications are defined
to be the changes in water and air quality effected by
opting for one development hypothesis rather than another
and the presently identifiable effects these changes will
have on the biota. Many of these effects are imperfectly
reflected, if at all, by the market process. Further, the

‘result of these analyses will serve as input to the esti-
mates of the impact on regional income of the effluents
associated with the hypotheses.

These effluents fall into two broad categories:
discharges, which we will define to be planned emissions
from normally functioning equipment, and spills, which we
take to be accidental emissions associated with the failure
of some element of the system. The first three chapters of
this volume concern themselves with oil spills into water.

The prime characteristic of a spill rather than a dis-
charge is that it is probabilistic in nature. We can't be
sure when or how often a spill will occur or how much will

be spilled. The only means of handling this uncertainty

is through probabilities.
The probability of an event, such as "exactly one spill

over 42,000 gallons in 1978,"is our odds on this event's
occurring expressed on a scale of ¢ to 1, 0 indicating
that we're certain the event will not occur and 1 meaning
that we're sure the event will occur, and the numbers in
between expfessing our relative likelihood that it will
occur. In addition to events, we will often be dealing
with numbers whoée'adtual value we can't be sure of, such
as "total number of oil spills over 42,000 gallons which
will occur in New England in 1978"under a particular



development hypothesis. ILet's assume this number could be
0 or 1 or 2 or 3, and so on up to 100. In dealing with

such random variables, we will attempt to assign a proba-

pility to each particular outcome.- For example, the proba-
pility of 0 such spills might be estimated to be .4, the
probability of 1 at .3, the probability of 2 at .2, and

the probabilities of 3 through 100 at .0011 each. Such an
assignment is known as probability distribution. It's an
assessment of odds to all the possible outcomes. Often in

dealing with random numbers to which we've assigned proba-

bility distributions, we will compute the average oI mean
of this number by simply multiplying each value by its
probability (relative frequency) . Thus, the mean of. the
above random number would be 0¢.4 + 1.3 ¢ 2.,2 + 3-.0011 +
40011 +...+100+.0011 = .755.

There are several things to notice about the mean from
this example. For one thing, it is not necessarily true
that the random variable will, with high probability, equal
the mean. In this case, we are quite certain there will
not be .755 spills in a year. It is impossible. It is not
even true that the actual value of the random variable will
necessarily be near the mean. In the example, the actual
nunber of spills can be 100, which is many times the mean.

The mean becomes considerably more meaningful as one
deals with larger and larger samples. For example, if one
were to observe the number of such spills that took place
in 20 successive years and divided this total by the number
of years, then the result, the nayerage" over this period,
will with high probability be close to the mean. This
probability will increase with the number of years sampled.
Thus, for a long-run Or large-sample phenomenon, the mean
of distribution can be quite interesting.

We will be dealing with two types of mean in the rest

of this chapter:



1) The mean amount spilled in a particular time
period by a particular element of a hypothesized

development as above.

2) The mean time between spills of certain size
categories emanating from a particular element
of a hypothesized development plan. Four spill

size categories will be considered:
i) Aall spills

ii) Spills greater than 42,000 gallons ({large
spills)

iii}) spills greater than 300,000 gallons (very
large spills}

iv) Spills greater than 3,000,000 gallons

(extremely large spills)

This second type of mean will allow us to address the
likelihood of the low probability but extremely important
large spills, which is not really addressed by the first
type of mean. Once again, however, the fact that we
estimate that the mean time between spills over 300,000
gallons emanating from offshore towers is, say, 4 years
does not imply that one such spill will occur every 4
years. Two such spills could occur a month apart or 10
years apart. It merely implies, rather, that over a long
period of time, the average number of spills per year will
with high probability be close to 1 over 4. The inverse
of the mean time between spills is the mean number of
spills per year, which we will call the mean spill inci-

dence.



II.1.2 Assumptions required to obtain estimates of
Sean volume spillied and mean spill incidence
as a function of regional petroleum activity

The last section pointed out that even if we knew the
mean of the amount spilled or time between spills, we would
still not know exactly how much or how often. The problem
is further complicated by the fact that we can't be sure
just what the values of these various means are. We shall
have to be satisfied with estimates of these means based
on whatever data we can find which appears relevant. What

we require is a procedure for obtaining from such data

these estimated means for a particular development hypo-
thesis,which procedure is sensitive to the amount and type
of regional petroleum activity associated with this hypo-

thesis.

A variety of approaches was considered. For example,
one measure of the activity of tankers might be the number
of port calls made by tankers. The mean number of regional
tanker spills might be presumed to be proportional to this
measure of activity. Similarly, the mean spillage incurred
at a bulk storage and transfer facility might be considered
to be proportional to the number of handling operations
performed. The list can be as long as our knowledge of
the operations permits. Moreover, since it is not clear
that the spillage depends on just one variable, we might
investigate multiple dependencies, such as relating spillage
to the number of port calls and the density of shipping in
the ports, and the narrowness of the channels. Unfortu-
nately, this is all speculation, and short of an elaborate
regression analysis, there is no way to choose between the
possibilities, and defend the selection rigorously. We
considered performing such an analysis, but upon examining
the available data, we found the findings would very
likely be inconclusive, and therefore that the study group's
resources could be better employed elsewhere. We have chosen

rather to:



a)

b)

c)

d)

break down each development hypothesis into the
following elements: regional refinery, offshore
platforms, offshore pipeline, regional bulk
storage and transfer facilities and regional

tanker and barge traffic;

obtain the amount of oil handled, in and out,
within the region by each element from the

results of Chapter I.2 as a function of time;

assume that the mean amount of oil spilled and

the mean spill incidence in each element within

the region is proportional to the volume of oil
handled by the element within the region;

use existing data sources to estimate the mean
amount spilled per barrel throughput and the

mean spill incidénce per barrel throughput by
element. For those activities which handle the
oil twice within the region, such as a products
distribution system served by a regional refinery,

the throughput is counted twice.

Step (¢) is the key and there is really no strong

justification for it other than that it is the most obvious
starting point for analysis. However, many other assump-
‘tions are possible and this should be kept in mind in
interpreting our results. It appears the Coast Guard data,

particularly after a few years of data are available, is
susceptible to some rather interesting statistical analyses

testing the above and other assumptions.



IX.1.3 Spill data
Essentially four sources of data were available to us

concerning oil spills:

i) a rather comprehensive survey conducted by
the Coast Guard for spills in U.S. waters in
1971;

ii} a tabulation of large spills worldwide pre-
pared by the Geological Survey;

iii) a tabulation of tanker accidents worldwide
in which spills were reported prepared by

Westinform Ltd.:

iv) reports of individual ports on their spill
experience, principally Milford Haven in

Wales.

The Coast Guard began monitoring and logging oil
spills in U.S. waters in the early part of 1970. The
monitoring system became fully operational in late 1970.
Through the offices of CDR Daniel Charter (Chief of the
Environmental Coordination Branch, Marine Environmental
Protection Division, U.S. Coast Guard Headquarters,
Washington, DC) we obtained a copy of the 1971 spill
reports in punched card form. The data contained informa-
tion on the type of oil spilled (categorized by flammability
grade); the source of the spill; the Coast Guard District
and state in which the spill occurred; a generic descrip-
tion of the body of water; the date; the primary cause; and
the quantity spilled.' We grouped the data by source and
region and used the results in determining the mean spil-
lage figures. Unfortunately, some interesting information
is not included in the reports. Particularly important
from this standpoint is the omission of the name of the
harbor, bay or river in which the spill occurred, and the
weather conditions during the incident (only when the



conditions appear to be directly responsible for the spill
are they reported). Of less importance, but still handi-
capping, is the lack of agreement between the Coast Guard's
oil categories and the Army Corps of Engineers commodity
groupings (see next paragraph). This introduced an element
of uncertainty in comparing the quantity handled with the
quantity spilled. It is our hope that in the future the
Coast Guard's reporting format will be expanded to include
the Corps of Engineers codes for the port and commodity,
and that an additional two-or three-digit code will be
developed for the weather conditions (it might be possible
to implement the Weather Bureau's codes directly). This
would involve no more than ten or eleven new digits, and
could be inserted in the present format with no change to
the existing items. '

Our procedure requires data not only on spillage but
also on volumes handled by system elements. For tankers
and barges we used the Corps of Engineers' data relating
to waterborne commerce. Chapter I.2 analysis indicates
this data may be somewhat inaccurate and perhaps incomplete.
Nevertheless it is by far the most comprehansive summary
of waterborne commerce in the U.S. The summary for 1970
(Waterborne Commerce of the U.S.) was used to determine the
volume of petroleum transported in the New England region.
This data consists of two separate summaries. One part
breaks out barge and ship traffic in a harbor or canal on
the basis of number of trips and draft. This portion
relates to the Corps channel maintenance activities. The
second portion lists the total volume of goods brought into

| any given port, or shipped'through an inland waterway.
Several thousand commodities are listed, and the port
listing seems very complete. The breakout of petroleum
products also seems very complete, individual categories
ranging from crude to tar to naphtha. In all some 15

petroleum commodities are included.



Data on the total production of crude oil and gas from
the ocuter continental shelf is available from the Geological
Survey in a publication entitled Quter Continental Shelf
Statistics. It appeared to be very complete and is probably
quite accurate, since royalty payments are based on these
figures. It was the source of all our production figures
used analyzing the spillage from offshore towers.

Refinery production figures were taken from the"0il

and Gas Journal®'s Crude 0il Pipeline Atlas. The reason
for selecting this rather unusual summary was that it
allowed us to determine which refineries were located on a
waterway. This was necessary, because the Coast Guard
spill data related only to these refineries. The produc-
tion figures and the completeness of the listing were then
checked against the 1972 National Petroleum News Fact Book
issue (Mid-May, 1972, McGraw Hill) with the result that no
major discrepancies were found. Ifwe should have listed

some refineries erroneously, the result would {probably)

be an overestimate of the number of refineries on the water
and subsequently an underestimate of the predicted spillage
from refineries. The error is probably small, however, and
it is certainly much less than the errors induced by our
blanket assumption that mean spillage is proportional to
the throughput, and only the throughput.

The throughput of the large offshore pipelines was
taken to,bé equal to the total crude production from the
Federal OCS in the Gulf of Mexico. Barges are used to
transport a very small portion of the crude ashore from

these towers.



I7.1.4 Summary of 1971 Coast Guard spill data

Figure I1.1.1 summarizes the 1971 spill data. The
breakout of industry-related sources excludes tanker and
tank barge spills that occurred on a river. These spills

were excluded because they are not typical of the spills

we can expect in New England.
Several important things can be seen from this figure.

First, 4,017 spills (oxr 54% of all the oil spills) occurred
at industry-related sources. Secondly, these spills account
for 73% of all the oil spilled in the U.S. as reported to
the Coast Guard (these percentages might be higher if river
spills were included). Finally, we can see that in terms

of the total volume spilled the "terminal" (5.295 million
gallons) and the "pipeline" (898,000 gallons) categories
account for 6.192 million gallons or about 98% of all the
0il spilled from industry sources. Spills from tankers

and tank barges offshore (outside restricted waters) are

- of negligible significance in the data.

In general, the Coast Guard feels they are catching
almost all the sizable spills. Very rarely do they dis-
cover a spill to which they cannot assign a source. How-
ever, the one category for which this is least true is
undoubtedly offshore ship traffic. Thus, the results for
this category have to be viewed with some caution., How-
ever, it does appear clear that ships are much less likely
to get into trouble at sea than near the terminals.

Figures II.1.2 and II.l.3 breakout the terminal and
pipeline spills. Figure II.l.2 indicates that tankers
and tank barges account for about half the terminal spil-
lage, and the principal causes here are groundings and
collisions. The refineries appear to be the next most
important group, but an investigation of the incidents
comprising the refinery data indicated that over 90% of
all the oil spilled came from one incident. This phenome-
non is not unexpected in a statistical sense. Spills will
be of almost any size, from very small to immense, although
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large spills will be rare. This implies that a very large
sample will be required to properly represent this proba-
bility distribution. In this specific instance, 170 samples
is probably a factor of ten too small to assure a good
estimate of the mean spillage. As a conseguence,
single unlikely event, a 2,000,000 gallon spill, can assume
an overwhelming importance in the data. If we overlook
this one large spill then we can see that the refineries
and the transfer and storage categories are quite similar.
Figure I1.1.3 details the pipeline spillage. It can
be seen that in the Coast Guard data, the vast majority of
pipeline spills are due to releases from offshore pipelines.
These offshore pipelines almost without exception serve to
transport crude o0il from offshore towers. There are, how-
ever, two or perhaps three distinguishable classes of pipe-
line. The oldest pipelines will lie nearshore and they
will service the nearshore towers. In general, they will
be small-diameter pipes and they could be as old as the
first wells put into production in the Gulf of Mexico
(about 1949)}. Further offshore, there exist gathering
networks which serve to bring the production from various
platforms to one central point. These pipes are also of
a small diameter, but they are newer, since the development
of the more distant fields wasn't begun until the late
fifties. Finally, there are the large-diameter common
carriers which serve to bring the production of the far
offshore fields to shore. These pipelines are called
common carriers, because they carry several companies’

oil ashore.
It is the opinion of Coast Guard officers stationed in

the Gulf that the old, nearshore pipelines are the prin-
ciple polluters in the Gulf of Mexico. To. check this,

we broke the offshore pipeline data into a nearshore group
(less than three miles from shore) and a group lying further

offshore (over three miles). It was felt that this would
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help identify the culprit. As can be seen, the vast major-
ity of the spillage occurred within three miles of shore.
Consequently, we are fairly certain that the old, small
pipelines are the principal source.

This finding has considerable bearing on the problem
at hand, because any development on Gecrges Bank would
utilize pipeline systems like those lying further offshore
in the Gulf of Mexico. Therefore, for the 1971 data, our
estimate of the spillage will be based on the smaller amount
spilled over three miles offshore. There are, of course,
holes in this argument, the principal one being that the
nearshore spills are more likely to be observed and reported.
They are also more likely to be investigated, thereby
helping validate the quantity spilled. However, the Coast
Guard has found that they rarely discover a tower spill that
hasn't already been reported, even in their overflights of
the more remote towers. We may presume pipeline spills
are equally well monitored.

In reviewing Figures II.1.l1 through II.1.3 the reader
might feel somewhat uncomfortable with the quantities of
oil spilled. It is a common preconception that the spills
are in general much larger. This is probably due to the
large amount of publicity given the major oil spills. In
fact, this result bothered us, so we attempted to compare
our 1971 results with the Coast Guard's 1970 results. We
were somewhat disconcerted to find that the total volume of
0il spilled in 1970 was about 15.25 million gallons versus
our total volume of 8.7 million gallons. This disparity
lead us to search out the historical data shown on Table
IZ.1.1. The data is essentially paraphrased from a U.S.
Geological Survey Report of about the same title. The
spill incidents are broken out by source. Pipelines,
refineries, offshore towers, and bulk storage and transfer
facilities are included. Not included are tanker and tank
barge spills because the Geblogical Survey information was
not detailed enough to allow a determination of where the
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Table II.1l.1
Recorded Large Spills Involving Pipelines, Refineries,
Bulk Storage and Transfer, 1957-1971,
Spills > 42,000 gallons
(For tanker/barge spills see Table II.1l.8)

Pipeline Spills:

Reported
Location Cause Amount Date
West Delta Area, LA,

ocCs Anchor dragging 6,600,000 15.10.67
Persian Gulf Break 4,000,000 20.4.70
Buckeye, Lima, OH Unknown 690,000 14.1.69
Alabama Rupture 590,000 10.12.7¢
Chevron, MP 299,

QCs Unknown 310,000 11.2.69
Gulf, St. 131, LA, OCS Anchor dragging 250,000 12.3.68
Michigan Human error 210,000 7.10.71
Tennessee Break 184,000 6.10.71
Louisiana Unknown 155,000 17.3.71
Missouri Human error 147,000 12.20.71
Texas Rupture 140,000 6.12.71
Kansas Rupture 118,000 18.10.71
Illinois Break 108,000 23.7.71
Tennessee Vandalism 100,000 26.12.71
North Dakota Unknown 84,000 4.5.70
Wyoming Break 84,000 3.3.69
Immigration Canyon,

Utah Rupture 84,000 7.9.69
Indiana Leak 60,000 9.1.70
Virginia Rupture 75,000 6.5.71
Illinois Break 63,000 8.7.71
Indiana Break 60,000 9.5.71
Mississippi Break 55,000 5.3.71
Texas Break 42,000 21.11.71
Pennsylvania Break 42,000 28.11.71
Texas Struck by 42,000 23.6.71

bulldozer
New Mexico Unknown 42,000 14.7.71
Refineries:
Moron, Venezuela Dumped through 678,000 29.3.68
sewer
Humbolt Bay, CA Hose eruption 60,000 12.68
Bulk Storage and Transfer
Seawarren, NJ- Tank failure 8,400,000 11.69
Indiana Tank collapse 3,500,000 23.11.70
*Source: U.S. Geological Survey, Conservation Divi-

sion, "Recorded ©0il Spill Incidents Inveolving 1,000 or More

Barrels Since 1957", July 29, 1971, revisions Sept. 1,

1971, and Dec. 30,
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Table II.1.1 {(continued)

Bulk Storage and Transfer {continued)

Regorted

Location Cause Amount Date
Pennsylvania Ruptured dike 3,000,000*13.11.?0
Ohio Rupture 2,600,000 31.1.70
Connecticut Human error 800,000 15.6.70
Puget Sound Human error 230,000 26.4.71
Sears 0il Co., Unknown 100,000 7.1.69
Massachusetts Unknown 100,000 4.5.70
Kodiak Naval Station,

Alaska Overflow 80,000 4.4.70
&nhio Unknown 80,000 27.9.71
Niagara River Unknown 60,000 22.12.70
Connecticut Human error 55,000 16.11.70
Texas Failure 55,000 1.2.70
New York Overflow 60,000 25.3.71
New York Safety plug 45,000 4.6.71

blow

Of fshore Towers:
Shell ST 26 "B", LA,

CCS Fire 2,200,000 1.12.70
Chevron MP 41 “C",
LA, OCS Fire 1,300,000 10.3.70

Union "A", Santa Wk
420,000 28.1.69

Barbara, CA Blowout

signal SS 149 "B",

1A, OCS Hurricane 210,000 3.10.64
Continental EI 208 "A",

LA, OCS Collision 108,000 8.4.64
Mobil S8 72, LA, 0CS Storm shift 105,000 16.3.69

Tenneco SS 1%8 "A",

LA, OCS 67,000 3.10.64

Hurricane

_ *This spill was reported in the Coast Guard data as
2,000,000 gallons.

t*presumably, this is initial discharge. Other
observers place the total amount spilled at Santa Barbara
at up to 3,250,000 gallons.
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incident occurred (offshore or in restricted waters). Table
1T.1.l indicates that, considering all the sources contained
in the table (everything except tankers and tank barges)
there have been only eight spills over one million gallons
in a l4-year period. If we included all tanker and tank
barge spills, this figure would still be only 23 spills, and
this is for the whole world. Note also that of these eight
large spills, five of them occurred in 1970. One of the
five was not in the 1970 Coast Guard data (the Persian

Gulf spill) and if we eliminate the remaining four then we
have only 5.3 million gallons spilled in 1970. This fact
makés two points. One is that the very large spills

account for a large proportion of the total amount spilled.
Thus, yearly totals can wvary considerably. Two, 1970

appears to have been an unusually bad year for large spills.
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I1.1.5 Spill causality

As a first step in analyzing the Coast Guard data,
we made an attempt to determine the type of cause of spill.
We have broken the Coast Guard cause information into two
groupings (see Table IX1.1l.2). One group, which we have
termed "chronic" spills, involves causes which are presumed
to be attributable to operator indifference - causes which
could be corrected by tighter supervision and management
without any real changes in technology. The other category,

labeled "accidental®™, involves serious failure of sizable
system elements. The presumption is that attacking these
causes will in general involve considerable investment and,
perhaps, some major changes in technology.

The rationale behind this breakdown is that, if the
majority of spillage were "chronic" in nature, then assum-=
ing tighter supervision and enforcement in the future, our
results would tend to overestimate the amounts which will
be spilled. 1If,on the other hand, the majority of spillage
ig due to "accidental” causes, then the data can be used
directly under the assumption that present technology will
continue to be used. '

The results of this analysis are contained in Table
II.1.3. Note that while the "chronic" spills make up about
70% of the total number of spills, they only account for
25% of the total volume spilled. In terms of average spill
gize, the chronic spill averages out at 580 gallons,
whereas the accidental spill averages out at 4,100 gallons.
Of course, there is a strong dependence on the source, and
it appears that offshore towers and pipelines have a very
high proportion of chronic¢ spills. Based on this analysis,
we cannot expect the terminal region spillage to get appre-
ciably better through simple managerial innovations.
However, it seems likely that some of the spillage from
offshore towers and pipelines might be reduced through more

stringent supervision.



Table II.1.2

19

Spill Causality Groupings

Chronic Spills

(Presumed to be attributable to

operator indifference}

Other

Other rupture or leak

Minor vehicle structural failure

Other storage tank leak

Line leak, small

Pipe leak, small

Corrosion or rust

Defective fitting valves or
closures

Loose fitting valves or closures

Other personnel failure

Tank overflow, inadequate
sounding

Tank overflow, incorrect valve
alignment _

Tank overflow, list in trim error

Tank overflow, failure to shut
down when topped off

Tank overflow, topping off at
excessive rate

~ Incorrect valve handling
Flanges not properly secured

Improper hose connection

Over-pressurization of cargo
tank

Other deliverate discharges

Punping bilges

Pumping ballast

Disposal of other waste oil

Discharge under EPA permit

Discharge under COE permit

Unknown causes

Accidental Spills

Collision

Fire

Explosion

Grounding

Capsizing or over-
turning

' §inking or floundering

Well blowout

Tank rupture

Major vehicle struc-
tural failure

Storage tank rupture

Hose rupture

Line leak, large

Pipe leak, large

Weld failure

Other equipment
failure

valve failure

Pump failure

Alarm failure

Automatic shutdown
device failure

Sabotage

vandalism

Other natural phenomena

Natural seepage

Heavy unanticipated
rain

Flooding

Unanticipated freezing

Unanticipated heavy
winds

Unanticipated heavy seas

Unanticipated external
heat
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These conclusions are only as strong as our ability
to categorize the causal factors, and there is a fair
amount of room for speculation in our selections. Conse-
quently, this data should be considered only from the
standpoint of giving us some insight to the problem, and
not as a reliable indicator of industry's behavior. In
later sections, we will ignore the distinction between
taccidental® and "chronic® spills. All spills will be
treated as accidental. Based on the discussion above, we
might expect our predictions to be overly pessimistic
(conservative) on this basis, as some of the spillage,
particularly that occurring from offshore towers and
pipelines, may be avoided in the future through tighter
supervision of operations.

Table II.l.3

Chronic and Accidental Spills
1971 U.S8. Coast Guard Spill Reports

Number of Spills Volume Spilled {gallons)

Source Chronic Accidental Chronic Accidental

Terminal Areas: Including
refineries, bulk storage

and transfer facilities and
tankers and tank barges in

restricted waters 975 498 850,000 4,450,000
Pipelines 1,206 230 628,000 270,000
Offshore Towers s 650 435 73,000 44,000
offshore Ship Traffic 19 4 11,000 5,000
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I1.1.6 Regional breakdown of Coast Guard data
Figures II.1.4 through II.1.7 break out the 1971 data

USCG on a regional basis. Figure II.l1.4 summarizes the oil
spilled in New England. In 1971, according to the Coast
Guard, 850,000 gallons of oil were spilled in New England,
of which 750,000 gallons emanated from petroleum industry
sources.* Note that while no oil is produced in New
England, and only a small guantity is refined, the New
England areca nevertheless now accounts for about 10% of
all the oil spilled in the U.S. Of this 10% about 93% can
be attributed to tankers and tank barges and bulk storage
and transfer facilities. This high spillage is not com-
pletely unexpected since the New England region accounts
for about 30% of the national consumption of distillate
and residual fuel oil due to both its cold winters and its
heavy dependence on oil rather than gas or coal. Also the
region is unique in its complete dependence on small tankers
and barges for secondary redistribution of products.
Nevertheless, the regional spillage rate from tankers and
barges is 50% higher than that on the Gulf and 10 times
higher than that reported for the Middle Atlantic. We
distrust the latter figure. However, as we shall see, the
regional spillage is also a factor of ten higher than in
certain well-managed foreign ports. Figure II.1l.5 summar-
izes the Coast Guard data for the Mid-Atlantic region.
Note that about one-half as much oil was reported spilled
as in New England. The reported figure may be low due to
several causes. There is a substantial portion of the
region which falls under E.P.A. requlation, and spill
incidents in these areas may not find their way into the
Coast Guard data. Moreover, the condition of much of the
water around New York City is so polluted and the public
indifference so great that many spills might go unnoticed.

*Remember this does not include shoreside discharges
such as crankcase oil disposal, unburned products of com-

bustion, etc.
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Of course, Similar arguments may be made for some areas

of New England, so it is speculative to attempt to explain
the differences in the data on these grounds. Note that
the amount of oil reported spilled from refineries is
puzzlingly small, particularly in view of the extensive
refining carried on in this region.

Figure II.l.6 summarizes the Gulf Coast spillage for
1971. Note that pipelines, refineries, and offshore oil
rigs have now assumed a prominent position in the list of"
polluters. In particular, note that of the total of 1,363
offshore pipeline spills in the U.S., 1,350 of them occurred

in the Gulf Coast region.*

Figure IT.1.7 summarizes the spill reports for the
Southern California region. Despite the fairly extensive
refining and oil productioh it can be seen that only the
distribution network contributed significant pollution.
This can be explained by this region's traditional reliance
on land-based transport cf goods, and the subsequent inland
location of many refineries. About the only interesting
thing about this region'é data is the absence of reported
offshore tower spills. As we shall see shortly, Southern
California does produce a substantial amount of oil from
the offshore region. This apparent lack of spillage can
be used to substantiate our discussion of the offshore
pipeline spill problem, as the Southern California region
has no nearshore development equivalent to the Gulf's, or
possibly as evidence of less regular reporting of spills on

the West Coast.

*Phe Gulf Coast region was taken to be the states of
Mississippi, Texas, and Louisiana; plus any spills reported
to have occurred three miles oxr more offshore in the Gulf

of Mexico.
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is presumed to be fixed. The data was then used as the
scaling factor for the number and volume of spills from
tankers and tank barges in New England (see Figure IT.1.4).
Since all the petroleum handled by transfer and storage
facilities in New England is brought in by tanker or tank
barge, the extrapolated 1971 throughput was also used to
scale the transfer and storage facility spillaqe.

The spillage at offshore towers and pipelines was
scaled by using the far offshore pipeline and the offshore
tower spill data for the Gulf Coast region in conjunction
with the U.S. Geological Survey's figures on yearly off-
shore production on the continental shelf off Texas,
Louisiana, and Mississippi. Table II.1.5 summarizes the
Geological Survey offshore production data for 1971. Also
included is the number of wells located offshore in 1971.
Among many other approaches either the total production or
the total number of wells might be selected as the scaling
parameter. As discussed in the introduction, we arbitrarily
chose the total production rate to be consistent with
our other selections. The offshore tower data includes
all towers and so the total Gulf Coast OCS production
figure is used. The far offshore pipelines only carry
that fraction of the oil produced in the "Federal OCS"
region. Therefore the gross OCS production was reduced to
the appropriate fraction (86%).

The mean refinery spillage rate was based on the Gulf
Coast refinery spill data and refinery capacities, since we
distrusted the Middle Atlantic figures. Table II.1.5
summarizes the regional refinery capacities. An attempt
was made to include only those refineries situated on the
water since only their spills would be contained in the
Coast Guard data. There is substantial room for error in

this categorizing technique due to uncertainty in the
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IT.1.6 Estimates of mean spillage rates
Utilizing the 1971 spill data and the appropriate

throughput figures, we are now in a position to estimate

mean spillage rates for the various elements of the oil
industry. We will determine the mean number of spills per
year and the mean volume spilled per year per thousand
barrels per day throughput.

The throughput data for the various elements of the
petroleum industry for all of the U.S. is not easily
determined. However, it is possible to determine the
throughput for specific elements of the petroleum industry
in certain regions. The New England regicn's ship and
transfer and storage facility throughput is readily derived
from the Army Corps of Engineers waterborne commodity data.
The refinery, offshore tower and offshore pipeline through-
put is available from various sources for the Gulf Coast.
We have already broken out the spillage for these two
regions in the previous section. By attacking the problem
by utilizing regional spillage and throughput statistics
we may reduce the number of spills in the sample and there-
fore increase the uncertainty associated with our estimate
of the spillage. This is not a problem for the tower, or
the refinery, or the pipeline, as nearly all the 1971 spil-
lage occurred in the region selected. However, the ship and
transfer and storage facility spillage in New England was
less than one—tenth of the national total. In fact, we
shall see that we require more data than is available in
the 1971 data anyway; and the most reliable predictions
appear to be those relating to the ship and storage facility
spillage.

mable II.1.4 summarizes the Corps of Engineers data
concerning crude and products shipment along the New England
coast in 1971. The products data was extrapolated to 1971
by presuming a 4% growth rate. The crude throughput
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Summary of New England Petroleum Distribution;
in 2,000 lbs. Tons Handled in 1970
(Total Receipts and Shipments)

Penobscot River, Maine
Searsport, Maine

Portland, Maine

Portsmouth, New Hampshire
Salem, Massachusetts

Boston, Massachusetts

New Bedford, Massachusetts
Fall River, Massachusetts
Providence, Rhode Island

New London, Connecticut

Thames River, Connecticut
Connecticut River (below Hartford)
New Haven, Connecticut
Bridgeport, Connecticut
Stamford, Connecticut

Beverly, Massachusetts

Carvers, Maine

Cobscook, Maine

Cross Rip Shoals (Nantucket Island)
Gloucester, Massachusetts
Great Salt Pond, (Block Island)
Greenwich, Connecticut

Harbor of Refuge (Block Island)
Harbor of Refuge (Nantucket Island)
Kennebec, Maine

Lynn, Massachusetts

Moosabec Bar, Maine

Newport Harbor, Rhode Island
Plymouth, Massachusetts
Rockland, Maine

Seekonk River, Rhode Island
Vineyard Haven, Massachusetts
Warwick Cove, Rhode Island
Westport, Connecticut

Crude

23,048,339

60,380

436,830
328,166

Products

1,710,712
713,080
6,730,516
1,268,497
1,245,021
23,966,936
521,888
3,853,997
8,789,909
3,678,811
372,930
3,794,020
10,570,185
3,307,648
611,320
180,348
5,019
17,994
14,220
8,915
4,757
23,040
1,730
27,867
1,990
7,622
9,713
97,710
43,009
6,251
82,891
35,758
1,138
7,139

23,873,715
Tons/yr.

(440 Kbbl/day)

Extrapolated 1971 throughput:
440 + {1.04) (1460) = 1960 Kbbl/day

71,712,531
Tons/yr.

(1460 Kbbl/day)
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Table ITI.1.4%*

1. Total Production:
2. Breakout by State

State No. Wells
La. 5,429
Texas 101
Calif. 188
Gulf Coast 5,530
Region
{Texas &
La.)
*gpurce: Harris, Walter, M.,

outer Continental Shelf Statistics,
logical Survey, Conservation Division, April,

Gross Produc-
tion (near and
far off-shore
1000's of bbls

385,760
1,685
31,104
387,445

(all U.S5. Offshore}

Percentage Pro-

“duced from Fed-

eral 0CS5 (far
offshore region

87
58
31
87

offshore 0il and Condensate Production, 1871

Adjusted OCS
Gross Produc-
tion (carried
by far offshore
pipelines)
1000's of bbls

335,000
980
9,650
336,000

Lane, Alta, L., and McFarland, Bruce E.,
Dept. of Interior, Geo-
1972.
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Table I1I.1.5
Regional Refinery Capacities;

Thausands of Barrels per Day

1. New England
Mobil, Providence 7.5

2, Mid Atlantic States
New York, New Jersey, Delaware, Pennsylvania

(NJ)
Humble, Bayonne 33
Humble, Linden 155
Hess, Port Reading 70
Chevron, Perth Amboy 80
Texaco, Westwville 91
Mobil, Paulsboro 90.8
- (PA)
Arco, Philadelphia ' 160
Gulf, Philadelphia 168.1
BP, Marcus Hook 105
Sun, Marcus Hook 158
(DE)
Getty, Delaware City 140

Source: 11 October 1971 0il & Gas Journal Crude 0il Pipeline Atlas of U.S.
and Canada 1 July 1971 figures. '
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Table IT.1.5 Cont'd.

Gulf Coast

(s)

KYSO, Puscagoula

(LA)

Tenneco, Chalmette

Murphy, Meraux

Shell, Norco

Good Hope, Good Hope

Gulf, Venlce

Lajet, S5t. James

Texaco, Convent
Continental, (Westlake)?
Cities Service (Lake Charles)?
(1TX)

BP, Port Arthur

Texaco, Port Arthur

Gulf, Port Arthur

Mobil, Beaumont

Union, Nederland

Texaco, Port Neches

Union Texas, Winnie

HAumble, Baytown

Texas City, Texas City
Marathon, Texas City
American, Texas City

Eddy, Houston

Charter, Houston

Crown, Pasadena

Signal 0il & Gas, Houstonm
Champlin, Corpus Christi
Coastal States, Corpus Christi
Hess, Corpus Christi
Southwestern, Corpus Christi
Suntide, Corpus Christi
Monsanto, Texas City
Phillips, Sweeney

P.P.G. Ind., Corpus Christi
Shell 0il, Deer Park

ARCO, Houston

Total

270

34
240
8.6
22.7
6
145
71
225

80
320
331.2
335
105

53

8.1
345

60

45
325

2.5

72

85

70

52.5
135

55

“3.5

50

41

85

5
208
187.5

3,880.9K b/d
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Southern California
Union, Arroyo Gramde
Douglas, Santa Maria
Utility, Ventura
Edington, Oxnard

Table IT1.1.5 Comt'd.

Lunday Thogard, Los Angeles

Douglas, Los Angeles
Socal, Los Angeles
Mobil, Los Angeles
Carson, Carson.
Champlin, Wilmington
Shell, Wilmington
Arco, Wilmington
Union, Wilmington
Macmillan, Wilmington
Edgington, Wilmington
Texacco, Wilmington
Fletcher, Los Angeles

33

471.5
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Tabkle I1I.1.6

Estimates of Mean Spillage Rates

as a Ratio of Production and Transportation
Activity (Measured in 1000s of Bbl/Day Throughput)
Based on 1971 USCG Spill Reports

Mean number of

Mean vol spilled

spills/year
(#5year5§(10005 (gal/yr}/({1000s 3

Source of bbls/day) of bbls/day) spilled
Tankers and tank .0357 386)* * (.0025
barges in restricted 1,540 (.01
waters
Transfer and storage .0153 [ 19.8)* (.0001
facilities 1 200 - 001
Offshore towers 1.01 (108]* * (.0007)

(760 |.005
Of fshore pipelines .17 [ 15.8]* (.0001]
(160 |.001 |
Refineries .0364 [ 51.7}* (. 0003)
520 1.003

*Jpper value in parenthese
directly from data,
on actual value due to samp

bottom value gives proba
le size errors (.68 confidence

s indicates mean as estimated
bly upper estimate

limit).
Table II.l.7
Quantities of 0il Spilled at Milford Haven
Total Throughput Quantity Spilled 3

Year 1000s of Bblsanx Gallons spilled
1963 234 2,600 .00008
1964 318 2,400 .00005
1965 487 9,700 .00014
1966 520 8,300 .00011
1967 507 73,000 .00095
1968 709 4,500 .00005
1969 745 4,050 .00004
Average 505 10,000 .00018



35

physical location of the facility. The general rule was
that if the refinery was located in a town that was on a
channel or river (or harbor) then it was included.

Table IT.l.6 summarizes the various mean spillage rates
resulting from these assumptions. Note that tankers and
tank barges contribute the greatest volume spilled per year
per thousand barrel throughput, and that offshore towers
have the most frequent spills, although they are generally
small. Remember also that according to the Coast Guard
data, tankers and tank barges at sea contributed a negli-
gible fraction to the total number and volume of spills.

In general, the evidence pretty clearly indicates that the
bulk of the spill problem is found in two areas: tankers
and tank barges in restricted waters (i.e. in the approaches
to a terminal), and the offshore tower.

With respect to the 1971 USCG data, Table I1.1.6 is
pessimistic. When faced with conflicting evidence, we have
always chosen the source which generates the higher esti-
mate of mean spillage rates. In particular, the estimate
of tanker and barge spillage rates is considerably higher
than the national average. On the surface, it appears
that New England is considerably sloppier than elsewhere
in handling oil, and Table 1I.1l.6 operates under the
assumption that this will continue. It is interesting to
contrast Table II.l1.6 with the Milford Haven experience,
Table XI.1.7.

Our on-site visits convinced us that Milford Haven
keeps at least as careful records and control as anywhere
‘else and that the Milford Haven data is quite likely to
be accurate. Milford Haven is a new port unloading
crude from supertankers and loading products to 30,000~
50,000 ton tankers.* As the figures indicate, the average

*Milford Haven also keeps data on spill incidence,
which has been running at about one spill per 50 ship visit.
Interestingly enough, the Milford Haven data indicates that
small tankers have a slightly lower spill incidence than
large. The terminal attributes this to the fact that the
smaller products tankers load and unload more frequently and
hence their crews are better drilled in transfer operations.
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spillage rate from all sources at Milford Haven is less
than one-tenth the rate from tankers and barges in New
England.* Thus, Table I1.1.6 is undoubtedly conservative.
More importantly, the figures indicate that New England
could greatly improve its spillage experience within the
bounds of present technology.

From the standpoint of classical statistics, we should
be reasonably confident that the mean is within the range
of the bracketed terms on Table II.l.6. However, in the
following section, we shall see that an interpretation of
long-term historical data leads to estimates that may exceed
the specified range by as much as a factor of 9. This
disagreement is due to the wide distribution of the data
and the necessity for obtaining significantly larger
samples, particﬁlarly for offshore towers and pipelines.

*The transshipment terminal at Bantry Bay reports
180 gallons spilled in its history, which would put its
spill incidence 1,000 times lower than Milford Hawven
during a good year. However, the terminal's evaluation
of a spill that took place during our visit to Bantry Bay
convinced us that this data is inaccurate.
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1I.1.7 Estimates of mean amount spilled and mean time
between spills by size category, based on
worildwide data for the last ten years

lLarge spills occur much less frequently than small
spills. Consequently, the sample of large spills at our
disposal is much smaller than the sample of all spills.
Unfortunately, the number of samples required to determine
the frequency of occurrence of a rare event is many times
the number of samples required to determine the probability

of a common event. For example, a sample size of 200 can
tell us within 90% confidence that an estimate of a proba-
bility is within 15% of the true value, provided that the
estimate is in the range of .4 or above. However, if the
estimated probability based on 200 samples is .01 (that is,
we have noted two occurrences in 200 trials) than the
actual probability may be anywhere between .00) and .02
with 90% confidence. 1In short, such an estimate would be
reasonably likely to be off by a factor of ten or more.

Given this high level of uncertainty when dealing
with large spills, it pays to increase the size of the
sample even if it means introducing data of uncertain
calibre. Therefore, in this seétion, instead of restrict-
ing ourselves to the U.S. 1871 experience, in estimating
the mean time between large spills, we will use worldwide
data from 1964 on.

In generating our estimates of the mean time

between large, non-tanker spills, we used the Geological

survey data of Table II.1.1, restricting ourselves to
spills occurring after 1964, since it appears likely

that some large spills occurring earlier went unreported.
With respect to tanker spills, we used data from a

number of sources to compile Table II.8.1. Notice

that almost all the reported tanker spills are either
groundings or collisions in restricted waters, tending to
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substantiate the low incidence of at-sea, large tanker
spills noted in the Coast Guard data. Figure II.1.8
summarizes the large tanker spill data.

Sun 0il (1971) and Fearnley and Egers (1970) data was
used to estimate that the volume of oil transported by
ship in the period 1965 to 1971, in and out (counting
loading and discharging separately), was 41 million barrels
per day. The three reported refinery spills over 42,000
gallons occurred in the period 1968 to 1971. The average
refinery throughput during this period was about 24 million
barrels per day. There were three outer continental shelf
pipeline spills over 42,000 gallons between 1967 and 1971
and seven large platform spills, all U.S., in the period
1964 through 1971. The 1967 to 1971 annual average OCS
production was 865,000 bbl/day and the 1965 to 1971 average
was 700,000 bbl/day.

Finally, we note that there were fifteen spills of
over 42,000 gallons between 1963 and 1971 from bulk storage
and transfer facilities, for the whole U.S. We have
estimated the total U.S. bulk storage and transfer facility
throughput by two technigques, both relying on the New
England throughput and spillage data. First we assumed
that the ratio of the number of spills in New England to
the total number of spills nationally (30/389) for bulk
storage and transfer facilities equals the ratio of New
England throughput to the national throughput. Secondly,
we took the ratio of the volumes spilled instead of the
number of spills {39,000 gal/500,000 gal), and equated that
to the ratio of the New England throughput in 1971 (about
1,960 X bbl/day) to the national throughput. Surxprisingly
enough, both techniques give jdentical estimates of 25
million bbl/day national storage throughput, which is
roughly double the annual consumption during this period.
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These volumes handled were combined with the spill data and
our assumption that mean time between large spills is
inversely proportional to volume handled to yield the mean
rates of spill incidence shown in Table 1I.1.9. The tanker
sample Qas judged to be large enough so that a breakdown
into four spill size categories was warrented. However,
for the other elements only a single spill size category
has been computed due to the small sample size.

Table II.1.9
Estimates of Mean Rate of Incidence of Spills

42,000 Gallons Rate of Incidence

Spill Size Category (spills/Yr)/

Source {Gallons) (1000 Bbi/Day)
Tankers and Tank > 42,000 .00019
Barges 42,000 to 300,000 .00010
300,000 to 3,000,000 .00006
> 3,000,000 .00004
Refineries > 42,000 .00003
Offshore Towers > 42,000 .00109
offshore Pipelines > 42,000 .00069
Transfer and Storage > 42,000 .00002

Facilities

It is interesting to compare the percentage spilled
from the worldwide tanker data with that arrived at from
the New England Coast Guard data. Based on Table II.l1.8,
and our estimates of worldwide tanker volume, .003% of all
the o0il handled worldwide, in and out, was spilled in spills
over 42,000 gallons. This estimated average was somewhat
higher than -that derived from the Coast Guard New England
data (.0025%), which includes all spills and which in turn
is considerably higher than the 1971 national average and
over ten times higher than that experienced at Milford
Haven. On the other hand, this is not completely unexpected
since the worldwide data is dominated by a few extremely
large spills and no spills of like size occurred in the U.S.
in 1971. 1If the "Torrey Canyon® spiil had occurred in New
England in 1971, the estimated spill rate for New England
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by our procedure would have increased by a factor of 40.
This, of course, is a very extreme example.

Similarly, calculations of the average volume spilled
from offshore towers based on both long-term historical
records and on the 1971 USCG spill reports leads to two
significantly different estimates of the average spillage.
Between 1964 and 1971, approximately 8 x 1010 gallons of
crude were produced offshore. Table II.1.1 indicates that
approximately 4.4 x 106 gallons were spilled. This gives
us an average spillage of .0055 percent, which coincides
with our upper confidence limit on the mean spillage for
this category,* but differs significantly from the actual
1971 average.

In the same fashion, the'spillage from offshore pipe-
lines was investigated. The results yielded an average
spillage of .009 percent of the throughput, which contrasts
sharply with the estimated value of .0001 percent in Table
IT.1.6 (the upper confidence limit was .00l percent). The
magnitude of this estimate is due to the one very large
pipeline spill shown in Table XI.1.1. This points out that
a limited sample size can cause problems in both directions.
Cn the one hand, the small number of recorded 1971 spill
incidents limits our confidence in its predictions. On the
other, the small number of pipeline spills in all of history
limits the confidence we can have in the historical estimate.
This same statement is of course true, but to a lesser
extent, for the tower and tanker spills, since their analysis
incorporated more reported incidents. A similar analysis
for the bulk storage and transfer facility yielded .001
percent,.which coincides with the upper confidence limit.

These discrepancies are unfortunate in that they limit
thé confidence we can have in our predictions. In the face
of this uncertainty, we have elected to generate both a

*Note that if we use only the 1970 data, the average
spillage is a very high .025 percent.
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"Jow" and a "high"” estimate of the mean spillage for each
system element. The low estimate is based on the Coast
Guard 1971 estimates (Table II.1.6). The high estimate is
pased on the 1964 to 1971 worldwide data on large spills,
except for the refinery category, where we used the upper
confidence limit of Table II.1.6 rather than give full
weight to a single very large spill. The resulting range

of estimates of mean spillage rates is:

Low High
Tankers and .0025% .003 ¢ (Worldwide data, also similar
tank barges to New England region, 1971}
Transfer and .0001 .001 (Upper confidence limit, New
storage England region 1971, also
facilities similar to worldwide data)
Offshore towers .0007 .0055 (Worldwide data)
offshore pipe- .0001 ,009 (Worldwide data)
lines '
Refineries .0003 .003 (Upper confidence limit, 1971

USCG data)
Our inclination is to believe that the actual means lie
closer to the high end than the low, but more than this we

cannot say.
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II.1.8 Estimates of Mean Amount Spilled and
Mean Rates of Spill Incidence for a
Range of Hypothetical Developments

Chapter I.2 analyses several hundred hypothetical -

combinations of offshore discovery, refinery location and

petroleum transport systems. However, for the purposes of
this chapter, it suffices to restrict ocur attention to nine
basic possibilities. Let us consider the year 1978. One
possibility is that there may have been no change in the
basic characteristics of the New England petroleum system,
just growth to meet demand. Secondly, a regional refinery
may have been built of such a size that it can handle New
England's distillate demand. such a refinery might be
located at a deepwater harbor on the Maine coast or in
southeastern New England. Finally, we might have found and
developed 0il on Georges Bank. This find can be represented
in the extremes as either a very large discovery or as a
marginal discovery. Chapter I.2 indicates that if there

is a refinery, and it is located in northern Maine, then
all transport of crude from an offshore find will be by
tanker. 1If the refinery is in southeastern New England,
then the crude from a large find will be brought ashore

by pipeline. The crude from a small find will be brought
in by tanker. If there is a refinery in southeastern New
England, then products distribution could well be land-
based pipeline and not by tanker or barge. However,
storage facilities must be provided at the refinery, so

the total throughput of the transfer and storage facilities
would not change regionally. Finally, we may have dis-
covered a sizable gas find and little oil.

Table IT.l1.l0summarizes the 1978 throughput, in and
out, for the various elements of the petroleum industry for
eight possible combinations of these assumptions. The basic
demand figures from which this table is derived includes
440,000 bbljear of crude into Portland and a regional prod-
uct demand of 1,600,000 bbl/year in 1978. This represents
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no growth in Canadian crude and approximately 4%/annum
growth in préducts. The amount shipped and handled by
transfer and storage facilities is greater than the demand
because of transshipment from primary ports like Boston.

It is presumed that the ratio of total shipments to product
demand is the same as in 1970, when the ratio was (%f%%%) =
1.22. The refinery, where it is included, is presumed to
manufacture all of New England's demand except for residual
fuel. Resid is presumed to be brought in by tanker or

tank barge and is presumed to be 36% of the total demand,
or 575,000 bbl/day in 1978.

Table II.l.llpresents the estimates of the mean
amount spilled in 1978 and the mean number of spills which
result from our assumptions for each of the nine hypotheses.
Table II.l.l1deserves some careful attention, not for the
exact numbers involved, but rather for the relative orders
of magnitude. First, it's clear that the great bulk of the
mean spillage is generated by tanker and barge traffic,
whatever the hypothesis. Thus, those hypotheses which
result in decreased regional tanker traffic generate the
lower totals. The pipeline-based products distribution
system appears especially favored by this fact.

The regional refinery in itself does not generate a
great amount of spillage on the average. However, unless
it is combined with a pipeline products distribution
system, the additional regional tanker traffic induced by
the refinery is quite significant. Finally, even a large
o0il find on the Bank adds at most 8% to the estimate of the
amount spilled within the region and, if combined with a
pipeline, actually reduces the mean amount spilled due to
the reduction in tanker traffic. However, in terms of
numbers of spills, rather than volume, even a small find
will increase regional spill frequency considerably accord-
ing to the assumptions and data we used.

It should be remembered that this is the situation
in 1978 which, according to our assumptions, is a peak
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production year for the offshore discovery. In later years,
the other categories will continue to increase at the con-
sumption growth rate, while the offshore production remains
constant and then declines, so Table I1.1.1lindicates the
peak effect of the offshore find on mean spillage.

Table II.l.l2addresses the issue of the large spill,
which we have seen has to be distinguished from the total
volume spilled. Table II.l.l2presents our estimates of the
mean time between large spills for each system element for
oureight development hypotheses. Remember these estimates
can easily be off by a factor of two or more, so once again
it is the relative magnitudes rather than the actuwal num-
bers that count.

Once again, the refinery and the storage element in
itself is relatively unimportant. However, we now note in
comparing the 42,000 gallon spill frequency that the large
offshore find is the principle contributer, with a mean
frequency approximately double the projection of the
present system. The large find and pipeline combination
has a mean frequency more than five times that of the
tanker and barge system which would exist in conjunction
with the pipeline-serviced find, largely due to the decrease
in tanker traffic resulting from the find and the pipeline
distribution. On the basis of fregquency of total spills
over 42,000 gallons, development plan number 8, which
appeared most attractive on the basis of estimated mean
spillage, is least attractive, with an overall estimate
mean large spill frequency four times that of the projection
of the present system. This is due to the fact that
the bulk of the o0il spilled by this hypothesis is in large
spills while the bulk of the oil spilled by the more
tanker-based hypotheses is in either small (transfer)
spills or in very large ({(grounding, collision) spills.

This paradox raises some interesting problems for
regional public officials, for it appears that spills from
the offshore find will make the papers considérably more
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Chapter II.2
Potential Spill Trajectories

II.2.1 Introduction
A spill can be transported many miles through the

action of the wind and current, as well as through its own
tendency to spread. Regions of high spill probability are
therefore not only local problems, but also an "upstream"
source of oil that can affect places many miles away. The
prediction of what is upstream and what is downstream in
the flat, windblown expanses of the ocean requires an
understanding of how the wind, waves and current work to
push a slick around. The spreading of the oil is alse
important, because the areal extent of a slick will dictate
the width of the path that the oil will sweep, and sub-
sequently how much oil will be deposited on a given length

of shore.
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II.2.2 Mechanics governing spreading
Spills can occur in two fashions. They can be the

result of some nearly instantaneous release, such as the
rupture of a tank, or they can be the result of a long-
lasting, continuous release, such as that which occurred
in the Santa Barbara oil spill. The distinction is based
on the time scales involved, which in turn are dictated by
the volume and character of the oll as well as the physical
dimensions of the spill region. The physics governing the
spread of the oil is of course the same, but subtle dif-
ferences will exist in the time dependency. For our bur-
poses it is sufficient to examine just the instantaneous
type as it is the simpler'of'the two.

consider now a volume of oil suddenly dropped on the
surface of the sea. Presume that there are no restraints
on the boundaries of the oil, that is, that it is free to
spread in all {horizontal) directions. It will be found
that the oil spreads at three different rates, depending
on when we look at the spill. Each rate is determined by
a unique balance involving various properties of the oil
and the water. The first two spreading rates involve
balances between the buoyancy-induced spreading force, and
first the oil's inertia, then later the water's wviscous
drag. The third spreading rate is due to a balance between
the surface tension spreading force and the water's viscous
drag. It is convenient, therefore, to consider the follow-
ing three distinguishable phases in the spill'’s history:
an inertial (spreading) regime; a viscous {spreading)
regime; and finally a surface tension (spreading) regime.

These regimes will persist for varying lengths of
time, depending on how much oil is initially released.
Figure II.2.1 depicts the varying intervals as a function
of the spill volume for a typical crude oil. The solid
1ine at the right indicates the time at which we expect

all spreading to cease. This is an observed phenomenon,
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and various theories have been developed to explain it.
One of the more successful theories was developed by Fay
(1971) in which he presumed that the hydrocarbons respon-
sible for the cbserved surface tension are lost through
either evaporation into the air, or dissolution into the
water.

Figure 1I.2.2 traces the history of the growth of a
spill for several spill volumes, depicting the area covered
as a function of time. Again, typical crude oil properties
were presumed. Table II.2.1 summarizes the various formulas
used to generate these figures. Time is measured in hours,
volume in gallons, and area in square miles.

In addition to these well-documented spreading phenom-
ena, an oil spill exhibits two other properties that have
a qualitative importance to our study. At some time during
the spreading process,variations in the wind, waves, and
current usually cause the large contiguous spill to break
into several large patches surrounded by many smaller
patches. The large patches will tend to separate from one
another as time goes on. This will increase the width of
the path swept by the spill. Additionally, the action of
breaking waves on the open ocean, Or of surf near shore, may
cause a portion of the oil to be mixed into the water
column. The importance of this behavior is that the tiny
0il droplets suspended in the water can substantially
increase the surface area available for diffusion of the
oil hydrocarbons into the water, and they can find their
way into the less mobile biota on the bottom.

Quantitative prediction of these latter two phenomena
is beyond our capabilities at present. The model required
to estimate the rate at which the large patches will
separate from one another is presently the subject of
considerable controversy. Various diffusion "laws" have
been proposed, but it has been shown that no one law
adequately describes a broad spectrum of behavior. 1In
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Table 1II.2.1

Inertial Spreading
a) Spreading law: .
¢ = 1.14 (gav) /412
b) Area:
A{sq NM) = 2.91 x 10”4 (hours) v/ 2 (gallons)

c) Regime ends when
v1/2
1/4

fvt]

= 1.14(gav) /422

Viscous Spreading
a) Spreading law:

1/6
2.3/2
g = 1.45[933155-—]

v
b) Area:
A(sg NM) = 2.5 x 10-5V2/3(gallons)tl/z(hours)
¢) Regime ends when
1/2 2.3/72)%/¢
\'i = 1.45 vgvV™t
o i" A\ 2
7
Surface Tension Spreading
a) Spreading law:
02t3 1/4
L= 2.300—
pv
b) Area:
a(sg N) = 8.7 x 1077¢3/2 (hours)

c¢) Final area:

A(sq NM) = 5.8 x 10" 4v3/4 (gallons)



where:

5 Q M < a & B> a

L}

Table II1.2.1 (continued)

radius of circular pool of cil
acceleration of growth

pwater - p oil
r water

volume in gallons

time in hours

kinematic viscosity of oil
area

net surface tension at air-water-oil interface

density
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actual spill incidents, this is of little importance
pecause each large patch can be tracked individually.

Only for a predictive study such as ours is this a serious
shortcoming.

The suspension of oil droplets in the water column is
related to the turbulence observed in the surface layer.
The nature of the dependence of the suspending phenomencn
on the turbulence is only qualitatively understood. More-
over, the dependence of the turbulence upon the surface
waves and wind is unknown. We do know that the energy
that the wind imparts to the surface waves is much greater
+han that which it imparts to the turbulence near the
surface. The turbulence is given access to the waves'
energy when waves break, so in winds great enough to cause
whitecaps the surface turbulence increases substantially.
The depth to which this strong wave-induced turbulence
penetrates varies. Phillips (1966), warning that the
available data is fragmentary, states that the depth is
proportional to the wavelength and cites some published
‘results which indicate that 10 to 30 meters might be a
representative range for the depth of penetration of the
strong wave-generated surface turbulence.

0il particles will respond to this turbulence as a
function of their size, because the rise velocity of a
small droplet will be much less than the rise velocity of
a large droplet. ptilizing Stokes' formula for the drag
on a sphere at low Reynolds numbers it can be shown that
the requisite power actually goes as the diameter to the
fifth power. Thus, the maintenance of a droplet one- —tenth
the size of another at some specified depth will require
one-one hundred thousandth the power. This implies that
we can expect small droplets fairly deep, while large
droplets should remain near the surface.

Forrester (1971) studied the distribution of oil
particles following the "Arrow" grounding in Chedabucto
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Bay, Nova Scotia, on February 4, 1970. The technigue used
was to make tows with a Clarke-Bumpus plankton sampler.
This net-1ike device could catch particles down to about
.1 mm (1 xlO"4 meters) in diameter. Additionally, 32 one-
liter samples of water were obtained using Knudsen bottles.
This latter sampling technique yielded data on particles
down to 5p (5 x lD_6 meters) diameter. The pertinent
‘conclusions are contained in Table III of the Forrester's re-—
port. In it, Forrester presents the equivalent concentrations
obtained by comparing the mass of oil in a given volume
to the mass of water. The extremes of the data indicate
that concentrations of 10 to 20 ppb can obtain to depths
of 10 m; 3 to 0.5 ppb to depths of 30 m; and, in the deep-
est samples taken, .2 ppb at 70 to 80 m.

Summarizing, formulas have been presented which
describe the spread of oil on the surface of the water.
The initial rate of spread is dependent upon the ¥olume
spilled and is characterized by two distinguishable spread-
ing regimes. A third spreading regime is encountered once
the thickness of the spill decreases to a point where the
outward pull of surface tension exceeds the buoyancy effects.
The spill finally ceases spreading and a predictive equa-
tion has been presented to describe this. Additionally,
the tendency of the spill to break into patches and the
turbulent mixing of 0il into the water column have been

discussed. In both cases, predictive models do not appear

+o be available.
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I11.2.3 Trajectory of spill
Wind blowing over the water's surface imparts momentum

to the water and causes complex motions throughout the
water column. In the very top layer of the water column
this motion, when compared to the motion of the rest of
the water, will be in the direction of the surface wind,
and it will remain so as long as the wind continues to blow
(as long as the constant shear layer is maintained). Should
the wind die, then Ekman's formula leads us to expect that
the water at the surface will be entrained by the under-
lying water and it will undergo complex cyclic motions at
the inertial frequency, which at the latitude of the Gulf
of Maine is about 1 cycle per 18 hours. The details of
this no~wind motion are complex and of little interest to
us, because the net transport is small. The motion while
the wind blows is of importance, however, because substan-
tial transport of the surface layer of water can occur.

In order td specify the magnitude of the velocity
of the surface layer, it would seem to be necessary to
relate wind speed and wave conditions to the amount of
momentum imparted to the water. Achieving this in a
detailed way is not yet possible. 1In fact, the very mech-
anism by which the momentum is transferred through the
water is not fully understood. It is possible, however,
to make a reasonably accurate estimate of the net effect
of all these phenomena by assuming that the air and the
sea behave similarly, and that the ratio of the square
root of the densities of air and water will be the scaling
factor determining the velocity of the water at the
surface with respect to the velocity of the wind measured
away from the immediate effects of the water (say 10 m high}.
Based on this, the velocity of the surface layer (SL) will
be about 3/100 of the velocity of the wind (SW).

e

U, = (.03.)'1‘35W

SL
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This analysis so far has not considered the behavior
of the surface water when oil is present. Oil has a calming
effect on waves, and it might be expected that some reduc-
_tion in the transport would occur due to the smobthing of
the surface. This is not the case, however, because waves
generally are created by the wind and move with the wind.
The action of damping waves actually imparts additional
momentum to the oil. It is found that the oil should
actually drift a bit faster than expected {Phillips, 1966,
pp. 39-42}.

I+ must be remembered that the surface drift due to
the wind has been taken with respect to the bulk of the
fluid lying under the surface layer. If this fluid is
moving under the action of a current, the net motion will
be the vectorial sum of the two velocities. Putting all
this together, we arrive at the following formula, which

applies to the center of mass of the oil slick:

- - 0 -
Uoil - Ucurrent + (. 3}USW

This formula has proven to be consistent with laboratory and

field observations (Hoult, 1972).
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I1.2.4 Current data
In addition to wind-driven surface movement, we must

consider water motion due to semidiurnal tidal excursions
and much longer-run, steady state currents due to macro-
scopic variations in the density of the water, the so-
called geostrophic currents.

Chapter II.1 identified two regions as being the most
important from the standpoint of spill hazard: the coastal
terminal areas and the hypothetical drilling sites on the
Georges Bank. PFor the nearshore terminal areas, the tidal

currents will assume primary importance. Peak tidal wvelo-
city will range from about a knot to five or six knots,
depending on location, while geostrophic currents rarely
appreach .5 knots in magnitude and are generally consider-
ably less.

In a harbor or a bay, a 5 t¢ 10 mile tidal excursion
is sufficient to wash a slick from shore to shore. On
the Georges Bank, however, the distances to shore vary from
60 to 200 nautical miles. Thus, the tidal excursions,
which are elliptical paths of roughly 5 miles in radius,
assume a secondary importance to the net drift caused by
the wind and the geostrophic current.

Ags part of the study effort, a thorough search was
made of federal and private data sources relating to the
tidal and geostrophic currents in the region of interest.
In general, the results were somewhat disappointing.

i) Tidal currents: tidal current charts are
available for Boston Harbor, Nantucket Sound,
Buzzards Bay, Narragansett Sound, Block Island
sound and Long Island Sound. Tidal currents are
also indicated for the Bay of Fundy on Chart
H.O0. 609, U.S. Naval Oceanographic Office.

This coverage gives us information on about
one-half of the inshore region. Alsoc, the
Maine-New Hampshire coast is not covered at
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all. This is a serious flaw because the near-
shore problem for Maine is of great importance
due to the interest in establishing oil handling
terminals in Maine.

Coast and Geoditic Chart 1107 indicates
tide roses for several locations on the Bank
itgelf. Otherwise, we have no information on

the tidal currents offshore.

Geostrophic currents: there are three sources
of data relating to geostrophic currents -
records of ship logs compiled into pilot charts,
drift bottle recoveries, and calculations based
on water densities.

Pilot charts: pilot charts are available
for the North Atlantic. These charts include
estimates of currents in the offshore New
England region. The current data is obtained
from ships logs by comparing a ship's actual
travel to that which one would predict from
its course and speed. We obtained the source
data from NOAA and it is our estimation that
this analysis is highly speculative. Basically,
one is looking for a rather small effect {cur-
rents of .3 knot or less) in the face of con-
siderably larger tidal currents. Rather small
navigational errors or wind effects could
completely obscure the geostrophic current.

The number of samples available for a given
season and grid location is far from impressive,
of the order of 10. Finally, the individual
samples demonstrate considerable variability,

as might be expected. However, the total num-

ber of samples taken in aggregate is approxi-

‘mately 6,000 and in aggregate, these samples

do show a pattern indicating a SW drift on the
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southern portion of the Bank. The pilot chart
estimates this drift at .4-.5 knots. This
estimate is obviously subject to considerable
error. We do not believe anything useful can
be said about the currents in the northern
part of the Gulf of Maine from the ship log
information due to the sparsity and variability
of the data. PFigure II.2.3 presents examples
of the New England portion of these pilot
charts for the four months, January, May,
August and November. ’

Drift bottle information: considerable
drift bottle data has been accumulated on
the Gulf of Maine region. A drift bottle
is basically a soda pop bottle, weighted to
be nearly neutrally buoyant, containing a
message offering the finder a nominal reward
for mailing an enclosed postcard. Various
configurations have been released since they
were first implemented in 1922. The problem
with accepting the data from these bottles
at face value are the following:

a) A certain percentage of bottles may wash

ashore and break.

b) Some bottles may wash ashore and then bhe
refloated on the next tide to be washed
ashore again (or not at all) farther down-

stream.
c)} The time of finding and even the probability
of finding will depend on how populated the

beaches are.

d) Some finders might simply save the bottles
as quaint mementoes, while others might

destroy them as a lark.
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e) Each individual bottle gives almost no clue
as to the route it took in going from the

launch point to the recovery point.

f) Drift bottle movements are affected by
wind-driven surface layer and thus yield
only an indirect clue as to the underlying

geostrophic current.

Counterbalancing these objections are the
very number of bottles released (19,997 from the
Georges Bank region alone since 1922), and the
diligent reconstruction effort made by the
various investigators. The culmination of much
of this work is the atlas authored by Bumpus
and Lauzier (1967) entitled: Surface Circula-
tion in the Continental Shelf of Eastern North
America Between Newfoundland and Florida.
Unfortunately, this work did not include prob-
abilities of recovery and the various surface

currents shown can be thought of as just one
possible path out of many possible paths.
Bumpus will shortly publish a new report deal-
ing with overall probabilities of recovery,
but still the problem of determining trajec-
tory probability will persist.

Based partially on the drift bottle data
and partially on oceanographic intuition, a
rather widely accepted theory on the circula-
tion of the Gulf of Maine has developed. This
theory postulates a counterclockwise gyre in
the northern portion of the Gulf which develops
in early spring and breaks down in the fall.
This circulation is accompanied by a smaller
clockwise gyre on the Bank itself.

This circulation is generally consistent with

the fragmentary evidence we have. There is



solid evidence for a generally southwesterly
littoral drift along the northern New England
and Nova Scotia coast, and both the ship log
and drift bottle data indicate a SW drift on
the southern side of the Georges Bank. However,
the quantitative magnitudes of these drifts

and the actual structure of the offshore circu~
lation is far from clear from the available
data, due principally to the facts that know-
ledge of the release point and recovery loca-
tion of a drift bottle does not establish its
trajectory, and that we are dealing with a
highly seasonal process on the pasis of less
than 2% overall recovery. We shall see that
the fine structure of the circulation south

of the tip of Nova Scotia is particularly
critical to the problem at hand. The plain
truth is that at this level, we know almost
nothing about the actual current structure.

In the face of this uncertainty, we have chosen
to perform our analyses over a range of pos-

sible geostrophic current patterns:

a) in order to determine what portion of
the current structure is critical to our

results and

b) in order to determine if we could rule out
certain current patterns as inconsistent

with the data.

iii) Another possibility that has been investigated
for determining currents in the Gulf of Maine
was through consideration of the distribution
of mass in the waters of the Gulf of Maine -
the driving mechanism for geostrophic currents.

1f one part of the Gulf contained water that
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was heavier (denser) than another, then. currents
would have to exist to support this imbalance.
This technique is speculative as it only gives
currents relative to some baseline, but it seemed
promising. Bigelow (1928) did considerable work
in this regard and showed some interesting
dynamic height contours which are consistent
with a rather uniform southwesterly flow through-
out the Gulf. A review of the literature was
made in hopes of finding a more recent valida-
tion of his findings. The most recent compila-
tion of the hydrography of the Gulf is given

by Colton (1968), and he did not attempt to
reduce the temperature-salinity data to sea-
water density. Nevertheless, a comparison of
data taken one year apart shows considerable
variation in the isotherms and isohalines which
leads us to suspect that a good deal of data,
spread out over many years, will be required

to establish a reliable statistical base.
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11.2.5 Wind data

The available data on winds is considerably more
complete, and the real gquestion here is to determine what
statistics we ought to use in modeling the wind. It has
been traditional to consider only the mean wind properties
in air quality studies. This has led to much emphasis on
the wind rose as the principal statistic. The wind rose
gives us the probability that at any arbitrarily selected
time the wind will be blowing from a particular direction
at a mean speed (or perhaps in one of several speed ranges) .
If the phenomenonwe are interested in is short-lived, say
on the order of minutes or hours, this may be acceptable
(for example, the fall-out of soot from a chimney in the
region immediately adjacent to the chimney). However, if
the phehomenon lasts for several hours of more, then the
changes in the wind should become important. TIf we looked
at a large number of tests, we would expect the majority of
samples to congregate around some mean drift, with some
percentage wandering off away from the mean. This behavior,
and particularly the deviation from the mean, is not
simulated by wind rose statistics. |

We have chosen, rather, to model the wind as a random
process. The wind records from Nantucket Island Airport
and Portland (Maine) Airport were obtained for four-year
periods in the-late sixties from the National Climatic
Center in Asheville, North Carolina. These records were
broken out into the traditional eight directions (N, NE,
E, SE, S, SW, W, NW) as well as calm, and the persistence
of the wind in each direction was determined. This data
i's. summarized in Table II.2.2. The average persistence
is on the order of 3 to 6 hours. This implies that the
wind rose approach to drift predictions is highly inaccurate

for phenomena lasting over 5 or 6 hours.
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Table II.2.2
Average Persistence of Wind
Nantucket Island Airport &
Portland, Maine Airport

wWind Nantucket Portland
Direction (Hours) {Hours)

N 6.2 3.9

NE 5.2 2.8

E 4,7 3.3

SE 4.6 2.1

3] 5.5 4.8

SW 6.1 2.8

W 4.8 4.2

NW 4.3 3.2

CALM 1.7 2.9

(Seasonally averaged)

The technique we developed to handle this problem was
to model the wind as a first-order Markov process. In this
model we presume that the probability that the wind will
change from one state to another is dependent only upon
the characteristic of the wind at the moment of transition.
In our present terminology the word state refers to some
unique direction and speed range. Thus our Markov model
would allow us to determine some measure of the probability
that the wind will change from north at 10 knots {for
example) to northwest at 17 knots. Various investigators
have had considerable success in using these techniques
when applied to other physical phenomena, and with the
proper selection of "states" we can expect to develcp a

reasonable model for the wind.
We looked at several different possible state cate-

gorizations and rapidly came to the conclusion that we had
best keep the number of states down to a manageable number
even at the expense of compromising the assumed Markov
property, simply because the amount of raw data required
to generate the probabilities grows at least as fast as
the number of states squared. Furthermore, it gets'pro-
greasively more difficult to develop any kind of mental
grasp of the process as the number of states increases.
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The final selection we made was a simple nine-state system
comprising N, NE, E, SE, S, 8W, W, NW, and calm. The
probabilities are contained in a nine by nine matrix, a
sample of which is shown in Table IT.2.3. The matrix is
used as follows. One enters the matrix in the row cor-
responding to the wind direction at present. The numbers
in the column elements of that row give the probability
that the wind will be from the column's direction after

3 hours. The speed presumed for the wind is the average
for that direction.

It turns out that this simulation of the wind has
some inherent inaccuracies, the key one being that it
doesn't account for the variability of the wind speed in
a given direction range. However, the model was found to
cause errors of only 10 to 20 percent, so it was retained.
Future simulations should be modified to negate this prob-
lem. A thorough analysis is contained in Stewart {1973).

The two regions which we have investigated in detail
are the Maine coast and Georges Bank. The winds along the
Maine coast were presumed to be properly represented by
those measured at the Portland, Maine Airport. The Georges
Bank winds were assumed to be like those measured at
Nantucket Island Airport. The first assumption seems
reasonably well justified although the extreme northern
edge of the Maine coast is about 150 nautical miles from
portland and we might expect some variation in the wind's
pehavior over this distance. The second assumption needs
more support and fortunately this is available,at least
from a wind rose standpoint. The Air Force operated two
Texas Towers in the late fifties, one on Georges Bank and
the other on Nantucket Sheoals. The mean statistics (wind
rose data) for the two are quite similar, the major aif-
ference being that the southwesterly appears to set in
and displace the westerly at Nantucket about one month
earlier than on Georges Bank. The average speeds are almost

identical. Finally, the averages from Nantucket Shoals
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Portland Airport:

NE

SE

SW

=

Wind
Direction

CALM
N
NE
E
SE
s
W
)
NW

CALM

0.384
0.059
0.031
0.066
0.062
0.0B4
0.099
0.104
0.073

N
0.149
0.464
0.340
0.056
0.049
0.021
0.029
0.060
0.236

Percent
Observed

11.092
16,312
6.662
6.765
5.563
14.835
10.783
17.239
10.748

Table II1.2.3

Autumn

NE
0.034
0.138
0.340
0.112
0.025
0.007
0.019
0.012
0.035

0.040
0.053
0.170
0.391
0.167
0.009
0.003
0.012
0.035

3 Hourly

SE
0.037
0¢.025
0.062
0.157
0.315
0.067
0.019
0.012
0.010

Mean Wind Speed

0,000
6.661
6.588
6.670
7.093
7.725
6.369
7.092
6,629

0.065
0.006
0.005
0.168
0.265
0.550
0.178
0.044
0.051

Transition Matrix

SW
0.065
0.019
0.010
0.010
0.062
0.190
0.363
0.129
0.026

RMS

0.
3.
2,
2.
3.
3.
3.
3.
3.

000
322
949
739
812
301
103
786
782

w
0.142
0.059
0.031
0.020
0.025
0.058
0.261
0.504
0.169

S
0.000

+0.994

+0.920
+0.979
+1.025
+0.535
+0.998
+1.132
+0.906

Nw
0.084
0.176
0.010
0.020
0.031
0.014
0.029
0.124
0.364

0.0C0
0.909
0.842
1.485
0.459
0.130
0.983
1.400
0.148



73

are very much like those collected at Nantucket Island.

This completes the chain. Of course this doesn't really

prove that their transition properties will be similar but

it seems likely.
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I1.2.6 Simulation technique

In view of the foregoing discussion of the variability
of the wind, and its importance in determining spill tra-
jectories, we sought an analytic technique that would allow
us to accomodate probabilistic behavior. The simplest and

most straightforward appeared to be the use of Monte Carlo
simulation. This simulation was based on the simple tra-
jectory equation given earlier, with the current being
treated as a non-random quantity which could be assigned
direction and speed values as a function of location. The
wind was modeled as the nine-state Markov process just
discussed. The wind changed with the seasons, but the
current remained fixed.

The broad outline of the computer program used to
execute this technique is quite simple. A sample spill is
released at a specified point. The initial wind direction
is determined from steady state statistics. The spill's
velocity is then computed and its progress is traced.
Every simulated three hours the Markov matrix is entered
and a new wind value is randomly selected according to the
probabilities given by the matrix. The program also
updates the current velocity and even the season as required
as the spill moves from one location to the next, or from
one season to the next. As the spill progresses on its
trajectory, the computer keeps testing to see if the spill
has either impacted land or washed out of the region of
interest. Each sample spill is allowed to go for 150
simulated days before it is cast off and a new sample
spill released. The process 1is repeated 200 times, that
is, 200 sample realizations are made, for each season and
launch point. The accuracy we can expect from such a
process {(if there were no inaccuracies in the input data)
is on the order of plus or minus a few percent (1 to 6%
depending on certain features of the problem) to a high
degree of confidence. This could be reduced by running
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more than 200 sample realizations {(say 1,000), but it was
felt that other errors, particularly in the current specifi-
cation, were so much greater that nothing significant was
to be gained from the additional computational travail.

For situations where the spill was at sea for a long
time (say over 20 days) before impacting land, no account-
ing was made of its spreading behavior. This was done
because we believe that after this amount of time the spill
will no longer be identifiable as a reasonably contiguoug
slick, but rather it will appear as a region of tar balls
and other o0il remnants. Turbulent diffusion will tend to
have spread the slick out beyond its contiguous area and
meaningful predictions of the impact area can only be made
with respect to long areas of shoreline, say 20 to 40 miles.

For shorter times, the spreading could be significant,
and the treatment of the spill as a contiguous slick is
fairly well justified. Therefore, for short times the
radius of the slick was computed and the points of impact

of the slick were determined using this radius.
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11.2.7 Georges Bank spill

Chapter II.1 highlighted the hazard of spillage posed
by an offshore oil development on Georges Bank. Several
characteristics of a Georges Bank spill are of interest to
us, including the length of time on the Bank, the probability

of reaching shore as a function of location and the time to

reach shore. In this section, we will concentrate on the
probability of a Georges Bank spill reaching shore. Chap-
ters II.5 and I.6 will use the results of the same analysis
to address the problems posed by the spill while it is on
the Bank.

Four hypothetical launch points were analyzed, each
lying near the center of one of the four quadrants. They
are shown in Figure II.2.4. For each of the 200 simulated
spills emanating from each launch peint in each season,
the computer program computes time on the Bank; whether
the spill hits land in any one of the following four

regions:

1) South Coast: New England south of Provincetown,

including Nantucket and Martha's Vineyard:

2} North Coast: New England coast north of the
Cape and Cape Cod Bay;

3) 'Bay of Fundy: Bay of Fundy and western shore of
Nova Scotia to Cape Sable;

4) Out of Region: Any other land;

and the time to hit shore.
We shall want to compare the results of these computa-

tions with the drift bottle data, which is summarized in
Tables IT.2.4 a, b, ¢, and d for each of the four launch
areas and four recovery areas. Notice that the drift
bottle results show a strong seasonal variation and also
indicate that the Cape and South Coast region is the most
likely area to recover a drift bottle released on Georges

Bank. This strong seasonal behavior first pointed out the



a) Winter

Spring

Table II.2.4

% Recovered

Median Time to Shore
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N NE SE W
| South 3% Ky 0% 0x
Coast 150 d 120 d - - ,
Mass-Maine .17 ox 0% 1) 4
Coast
120 d - - -
Bay of 1% 1) 4 0z 14
Fundy
150 d - - -
Out of .32 .91 0z 12
Reglon  |———— —_—
>180 d >180 d - >180 d
Launch NW NE SE SW
Quadrant
Recover
South
Coast 120 d 120 d 90 d 90 d
Mass-Maind .2% 0z 0z 0z
Coast 120 d z z 30 d
Bay of R 1 .ez .17 .2%
Fundy 120 4 120 4 150 a 50 d
out of 1.0% 2.1% 2.9% 2.2%
Reglon 180 4 >180 d >180 d 150 d




¢) Summer

d)Spring
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Table II.2.4 {(continued)

% Recovered

Median Time to Shore

Launch
Recovery
‘M_E R _
outh 1X 1.6% 1.0% 5.7%
Coast 50 d %0 d %0 a 30 d
Mass-Maine | 0ZX (174 1) 4 .1X
Coast — — - —_—
>180 d
Bay of 12 .52 02 .22
Fundy 0T 150 4 - 04
Out of % 1.32 1.8 3.9%
Reglon | T304 90 d 120 4 50 4
Launch
Quadrant
Recovery NW NE SE SW
_-Beginnmth i 4 (17 4 (1) 4 b 4
Coast 90 4 >180 4 z 60 4
Mags-Majne{ OX ox F4y 4 oz
Coast - - - =
Bay of 0% 0% o 12
Fundy 120 4 - = 90 4
Out of 12 .12 0% -
Region ————
>180 d >180 d - -
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shortcoming of the wind rose statistics, because the wind
rose changed much less dramatically with the season. One
problem in interpreting this data is that the bottles were
not released uniformly over the quadrants but rather tended
to group along the more common track lines of oceanographic
vessels doing station work. This caused, for example, a
fair number of the bottles released from the SW quadrant

to be released from the common northerly track at 69°W
longitude (Great South Channel). This may account for some
of the high percentages observed from the SW quadrant.

For the purposes of the computer program, the broad
outline of the New England region was approximated with
square blocks 15 miles on a side. The total region covered
was a sguare with 360 nautical miles on a side. Figure
IT.2.4 shows the basic grid work. The wind was presumed
to be like that on Nantucket Island over the whole region.
Any spill crossing into the cross—hatched regions was
counted as having hit shore. A separate tally was main-
tained for each region of interest.

A total of four different geostrophic current patterns

were investigated:

a) No Current: the no current case was tried for
two possible values of the wind drift coefficient,
1.5% and 3%. The fall and winter returns to
shore were unaffected as they both were zero
for all launch points. The spring and summer
returns were out of line with our drift bottle
data, with the 3% wind drift giving‘us the worst
fit. The principal problem was far too many
returns to the Bay of Fundy and no returns to
the Cape Cod region. The 3% wind drift gave an
overall return ratio for the Bay of Fundy of
15% for all of Georges Bank, while the 1.5%
wind drift figure gave a 6% return ratio. It
was felt the discrepancy was due to a very poor
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current assumption and that the results had
little bearing on the selection of the wind
drift coefficient. This pattern was tested
primarily to give us a baseline for comparing

subsequent current patterns.

Current Pattern No. 1 (see Figure I1I.2.5): this
pattern retained a large region centered over
the northern edge of Georges Bank in which there
was no current, but added southwesterly current
along the Massachusetts-Maine ccast; a southerly
current down South Channel; a southwesterly
current just outside of Georges Bank; a north-
easterly current well offshore, and a strong
current around the tip of Nova Scotia and up
into the Bay of Fundy. This is an approximation
of the generally accepted circulation. However,
it also resulted in far more returns to the Bay
of Fundy than have ever been observed. In addi-
tion, it appeared that a few percent of the
trajectories heading toward the Bay of Fundy
were now entrained by the southwesterly current
on the north side of Georges Bank and they even-
tually impacted the Massachusetts-Maine shore

or Cape Cod.

Current Pattern No. 2 (see Figure II.2.6): this
pattern was very similar to No. 1 with the
exception that the bottles going to the Bay of
Fundy were now forced to traverse 20 to 40 miles
of opposing southwesterly current just to the
north of Georges Bank. Additionally, the south-
westerly current off the Connecticut-~Rhode
Island shore was replaced by a westerly current.
A remarkable thing happened: no bottles got to
the Bay of Fundy. In fact, returns to shore
were nil for all seasons, and the computer
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d)

indicated that in the summer launq‘ing a sub-
stantial fraction had been left in transit after
150 days at sea without ever going out of the
region or washing ashore. This implied that a
fair number were trapped in the northern portion

of the presumed no-current area.

Current Pattern No. 3 (see Figure II.2.7): this
current pattern deviated from No. 2 in that the
large no-current region was assigned a gentle
southwesterly flow at .1 knots; the southerly
flow through South Channel was slowed to .1
knot. These results showed the gqualitative
behavior of the drift bottles by season, and
the magnitudes even roughly agree with the drift
bottle results. A detailed summary of these
results is contained in Figures II.2.8 through
I1.2.11.
Some of the pertinent characteristics for
this pattern are as follows:
1) minimum time to shore = 31 days (The
limited sample size reduces our confidence
that this is a true minimum. A more accu-
rate statement is that this was the minimum
value observed in the 10 to 15 realizations
that hit shore.)
2) average time to shore = 6B days

3) average time on Georges Bank = 36 days

The above data is averaged over all of Georges
Bank for spring and summer (there were virtually
no returns for fall and winter). More detailed
information is available through the computer

printout, if desired.
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Current Pattern No. 3, then, has some rather attrac-

tive properties. It is in general agreement with the com-

monly held views of the circulation in the Gulf of Maine

and it is quite consistent with the drift bottle
The problem with accepting these results at face
that we are almost certain that Pattern No. 3 is

unigue solution to the current pattern problem.

we cannot justify the selection of Pattern No. 3

results.
value 1s
not a

Further,

over No. 2

or any other generally similar pattern based on any data

independent of the drift bottle returns.

Despite this uncertainty, there are certain statements

that can be made:

1) The probability of a Georges Bank spill coming

ashore in New England is highly variable,

varying

from nil in the winter to as high as 5% in the

summer. The northwesterly component of the

winter winds makes it extremely difficult for

any cold season Georges Bank spill to reach

shore under a wide range of possible current

patterns.

2) Any spill reaching shore will take at least 30
days to reach shore and will probably require

60 days.

3) Under current assumptions consistent with the
drift bottle data, almost all the spills which
come ashore in New England will do so on the

western and southern shore of Cape Cod.

4) The key impact of our uncertainty regarding

current pattern is on the Bay of Fundy area.
Rather minor changes in the current pattern can
increase the number of spills reaching the Bay

of Fundy during spring and summer from 0% to

10%. Under those current and season assumptions
which yield the high rate of return to the Bay of
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Fundy, 1-2% of the spills will reach the northern

New England coast.

It is important that some long-term statistics be
acquired for the spring and summer currents on Georges Bank
and in the region lying just north and west of Georges
Bank. AS we saw in the discussion of Current Pattern No.
3, the inclusion of just a very gentle southwesterly current
made a substantial difference in the outcome with respect
to Cape Cod. Similarly, if the possibility of polluting
Canadian waters is important, then some current surveys
must be made to determine if the currents in the Gulf of
Maine are ever very close to zero knots, or worse yet, in
a northerly direction. This could be a very substantial
issue, because the percent returns to the Bay of Fundy
become quite large in these two cases in the spring and
summer seasons.

We emphasize that long-term data may be required
because the currents in the Gulf of Maine will be déter-
mined by such things as the spring runoff into the Gulf
of St. Lawrence, as well as the runcff into the waters of
the Gulf of Maine. Meanders of the Gulf Stream could become
very important, and even long-term climatogical trends may
be significant.

There is some reason to be fairly optimistic about
this situation, because Mr. Bumpus and Mr. Foster stiffler
of WHOI have developed a free-drifting, telemetering buocy
suitable for long-term current measurements. They hope
to start actual field measurements this next summer.
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IT1.2.8 Nearshore spill, Maine coast
As we mentioned in an earlier’section, the nearshore

spill is in a region in which the tidal current plays an
important role. In fact, in harbors or bays having high
peak tidal currents, the major pbrtion of the transport
process will be by tidal current alone. This presents
serious problems from an analytical standpoint because

the variations in tidal current velocity from one point

to the next could cause distortion and even separation of
the slick surface. For example, consider a slick several
niles across being washed directly onto an island within

a bay. The current will flow around the island, dividing
the slick into two parts (as well as coating the island's
beaches). As this process is repeated over and over we

end up with more and more individual patches. &as the
number of patches increases the number of beachings increases
and soon the whole problem blows up, in part because of

the difficulty in accounting for the oil stranded in beach-
ing or refloated in a rising tide. The prevailing winds
will have some influence in the trajectory, but since only
three percent of the wind's velocity applies to the slick's
motion, it takes some very strong (and very unlikely) winds
to even approach the effect of a one or two knot tidal
current.

Superceding the above arguments is the fact that we
just don't know the tidal currents for any of the bays or
harbors in Maine (with the exception of a few tidal velo-
cities reported for isolated passes or peints). Thus,
analysis within a Maine Coast harbor or bay is completely
infeasible.

Qualitatively, we can extrapolate from the "Tamano"
spill in Casco Bay and say that any spill whose final area
is at least one-tenth and perhaps one-hundredth the area
of the bay in which the spill occurs is going to pose a
very real threat to all the beaches on the bay. Any
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proposal to locate a terminal facility must simply accept
this as a fact of life and make preparations accordingly.

A problem that does yield to analysis is just how
local is the hazard posed by a specific terminal location.
That is, is a terminal in Machias Bay a problem that only
affects the people of northern Maine, or can Portland
waters also be affected by a Machias spill? The problem
fits into our methodology because we can construct the
boundaries in such a way that the areas of strong tidal
current are excluded from the problem. We will simply
assume that once a spill gets into waters with strong
tidal currents then the spill is washed about sufficiently
to coat the beaches in that immediate area. -

Figure IT.2.12 shows one possible geometry that allows
the use of this sort of assumption. As we shall later be
interested in determining whether locating the facility
further offshore is of benefit from a spill hazard stand-
point, four possible launch points were considered. They
lie 1, 2, 4, and 8 nautical miles off the idealized shore-
line. The average current off the Maine coast is not
known, but it seems probable that it will lie between zero
knots and perhaps 0.3 knots, SW. We explored a variety of
current patterns within this range to determine the varia-
tion in transport behavior caused by the current.

The whole point in formulating our problem in terms
of the idealized shoreline was to allow us to neglect the
specifics of the oil's behavior. Unfortunately, we must
now cope with these specifics, at least in some generalized
sense, because the amount of o0il retained by the coastal
regions within our idealized shoreline will determine the
amount of oil left for further transport down the coast.
We can postulate two extremes of behavior. O©On the one
hand, the transport distance will be minimized if all the
o0il that crosses into the tidal region is absorbed on the
beaches of that region. This presumption neglects secon~
dary relaunchings of the spill and further presumes that
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all the oil will hit a beach or other absorbing obstacle,
rather than just wash in with the tide and then wash back
out. This behavior might be considered "best"” case,
because it will tend to cause the spill to be limited to a
much more localized region.*

A "worst" case behavior can be constructed by pre-
suming that none of the spill is absorbed upon crossing
into the tidal region, but rather, it is just stored in
that position until the winds and current are favorable for
another trip up or down the coast or out to sea. This
worst-case behavior can be considered to mimic at least the
transport of the remnants of a spill long after it has
ceased to be a large contiguous mass. An actual spill
would tend to fall in between the two extremes, possibly
lying closer to the latter than to the former.

This analysis was carried out for a one million gal-
lon spill from each of the four launch points, for cach
season. Figures II.2.13 through IT.2.15 summarize the
results for the launch point one mile offshore. Figure
IT.2.13 shows the seasonal probabilities that a 1.8
nautical mile length of shore will be touched at least
once given a spill occurred one mile off the idealized
coastline at Machias Bay, presuming that the coast is non-
absorbing. This represents the "worst" case result, or
alternatively, the extent to which remnants might travel
down the coast. No current and a very slight SW current
were found to cause the widest variation in behavior. The
0.3 knot SW current was less influential in generating
undesirable results because its offshore component was
strong enough to cause the spills to be washed out to sea,
except for a very particular wind pattern.

It is speculative, of course, to presume that the
current is slightly offshore rather than parallel to it,

*Biologically, this might be a "worst" case, so
remember that "best” here refers only to the localization
of the spill.
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but one of the main driVing forces would seem to come from
the surface runoff of fresh water from the various rivers
emptying into the Gulf of Maine, and this should cause a
net outward motion. This observation is reinforced by sea
bed drifter experiments (Graham, 1970) in which it was
shown that the bottom waters of the Gulf of Maine lying
near the Maine coast are drawn up into major estuaries

to replace water that was apparently entrained by the over-
lying fresh water and then carried out to sea. The along-
shore component of the sea bed drifters*' trajectory was
usually in a northeast to southwest direction, substan-
tiating our basic presumption. _

Figure II.2.14 shows the results from the "best" case
(absorbing) analysis. Again, the parameters displayed are
the chance that a 1.8 mile length of idealized shoreline
will be touched at least once versus location along the
coast. Figure II.2.15 displays the average volume of oil
that would be absorbed by the absorbing shoreline along a
1.8 mile length, as a function of its position.

The main conclusions to be drawn from these graphs are
that once again the current behavior is crucial in speci-~
fying the basic drift of the spill; once again, the phe-
nomenon is highly seasonal; and finally, while the proba-
bility of finding remnants of an oil spill is .2 or more
all the way from Penobscot Bay to the Canadian border
during summer, the average volume per spill deposited on
an absorbing shoreline in a spill incident is highly local-
ized about the launch point.

The average volume figure is somewhat misleading as it
includes both spills that come ashore and those that don't.
It is the average amount of ©cil we would expect to collect
every 1 million gallon spill incident after observing many
incidents along a 1.8 mile length of shore. Another figure
of interest, therefore, is the amount of ¢il deposited on
a 1.8 mile length of shore counting only those spills that
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go ashore. This data is presented in Figure II.2.16.
The curves tailing to the left or right of the launch
point should be regarded as being highly uncertain due to
the small number of realizations available for the
mean value computation, and due to certain artifacts
caused by the deterministic transition step size presumed
in our model of the wind transport. The data is sufficiently
accurate, however, to make the generalization that near
the launch point, a 1.8 mile length of shoreline can expect
to receive approximately 3 X 105 gallons from a 1 million
gallon spill, given the spill goes ashore. As we get more
than seven or eight miles away from the launch point, this
value drops to less than 1 X 105 gallons per 1.8 miles of
shoreline, and is probably in the range of 3 x 10 gallons
to 5 x 104 gallons. It must be remembered also that we
have presumed that all the oil that crosses the idealized
shoreline is retained. In practice, this assumption is
probably much too optimistic. It seems certain that if the
0il is not removed through some cleanup activity, then a
substantial fraction will be left for further transport up
or down the coast. This implies that our estimates are
merely lbwer bounds. No technigue for estimating an upper
bound (short of the total volume spilled) seems feasible.
Another topic of some interest is what are the trade-
offs involved with an offshore, single-point moor versus
an onshore, inner tidal terminal. Utilizing the four
launch points, the percentage of spills that washed ashore
was computed for each season. This computation was done
considering only the motion of the center of mass of the
spill. The criterion used was once the center of mass
passed within the idealized shoreline, then that spill was
counted as going ashore. The results of this analysis are
shown in Figure II.2.17. Note that if there is a .3 knot
southwesterly current,then locating the mooring point fur-
ther out greatly diminishes the probability that the center
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of mass of the spill will be blown ashore. If there is
no current, then the same statement generally hdlds,
except for summer, when just about everything spilled will
be blown ashore. These results are independent of volume,
as the trajectory of the center of mass of the spill was
used to determine impact.

We have so far considered only the Maine shoreline as
a possible point of impact. AlsO threatened are the nor-
thern Massachusetts shoreline and the Bay of Fundy. Fig-
ure I1I.2.18 presents the percentages for probable impact
for these two regions as a function of season. The non-<
absorbing shoreline model was used to insure a conserva-
tive "over"-estimate of this property. (Note: a'spill
was counted as a probable impact if it passed into the
Bay of Fundy or if it passed within 30 miles of Portland,

Maine.)
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II.2.9 Volume dependence
In addition to the one million gallon spill discussed

in previous sections, a ten million gallon spill was
investigated for the .1 knot SW current and the absorbing
shoreline presumption. The anticipated results were that
(a) the probability of a length of shore being touched at
least once would increase, particularly in the tail of
the distribution, and that (b) the amount of 0il absorbed
per length of shoreline would also increase. These proved
to be generally the case. Figure 1I.2.19 shows the proba-
bility that the shore will be touched at least once in
the life of a ten million gallon spill, presuming the shore
pehaves like an absorbing boundary. Note that the proba-
pilities near the peak are almost identical to those of
Figure II.2.14 B, but that in the portion of the tail imme-
diately to the left of the peak, the probabilities are
nearly twice as large, being on the order of 10% during
summer at approximately Mt. Desert Island, 3 or 4% for the
one million gallon spill at the same point. Far to the
left, the probabilities tend to lie together in the 1 to
2% range. _

The average amount of oil deposited on a 1.8 mile
length of shore per spill incident was determined and
it was found that except for a factor of ten, the curves
of Figure 1I1.2.15.6 depicted the behavior fairly well.
The significant difference lay in the amount of oil
deposited in the region far to the left of the launch
point. In this region, the amount of o0il deposited was
small in proportion to the amount launched, so the graphic
representation utilized in Figure II.2.15 would fail to
show the difference between zero and this amount. How-
ever, the amount was still substantial from a pollution
standpoint. Table II.2.5 summarizes this effect by
noting the distance south to the last point impacted by
a portion of the original spill and the amount deposited
for the one million and ten million gallon spills, for
each season. Since we are dealing in the tail of this
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distribution, the uncertainty in these numerical valu:ss
is large. However, the order of magnitude is probabl:
accurately determined. Note that the values still tend
to be different by approximately an order of magnitucde,
indicating that the spills don't rub down the shoreli:ns,
slowly losing material, but rather, they probably impzcot
it once or twice prior to their final collision, bounc:ing
well offshore in between impacts,and then drive themse.ves
completely into the tidal region.

It must be remembered that the assumption of the
absorbing shoreline is our "best" case.result, giving us
a lower bound on the region affected. In an actual spill
incident, we might say that the behavior of a large
patch of the original slick is given by this estimate.
However, remnants due to secondary launchings or excur-
sions into tidal regions that did not result in headings
would increase the volume flowing south and the probability

that a length of shore wculd be polluted.
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Chapter II.3
0il Spill Containment and Removal

II.3.1 Introduction
The two previous chapters have operated under the

conservative assumption that no attempt is made to contain
or clean up the spills described therein. This chapter
summarizes the physics of oil spill collection and removal,
develops a model for determining a preliminary model for
costing booms and collection devices, and simulates these

systems operating against a range of hypothetical spills
in order to generate some insight into the effectiveness of
these systems,

The analysis is complicated both by the large number
of variables which one can manipulate in designing a spill
collection and retrieval system. (including boom length,
strength and depth, collection device type and capacity.,
and time to deployment) and the large number of spills andwind
and current conditions one can design to. Thus, our dis-
cussion will necessarily be somewhat general in nature.

For the bulk of our quantitative analysis, we will rely
heavily on Hoult (1969).
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1I.3.2 Containment devices
The first step in the removal process is to stop the

spreading of oil by some containment device. There are
two main classes of containment device - physical barriers
and pneumatic barriers.

Let us first review the state of understanding of
these devices. For physical booms, we have a fair under-
standing of the oil holding capacity of a boom in a wind and
in a moderate current (less than 2 knots). The forces on
a boom in a steady current have been measured for both
empty and full conditions. A theory has been developed
that predicts both the shape that a boom assumes when
deployed in a steady current, and the volume of oil that
the deployed boom will hold. The amount of buoyancy and
weight required to maintain the boom in an upright position
in a steady current can be calculated. while much of the
data is not accurate enough to make detailed design calcu-
lations, we may say that enocugh is known about booms operat-
ing in moderate currents to estimate whether a given type
of device is likely to work in a given situation.

Stronger currents induce a phenomenon known as head
wave loss. This occurs when bubbles of oil are drawn down
into the water from the body of the slick at its upstream
edge in a region known as the head wave. These bubbles
are carried downstream by the current. As they move
horizontally, they also tend to move vertically towards
the surface due to their buoyancy. If the point where the
oil bubbles are drawn down into the water is too close to
the barrier, many of the bubbles will flow beneath the
barrier, resulting in high leakage. While this phenomenon
is still being investigated, we are fairly certain that 2
knots represents the highest velocity at which we can
expect a boom to operate without substantial head wave
loss. This phenomenon is of particular importance because

as oil is lost, the leading edge of the slick and
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subsequently the location of the head wave moves backwards
towards the boom, provided no new o0il is released into the
boom. This enhances the head wave leakage because the o0il
bubbles have less time to float up and rejoin the slick;
eventually, all the oil may be lost.

Large waves induce further limitations which make
analysis and prediction intractable. First, we find that
making the boom follow the sea while supporting a large
tensile load leads to a fairly large and heavy structure.
This imposes constraints on our delivery and deployment
systems. Additionally, we find that the orbital velocity
of the wave substantially increases the effective current,
and may induce substantial head wave loss at lower currents
than anticipated. While it is possible to design a boom
with very high seakeeping capabilities, it is doubtful
whether such a boom would ever be practical. Maximum sea
state ability of present booms is about 5 feet. It seems
unlikely that higher sea state booms will be developed.

For air barriers, the situation is similar. We have
an adequate theory of how an air barrier works in a wave
field, when the oil slick consists of passive blocks of
0il which have no tendency to spread. We know enough
about how oil is held in a current to estimate the holding
capacity of an air barrier in a current, or in a wind.
However, the holding capacity of an air barrier in a
combined wave and current field is not known. The main
practical difficulty with air barriers is the extremely
large amount of power they require to resist any sizable
current. In view of this difficulty, we will not consider
air barriers as a prospective system.

The first step in our analysis of conventional booms
will be the determination of the thickness of the oil pool
h(x) at a distance x away from the barrier in a waveless,
steady current under the 2 knot head wave loss limitation.
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Let T bé the turbulent stress acting on the 0il due
to the current, U be the velocity in the oil, x the dis-
tance from the leading edge of the oil slick (x increases
in the direction of U}, h the 0il thickness, A the differ-
ence in the specific gravities of o0il and water (typically
1/10), p the density of water, and g the acceleration due
to gravity. Hoult (1969) demonstrated that if y = 0 is the
mean water level, the oil, which is very nearly in hydro-

static equilibrium, rises Ah above y = 0, and extends to
y = -(1 - A)h below the water surface (just like an iceberg).
A balance of forces acting on the oil yields the following

eqguation (see Figure I1.3.1):

Ah

pUzdy + pgAh dh + 1 =0 {1)

dx
-{1-A}h

D-lﬂu
“

A

h
J pUdy = 0 (2)
(1-A)h

In equation (1), the first term is the rate of change of
momentum in the oil {(where we have approximated the oil
density by p), the second is the hydrostatic force in the
horizontal direction, and the third is the turbulent stress.

Now, previous results (Hoult, 1969) have shown that
when the wind piles down oil against a barrier in still
water, the motions in the oil are negligible, and the stress
is not a strong function of x. Thus, by ignoring the first
term in equation (1), and assuming T is constant, equation
(1) may be integrated. The observations reported by Hoult
(1969) are in good agreement with this theory.

But, when a current is present, appreciable motions
are observed in the oil. They may be described as consist-
ing of two parts: (a) a mean motion in the direction of
the current near the lower surface of the oil, and a
reverse flow on the upper surface; and (b) a pattern of
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random waves on the oil-water interface. The upper surface
of the oil is guite smooth, even though the lower surface,
a short distance below, is rough with these waves. Thus,
only an observer viewing the oil slick from the side or
below would notice their presence. We shall see that (a)
and (b) have profound consequences for the holding capacity
of barriers. Similar descriptions, but no data, have been
given previously by Wilkes {1969) .

Because we have measured neither U in the o0il, nor T
in the water, but only h, the mean oil thickness, equation
(1) cannot be integrated as it stands. However, an exten-
sive experimental study by Cross and Hoult (1970) has
shown that the thickness h, as a function of %, is not a
strong function of the oil viscosity. Provided appreciable
amounts of oil are held by the barrier, the slick will
extend far upstream of the barrier. Since the length to
which the slick extends upstream of the barrier may be 100
times larger than the depth of the barrier, and since the
barrier geometry can influence the motion of the o0il slick
at most only a few depths upstream, it is clear that when
a lot of oil is held by a barrier, its thickness distribu-
tion must be independent of the shape and construction of
the barrier.

If we assume that the thickness distribution is inde-
pendent of viscosity, we arrive at the conclusion that h
can only be a function of x, gA (since A always occurs in
combinaticn with g, as in eg. (1}), U, and p. A dimensional

argument then yields

2
= U
h = gh £ (3)

xgh
"

For oil with viscosities 10 times greater than water, a
good empirical fit to the data is given by
]1/2

Bgt - o {i{‘%‘é
U U

(4)

where Cf is the friction coefficient.
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The Reynolds number based on distance from the leading
edge of the slick is high enough so that the skin friction
coefficient is independent of size. The value of Cg. for

soya o0il is 8.1 x 10_3(0f = T/% pUz); the value for fuel

oil is 30% less, but the difference is only as large as

the scatter in the data.
We next consider the pressure fluctuations in the

turbulent boundary layer in the water at the oil-water
interface, for these will determine the depth of the boom
required to prevent leakage. If the oil velocity is a
small fraction of U, then these pressure fluctuations, p'.
may be estimated to be

p' ~ pU U’ (5}
where U' is the fluctuating velocity field in the turbulent
poundary layer. Typically, U' ™ %ﬁ u.

Suppose now that these pressure fluctuations are
balanced by fluctuations in the depth of the oil layer.
Then the size of such fluctuations in h may be estimated as

. ) |
pghh' ~ p' = 7§ pu? (6)
1f the combination of the mean depth of the oil, h, plus
h', is bigger than the depth of the barrier, then the
parrier leaks oil. On the other hand, to have a well-
developed boundary layer at the oil-water interface, h'
must be less than h. For large U, it is observed that h'

is typically 1/2 h. Hence if

2
e n < o3n = 3200
d >h' +h=3h" = 3[I§]pgé {7)

then the barrier leaks oil. This argument implies, by
equation (7), that there is a critical Froude number above
which the barrier will leak oil. From equation (7), we may

estimate the critical Froude number to be

F < 1.30 (8)

critical
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This critical Froude number limitation relates to leakage
measured in the region of the barrier. It is to be dis-
tinguished from head wave loss,whlch occurs at the upstream

edge of the slick.

The foregoing allows us to determine the depth of a
boom required to resist leakage in calm water for a given
current and oil-pool-length. The next problem is to deter-
mine the shape which the boom will assume and the strength
required to resist the piled-up oil.

Consider now a barrier composed of a vertical flat
plate oriented so that it is normal to the current. This
configuration is typical of many commercially available
booms .,

If we suppoée that the Reynolds numbers of the flow
are so high that the main features of the flow around a
vertical flat plate are independent of viscosity, then the
drag, D, is a function of the current, the buoyancy forces,
the volume of o0il held, the o0il density, and the water
density. To simplify the discussion, it is convenient to
consider two limiting cases: (1) when no oil is held and
(2) when the barrier holds the maximum pbssible 0oil, and
the slick extends a long distance upstream.

In the first case, a dimensional argument shows that

2 -
pUtdac, , Cp = cp (U/vYgd) (9)

N

D =

Robbins (1970) demonstrated that CD is a weak function

of U/V/gd, the Froude number. Typical values lie between 1
and approximately 1.75, depending on the Froude number.

In the second case, when the barrier is full of oil,
if we assume a hydrostatic pressure distribution on both

sides of the barrier, then

pgAd2 (10)

S o

1 2 _
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This yields

- 2
CD = 1/F (11)

where F is the densimetric Froude number. Now, it is
probably true that on the oil side of the barrier, the
pressure is very nearly hydrostatic, because the velocities
in the oil are quite low compared to the water velocity.
However, on the back side of the barrier, we would expect
some pressure recovery, due to the eddy formed in the
barrier wake. Thus, equation {(11) is only an estimate of
the drag of a flat plate barrier filled with oil.

To compute the shape that an oil boom takes in a
current, it is necessary to know how the drag force acting
on a unit length of barrier depends on the angle, 8, the
boom makes with the current. See Figure II.3.2 for a
sketch of the coordinates used here. Now, x is the distance
from the apex of the barrier, parallel to the current, and
y is perpendicular to the current. Since the momentum
in the current normal to the barrier is pUzcosze, it is
natural to assume that the drag coefficient has a 00328
dependence:

_ _ 2
CD = CD(G = 0)cos” @ (12)

CDc0328 is then the force coefficient in the direction
normal to the boom.

For simplicity, we assume that the boom has zero bending
stiffness. The force acting tangent to the boom is generated
by viscous effects as the fluid slides along the barrier.

As the Reynolds numbers are high, we may expect that these
forces are small compared to the normal force. For simpli-
city, we set these tangential forces equal to zero.
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Under these assumptions, it may be shown that the
tension T in the boom is constant and that the normal force
is balanced by the tension divided by the local radius of
curvature of the barrier. Integrating the resulting dif-
ferential equation under the constraint that the boom lies

normal to the current at its apex leads to

X _ y ) -
T = A(cosh[LA] 1) (13)

where y is the width of the boom at a distance x from the

apex. L is the boom length and

A = T/.50+0%+d-Cy(8=0)"L) (14)
From this equation, the maximum width of a boom of length
L is
. =1
Ymax =_Ll sinh ~ (1/2X) (15)
The volume of the oil held by the boom is given by
£
5
VB = I y{x)h({x}dx (16}
0

where h(x) is the depth of the pool as a function of x,
and £_ is the distance that the o0il spill extends upstream
from the center of the boom. £s must be less than x '
. ' R max
otherwise 0il would spill arocund the ends of the boom.

When the boom is full i = _ 1
u of oil (Rs xmax) then CD = ;2 and

% pAgD2T,

(F < 1.3)

Equation 16 can be combined with equations 4, 13 and
17 and solved numerically to find the maximum volume a
given boom will hold in a given calm water current.

Thus, we have determined that an o0il boom of a given
depth in calm water will operate properly up to a critical
current velocity. Above this velocity, turbulent pressure
fluctuation will draw the oil down beneath the boom, result-
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ing in high leakage. We have found equations which deter-
mine the conflguration of the boom and the capacity of the
boom. We have seen that the critical scaling parameter,
A, is proportional to the inverse of the depth squared
provided the boom is full of oil.

These considerations represent the constraints imposed
on us even in moderate currents. Additionally, head wave

losses probably limit the maximum current to about 2 knots.
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I7.3.3 Collection devices
In most collection devices, a pair of sweeps oOr boomnms

in a V shape are towed or pushed through the water; alter-

nately, they can be anchored in a current. In either case,
the effect is to force the oil into the throat or apex of
the V where it can be removed by pumping or other means.
The effect of the relative motion between the collector

and the water (and the oil slick) is twofold: first, the
undisturbed oil slick is brought to the skimmer, and second,
a captive pool of oil is formed in the V of the skimmer.
This pool of "trapped" oil is generally much deeper than
the undisturbed oil slick, and concentrating the oil in
this way greatly simplifies the actual removal of entrained
water.

For a given piece of equipment, however, there are
three factors which limit the rate at which oil can be
swept up. The basic limitation is encountered when the
0il flowing in the narrow throat, or apex of the V, reaches
critical flow velocity. Attempts to increase the collec-
tion rate by increasing the pumping rate will simply
increase the fraction of water pumped with the oil. Operat-
ing the skimmer at a higher speed will increase the colliec-
tion rate until either the thickness of the captive pool
reaches the depth of the skimmer booms inducing draw down
or head wave leakage, or until the captive pool extends
forward beyond the skimmer booms, at which point the front
of the pool spills around the ends of the booms.

The important parameters in the physics of the throat
region and the captive pool can be described by a simple
dimensional argument. In this type of flow, there are
three terms in the one-dimensional equation of motion for

the 0il which must be taken into account:

1) Inertia, which is of the order of phUozw
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2) Pressure (gravity), which is of the order of

pgﬁhzw

3) Friction from the water flowing under the oil,
. . 1 2
which is of the order of 5 p{Uw - UO) wax

local

where p = mass density of either water or oil; h
oil thickness:; UO = flow velocity of the oil; Uw = flow
velocity of the water; w = local width between barriers;
g = acceleration of gravity; Cf = turbulent shear stress
coefficient; and A = fractional density difference between
.01l and water. Typical values for Ce lie between .005 and
.008, The horizontal coordinate, x, is related to w and
the barrier angle to the flow, &, by w = 26x.

The ratio of inertia to gravity forces at any section

is given by the densimetric Froude number, F':

phU 2w U 2
o o)

pgAhzw gidh

= (F')2

Near the throat, Uo is large, and the Froude number
approaches 1 as inertia and gravity forces predominate.
Well upstream, in the captive pool, U, is negligibly small,
and inertia forces are unimportant.

The ratioc of inertia to viscous (friction) forces can

be written as a Reynolds number:
pht 2w 20 zhe
o = o = R
2 2
p(Uw Uo) wax (Uw Uo) wa

Near the throat, Uw o Uoil and w = h. Since & needs to be

~ 0,2 to assure uniform conditions across the channel, R
becomes very large, and friction becomes unimportant. In
the captive pool, however, Uw >> UO and w >> h, so R
becomes very small and inertia again becomes unimportant.
The limiting flow will occur when conditions of
critical flow are reached in the throat of the collector.
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We can apply energy conservation to relate this flow to
the maximum depth just upstream in the captive pool. If
U, and nt are the oil velocity and thickness in the throat

t
and h0 is the maximum oil thickness in the captive pool,

then

U 2

_ t
ho ht T 294 (18)

Since at critical flow the velocity head is always half
the critical depth, ht = 2/3 ho' and Ut can be written

U, = (2/3 gﬁho)l/z. From this, an expression for the dis-

t
charge through the throat, based on the throat width W,

and upstream depth ho' follows:

= 2 2 -

Q. =3 howt(§ gih [_ utwtht] (19)
A comparison between oil flow rates calculated from the
measured maximum depth in the pool and the throat width
and the flow rate as determined by direct measurements is

]1/2

quite good.

Equation (4) and the critical flow analysis can be
combined to predict the performance of a skimmer device.
Rewriting equation (4) in terms of the maximum depth of

the pool, we have:

g 172 (20)

2 1/2
el

£ gk
Utilizing this depth as an estimate of the maximum depth

upstream of the throat, we can determine the maximum flow
rate as a function of the length of the slick. Combining

(19) with (18) yields:

L (21)

2/2
Q=== o

2 3/4
& il
3/3

]3/8(9A)1/225
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Both containment and collection rely on the collecting
boom to gather in a significant volume of oil. If the oil
has been allowed to spread to its limiting area, then the
booms must be very large to encompass the oil. As a gen-
eral rule, containment devices should be deployed in an
amount of time on the order of that associated with the
inertial spreading of the oil (see Figure II.2.1). Delays
causing deployment after this time result in very thin
films and the requirement for containment booms much larger
than those needed for just containing the volume initially
spilled. Collection is alsc much complicated by thin
films. Multiple sweeps through the area would be required
if sufficiently large booms are not available (which seems
certain) and the skimmer would ingest large amounts of
water due to the low pool depths and subseguent choked oil
flow.

These considerations are particularly important for
spills of a small to moderate size. Very large spills,
such as the "Torrey Canyon" have tended to occur over the
course of several days, thus the process is continuous in
nature and not instantaneous. The rate of spillage and the
desired containment effectiveness determine the deployment
time for these spills. Smaller spills will probably occur
in minutes or hours, and it is for these spills that the
rate of spreading determines the required deployment time

and boom size.
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11.3.4 PFeasibility of containment and clean—-up
operations 1in the New England region

The state of the art of containment devices limits

their use to those regions in which the current 1s cer-
tainly less than 3 knots and the significant wave height

is less than five feet. This implies that containment in
harbors and other protected waters is feasible, provided
the equipment can be deployed. In one or two unique areas
high tidal currents are found (Woods Hole, for example} and
containment within these regions is not feasible. However,
the high currents are usually caused by a constriction of
the flow and areas of lesser flow can be found within a
mile or two of these regions of high tidal velocity.

With the exception of possible sea state limitations,
containment operations should be feasible in all New England
harbors, Nantucket Sound, Penobscot Bay, Narragansett Bay,
and Buzzards Bay. Vineyard Sound has peak tidal velocities .
that slightly exceed 2 Knots. Containment here may be
considered to be marginally feasible.

Skimming operations may be carried out in higher
currents, as the skimmer can pe moved with the current as
necessitated by the incidence of draw down or head wave
leakage. The problems encountered here are those of
maneuvering the skimmer and its attendant barge. It is
unlikely that a skimmer could be safely and efficiently
operated in a place like Woods Hole. However, over most
of the rest of the sheltered waters in New England, skim-
ming could be accomplished most of the time.

The picture offshore of New England is considerably
different. Here sea-state limitations play the principle
part. Table T71.3.1 lists the percent of the time that the
seas can be expected to be greater than 5 feet. These
figures were extrapolated from a chart covering the entire
North Atlantic, so they must be considered to be only a

very rough estimate of the true percentages. Errors may
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be as great as plus or minus 5 percentage points for the
larger values. '

Nevertheless, we can see that during the period May
through August it might be possible to attempt cleanup
operations even on Georges Bank, provided the equipment
could survive the very rough conditions occasionally
encountered (seas greater than 12 feet occur 1 or 2% of
the time during the summer months). The logistics for
such an operation would be very difficult, however, so such
an operation would have very little chance of success
unless extensive preparations had been made for this
contingency.

Spills occurring closer to shore in the summer months
will enjoy somewhat calmer seas, and the proximity to
support bases will make logistics simpler. If it is pos-
sible to deploy the containment and collection equipment
while the spill is still fairly thick, such operations
should enjoy some fractional success.

The winter months present a much different picture.
One to two, weeks out of every month are going to have seas
so high that containment and collection equipment will not
work. Additionally, seas greater than 12 feet will occur
5 to 10% of the time. In these circumstances, it is doubt-
ful that deploying the equipment would be desirable. Not
only would the equipment be liable- to be subjected to very
vigorous conditions, but the working conditions would be
hazardous to personnel, particularly in providing barge
service to the skimmer, due to high seas and cold tempera-—
tures.

These conclusions are mitigated to some extent by the
conclusions of Chapters II.l and II.2. Chapter II.l
pointed out that spillage from ships in the offshore region
is highly unlikely, and Chapter 1I1.2 demonstrated that
spills occurring on Georges Bank are unlikely to come
ashore, particularly in the fall and winter. Attempts to
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provide an oil containment and collection system against
winter spills on Georges Bank aie presently futile, and
almost certainly will remain so. A system designed to the
peak of present technology might have some success against
summer spills. However, the logistics of such an operation
would be critical. It might be necessary to create spe-
cialized equipment that was dedicated solely to this

mission. This would be extremely expensive.
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1I.3.5 Containment device characteristics

while a number of parameters must be considered when
designing a boom, many of them specific to the intended
application, it is jllustrative to look at the character-
istics of a boom designed to maximize its holding capacity
for a given cost, assuming calm water and moderate current.
Such a boom isn't too different from that typically used in
practice, and it helps to fix in our minds the type of
system we are interested in, and the costs we might antici-
pate, especially since it's clear that our focus with
respect to containment and collection should be on near-
shore spills.

Section II.3.2 presented the pertinent equations
concerning boom capacity and performance. We will presume

that the cost of a boom is given by

Cost = KT-T-L + KA-L-D {(22)

where K is the cost of the tensile member of the boom
(typically a value on the order of 1¢/1b ft or less, and
K is the cost of fabric and flotation devices, expressed
in dollars/sq ft of boom area below the waterline.

This equation was combined with Egquation (16) to
determine boom costs for a variety of boom tensions, and
sealing factors for a 1 knot calm water current and a A
of .1. The resulting costs and holding capacities are
shown in Figure II.3.3 assuming Kq = .01 $/1b ft and K, =
10 $/ft2. The envelope to the lower right of this graph
yields maximum holding capacity as a function of boom
investment. Figures II.3.4 through 1I.3.7 display the
tension, boom length, and draft corresponding to these
maximum capacity booms. &An interesting feature of these
optimum booms is that they are low-tension devices with
very deep pockets for oil capture.

We investigated the sensitivity of this analysis to
the value of KA‘ For low-capacity booms, the costs
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decreased nearly in proportion to the fabric cost, KA' and
the optimum boom tended to be deeply pocketed. However, as
we got into larger booms, the tensile factor became more
significant, and for booms over ten million gallons capa-
city the variation in cost due to Ky will be overwhelmed by
variation in K- Boomg in this range still tend to be
deeply pocketed. Most of these results can be anticipated
from the form of the cost equation.

Having developed a means of specifying maximum capa-
city for a given investment, we now seek to couple the boom
with the skimmer through equation (19) and the appropriate
function relating the depth of the oil in the boom and the
volume of oil in the boom. Presuming that the geometry
of the boom. does not change as the amount of oil in the
boom varies, it can be shown that in a specified current
the volume of oil held within a given boom varies approxi-
mately as the fourth power of the depth. This implies
that the flow rate Q varies as the volume to the three-

eighths power, i.e. .

In order to determine the constant of proportionality, we
took five representative booms selected from our family

of optimum booms and numerically calculated the depth of
0il in the boom versus the volume held. Figure II.3.8
shows the results of this calculation for a 1 knot current.
Remarkably enough, the curves for all five booms fell

almost exactly on a line given by

~ -2 1/4
h, = 4.67 x 107"V, (23)

This occurred because the product of L and A does not vary
by more than a factor of two over the range of optimum
booms investigated. It may be shown that the volume of oil
held by the central portion of a boom is proportional to
this factor to the 1/2 power. Thus, when we take the
volume of the boom to the gquarter power, the AL factor is
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