
Monitoring and Assessment



THE ENVIRONMENTAL MONITORING COMMITTEE:
SOLVING THE PUZZLE OF COMPREHENSIVE MONITORING

D. Douglas Coughenower
University of Alaska Marine Advisory Program

Regional Citizen Advisory Councils

On March 24, 1989, the Exxon Valdez ran aground on Bligh Reef in Prince
William Sound, Alaska, and spilled morethan 11 millidn gallons ofcrude oil intothese
resource-richcoastal waters.The nationaland international repercussions ofthat single
event are still being felt.

One majoroutcome of this oilspillwas passage by the 101st Congress of the
Oil Pollution Act of 1990 (OPA90). The most significant provisions are:

Expand federal role in response to an oil discharge;

Establish an OilSpillLiability Trust Fund administered by the U.S. Coast Guard;

Requireownersoroperatorsofindividual vessels and facilities to prepare response
plans for worst-case oil and hazardous substance discharges;

Increase the liability of tanker owners and operators in the event of a spill;

Require newly constructed tankers over certain size limits to have double hulls or
other double-containment systems;

Mandate establishment of an interagency committee to coordinate efforts to
improve oil spill response technology;

Require formation of industry funded citizen advisory groups in Prince William
Sound and Cook Inlet.

Although the last provision (actuallyArticle VofOPA90)is notwellknownout
side ofAlaska, it has very important long-range implications for alloil-producing areas
of the United States. OPA90 created two demonstration citizen advisory groups in
Alaska, the Prince William Sound Regional Citizens Advisory Council (RCAC) and the
Cook Inlet RCAC.

As a memberof the CookInlet RCAC Iam here to tellyouabout the formation
of this council and about the work of one of its committees. If these councils are
effective in Alaska they could serve as models for other states.

My comments are specific to the Cook Inlet RCAC; however, the Prince
William Sound RCAC functions in a similar manner. The Cook Inlet RCAC serves as
a regional resource to assist the local oil industry and state and federal oil industry
regulators indeveloping and implementing oil spill prevention and response strategies
in Cook Inlet. Italso serves in an independent and proactive manner to scrutinize and
oversee oil activities and provide recommendations when improvement and changes
are desirable.
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Cook Inlet RCAC's area of responsibility includes the public and private
properties, beaches, harbors, bays, estuaries and waters in Cook Inlet. Oil facilities
subject to oversight by the council include oil terminal complexes, tanks, vessels,
tankers, docks, pipelines and platforms. The oversight can include exploration,
development, production or transport of crude oil or refined crude oil products.

The council consists of 13 citizens from throughout Cook Inlet, including
Kodiak Island, an area that is geographically outside the inlet but within the influence
of Cook Inlet waters. The people on the council represent cities, boroughs and special
interest groups from Anchorage to Kodiak, a diverse cross-section of the 300,000-plus
population. About 60 percent of the state's population is contained in this area.

Cook Inlet RCAC Members

City of Kenai
City of Homer
City of Seldovia
City of Kodiak
Kenai Peninsula Borough
Kodiak Borough
Municipality of Anchorage
Alaska State Chamber of Commerce

Recreational organizations
Environmental organizations
Alaska native corporations
Aquaculture associations
Local commercial fishing industry organizations

The Environmental Monitoring Committee

OPA90 required that each RCAC create committees to carry out the tasks
assigned it by the act. In the case of the Cook Inlet RCAC, we have two task-oriented
committees: the Prevention, Response, Operations and Safety Committee and the
Environmental Monitoring Committee (EMC, created in June 1991). Both committees
are made up of council and public members.

The EMC has the following membership:

Council Members
City of Homer (University of Alaska Sea Grant Marine Advisory Program)
City of Kodiak (City council member and seafood processor)
City of Seldovia (public school teacher)

Public Members

Faculty member, Alaska Pacific University
Alaska Center for the Environment

Private citizen, City of Kenai
Kenai River Guide

Commercial fisherman
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Public school teacher, Beluga, Alaska

According to OPA90, the EMC is required to "devise and manage a
comprehensive program of monitoring the environmental impacts of the operations of
terminal facilities and crude oil tankers." One of the first acts of the EMC was to develop
a mission statement to give it some direction in meeting that purpose. The mission of
the EMC is to ensure that the environmental quality of Cook Inlet is not compromised
or degraded by the operations of oil facilities and vessels.

With a mission statement in hand the EMC began to tackle the most
perplexing question in its assigned task. What does comprehensive monitoring mean?

The EMC invited presentations by environmental consultants, scientists,
regulators and industry officials to describe their ideas on comprehensive monitoring,
as well as prior and ongoing programs in Cook Inlet. Out of these discussions came
definitions of compliancemonitoringpursuanl to regulatory permits; baseline monitoring,
collecting data before an event takes place; event monitoring, such as tracking the
impacts of an oil spill; and resource and scientific monitoring. However, no one had a
ready definition of comprehensive monitoring.

While preparing for this presentation I found another definition of monitoring
that I would like to share with you: Monitoring is

The continued, systematic time-series observation of pre-determined pollutants or
pertinent components of the marine ecosystem over a period of time, sufficient to
determine the:

Existing level,
Trends, [and]
Natural variations of measured components (Federal Plan for Ocean
Pollution Research, Development and Monitoring—Fiscal Years
1992-1996, p. 76.)

This gives as succinct a definitionof monitoringas Ihave seen and might even
be stretched to mean comprehensive monitoring.

With at least a rudimentaryunderstanding of what comprehensive monitoring
meant, the EMC proceeded to develop a work plan for1992. Itconsists of the following
objectives:

To develop and implement an ongoing scientific research program to detect,
identify and assess environmental impacts to the Cook Inlet ecosystem;

To become familiar with the operation of oil facilities and vessels with special
emphasis on type, source and quantity of material released into/onto the air, land,
sediments and waters of Cook Inlet;

To assess the adequacy and effectiveness of federal and state laws and
regulations, including the performance of regulatory agencies as it pertains to
protection of the Cook Inlet ecosystem;
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Accumulate information useful for managing spill impacts (sensitive area mapping;
dynamic flow models); and determine possible environmental impacts of spill
cleanup (in situ burning; dispersants; bioremediation; mechanical).

Developing the above work plan generated three questions that the EMC felt
needed immediate attention. Near the end of 1991 we awarded three contracts that we

hope will answer these questions.
The first contract, EMC 91-003, deals with the history and current status of oil

development and production in Cook Inlet.

EMC 91-003 ($14,000)
Compile a comprehensive directory of Cook Inlet oil operations, including:

history of Cook Inlet oil; identification of Cook Inletpetroleum operations and facilities;
petroleum fields; oilstorage; oiltransportation; products produced; permits; discharges;
and maps.

The second need that the EMC felt had to be addressed was a source of
existing informationon the Cook Inletecosystem. The contractor forthis taskwas asked
to search state and federal regulatory libraries, stacks of industry assessments, and
numerous academic studies and compile a computer-based bibliography.

EMC 91-002 ($14,000)
Compile a comprehensive annotated bibliography of environmental literature

on Cook Inlet: post-1970; computerized format; availability and cost; and search all
available sources.

The final reports for EMC 91-002 and 91-003 are due to be in the committee's
hands by the middle of April 1992; these are two important pieces of the puzzle. The
third and, we hope final, piece is a model monitoring program specificallyforCook Inlet.

EMC 91-001 ($50,000)
Todesigna modelcomprehensive environmental monitoring programforCook

Inlet: examine Cook Inlet at the ecosystem level; meet or exceed regulatory compliance
monitoring; collectbaseline information and monitoring data; detect chronicand acute
impacts; comprehensive including air, water, land, sediment, biota; measure toxicity
levels and risk; be practical (cost-effective) and applicable to the study area.

By mid-1992, the EMC hopes to be in a position to consider the next phase
of the puzzle—implementation. We hope that portions of the model comprehensive
monitoring program will already be in place as a result of state, federal and industry
compliancemonitoring. We expect to establishspecificmonitoring objectivesthat build
on existing monitoring and will lead toward the fulfillment of our assigned task of a
comprehensive monitoring program.

We are also consideringusing citizen volunteers to keep down the costs of
what we expect to be a long-term program. We would exercise great care not to
compromise monitoring quality with this kind of effort.

In some ways we see our comprehensive monitoring program as being
analogous to a home smoke detector. You may have used the best materials and
followed every code inconstructing yourhouse. You mayeven have a safety specialist
audityourhomeforany deficiencies and certify itas meeting allknown standards. But
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in all likelihoodyou will stillsleep better at night knowing one or more smoke detectors
are in place and functioning.

The result, we hope, will be something that fills the cracks between existing
programs and adds additional structure and support to the environmental monitoring of
Cook Inlet. With this information the Cook Inlet RCAC can make well-balanced,
concrete recommendations to industry and government about protecting our marine
environment. In doing so, we willestablish a firm foundation for citizen participation in
environmental protection for the rest of the nation to build upon.
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STATISTICS IN COASTAL MONITORING AND ASSESSMENT:

WHAT MANAGERS NEED TO KNOW

Robert Graebner and Roseann White

Tetra Tech Inc.

The Value of Statistics in Coastal Monitoring and Assessment

There is a need for greater use and understanding of statistics in the
management of coastal environments. Statistical analysis has many applications in
coastal monitoring and assessment, including estimation of the current status of eco
system parameters, detection of differences in parameters of interest between study
areas and reference sites, detection of spatial and temporal trends, assessment of
data quality, and assessment of regulatory compliance decisions made under a risk-
based regulatory approach. Statistics play a vital role in providing managers with a
quantitative basis for their decisions.

The extent of areas involved in coastal monitoring and assessment
programs make it necessary to base management decisions on limited information
obtained from sample data. Therefore the use of statistical analysis is necessary in
order to obtain the information needed to support management decisions, to extract
the appropriate information from sample data, and to determine how well the data
support the decision to be made. With basic knowledge of the fundamentals of
statistics, managers can effectively interact with those involved in the design and
evaluation of a study to ensure that the results will provide them with adequate
information on which to base their decisions. In addition, basic knowledge of
statistics will allow managers to properly evaluate the results of a study, the
uncertainty associated with the results, the implications of the uncertainty, and the
adequacy of the data in meeting the objectives of the study. Another important
benefit is that managers will gain understanding of the resources (personnel, level of
expertise, computer hardware and software) required to meet the objectives of a
study.
There are several reasons why a study may not be adequate to meet management
objectives. They include improper design, inadequate sample size, lack of statistical
expertise resulting in the use of an inappropriate form of analysis, inadequate data
quality control, and inadequate data management. With properly focused,
application-based training, key staff members can be brought to a level of expertise
necessary to avoid these problems. To ensure that a study is successful in meeting
management needs, managers and statisticians must work closely together during
ail phases of the study. This is as important during the design phase as it is during
the implementation and analysis phases. Unfortunately, too often statisticians are
consulted only during the analysis phase of a study and often they must work with
data that are not adequate to answer the questions of concern. The purposes of this
paper are to provide managers with a basic overview of the application of statistics
to coastal monitoring and assessment and to give them insight into their role in
statistical analysis.
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The Study Design Process

Proper study planning and design are crucial to ensure that a study is
successful in providing the information needed by management in a useful format.
Allocating adequate resources to the design phase will ensure that the resources
allocated to the remaining phases are used effectively. An overview of the study
design process is presented in Figure 1.

Development of Study Objectives and Performance Criteria

The first steps in the design process are to developclear objectivesfor the
studyand to define a set of performance criteria to be used in determining ifthe ob
jectives are met. As an example, the objective might be to determine if the disposal
of dredge material at a site will have a significant adverse impact on the benthic
organisms. Based on this objective, one or more parameters will be measured at
both the proposed dredge site and at a reference site to determine if the difference
between the samples from the two sites is significant.

Two types of significance are used as performance criteria: ecological
significance and statistical significance. An ecologically significant difference is one
that is judged to be large enough to result in a measurable ecologic effect. A
statistically significant difference is one that is so largethat it is very unlikely that you
would observe a difference of that magnitude due to random chance of sample
selection alone and therefore it is assumed that an actual difference exists between
the two sites. A statistically significant difference is not necessarily ecologically
significant.

By stating the study objectives and required performance criteria in the
beginning of a study, a clear set of goals will be developed and a set of objective
criteria will be available to measure success in meeting the goals. An example of a
study objective and performance criteria would be to be able to detect a difference
of 10 percent or more in a given parameter between a proposed dredge site and a
reference site, with a probability of 80 percent of detecting a difference of that
magnitude or greater given oneexists (the statistical power), anda probability of10
percent of concluding that a difference of this magnitude exists when in fact it does
not (the statistical significance).

Establish Testable Hypotheses

In order to arrive at an objective conclusion, it is necessary to apply an
appropriate statistical test to the sample data. The first step in this process is to
translate the study objectives into testable hypotheses. The hypotheses represent a
formal structuring of the key questions to be answered in a manner that allows a
specific statistical test tobe used toarrive at a conclusion. The general approach is
to formulate a null hypothesis that no difference or trend exists, and that any that is
observed is due simply to random chance of sample selection. The null hypothesis
can be thought of as the default hypothesis. When the test is conducted, the null
hypothesis will be assumed to be true unless there is enough statistical evidence to
reject it (similar toa defendant in a criminal trial being presumed innocent unless the
prosecution presents evidence of guilt beyond a reasonable doubt). Therefore it is
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possible to accept the null hypothesis even when it is not true, simply because there
was not enough evidence (data) to reject it.

If the objective is to determine if there is a difference of a given magnitude
in the concentration of a chemical of concern between two areas, samples are col
lected from both areas and a comparison is made between the average concen
trations. An appropriate null hypothesis would be that there is no difference in the
average concentration between the two sites. The alternate hypothesis would be that
the average concentrations are not equal. Due to the natural variability in the
parameter being measured, it is possible for the averages to differ solely due to
random chance. The question then becomes, "How big a difference must be
observed in order for the probability of it occurring due to random chance to be
sufficiently small that it can be concluded that the true averages at the two sites
differ?" In order to answer this, it is necessary to understand the types of errors that
can occur when conducting a statistical test.

A difference might exist between the average concentrations in two areas,
but the samples collected may result in estimates of the averages that are not
significantlydifferent; the reverse may also occur. These situations lead to the possi
bility of two types of errors, which are illustrated in Figure 2, concluding that there is
a difference when there is not, and concluding that there is no difference when in
fact there is one. The probability of the first type of error represents the risk to the
producer, which is also referred to as the significance level of the test. The
probability of the second type of error represents the risk to the consumer. The
probability of correctly concluding that there is a difference when one exists is
referred to as the power of the test. Traditionally, significance levels of 5 to 10
percent have been used and values of 80 percent or more for power have been
considered sufficient. These values are by no means cast in stone and the manager
should be involved in selecting values that reflect reasonable risks of committing the
corresponding types of errors. Because there is an interdependency between the
significance level, the power and the minimum detectable difference of a test, it will
be necessary to arrive at a balance that best meets the objectives of the study. The
minimum detectable difference should be set at a level that is considered to be

ecologically significant, then the significance level and power must be balanced to
reflect the acceptable producer and consumer risks. The power of a test can be
difficult to calculate and therefore it has often been overlooked, however it is crucial
that a study have sufficient statistical power if the results are to be conclusive. If the
power of a test is low, then there will be a tendency to accept the null hypothesis
(conclude that there is no difference or trend) simply because there is a lack of
statistical evidence.

Select Methods

Once the testable hypothesis has been formulated, the specific statistical
test to be used must be selected. The test selected will have a set of assumptions
associated with it as well as particular data needs. Both factors must be taken into
account when selecting the sampling design (number of samples to be taken and
their spatial and temporal distribution), the physical method of sample collection, the
method of analysis and the method of managing the data to be used.
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A variety of sampling designs is available. While simple random sampling is
one of the most commonly used designs, other designs can result in more efficient
sampling (more information or less uncertainty for a given cost). Systematic
sampling uses samples collected at fixed intervals over the entire study area, and
therefore equal representation is ensured. Stratified sampling allows the study area
to be divided into strata based on key criteria, and each strata is sampled
independently. This allows the sampling effort to be allocated optimally among the
strata to increase the efficiency. Multi-stage sampling involves selecting a number of
large primary samples, which are then subsampled, again resulting in increased
efficiency. Figure 3 provides a brief overview of these designs.

When an appropriate method of statistical analysis has been selected,
methods of sample collection and analysis must be chosen with care to make sure
that key assumptions of the analysis are not violated. Using consistent sample
collection and laboratory analysis methods throughout the study is preferable in
order to minimize variation in the results due to methods.

Another key point to address is the handling of non-detects. If possible, the
laboratory used should report all concentrations measured, even if some criteria
cause the result to be reported as a non-detect. This will allow greater flexibility in
the handling of non-detect values and result in a more thorough analysis.

How the data are managed is as important as how they are collected. The
design of the data management system should take into account the major uses of
the data, including the types of analysis to be performed and the types of reports to
be generated. Flexibility is an important feature of a data management system,
because data requirements can change, particularly in long-term monitoring studies.
An efficient data management system will help reduce the cost of data analysis and
data quality control.

Evaluation of Expected Performance

The next crucial step is to evaluate the expected performance of the study
to ensure that the performance criteria will be met. If inadequate data are used, the
study may fail to reach a valid conclusion. It is important to determine the expected
minimum trend or difference that the study will be able to detect based on the
environmental variability and the proposed sampling plan and to compare this value
with the performance criteria based on ecological significance. Statistical power
analysis is useful in determining the minimum difference or trend that a study will be
able to detect with a specified probability.

Interpretation of Study Results

When interpreting the results of a study based on sample data, the exact
results obtained can vary due to random chance of sample selection and the natural
variability of the ecological parameters being measured. Therefore, it is important to
put the results into the proper perspective by understanding the level of uncertainty
that is associated with them.

When the objective is to estimate-a particular ecological parameter, such as
the level of a contaminant within a specific area, it is typical to collect samples from
several locations within the area and calculate an average as a representative value
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for the entire area. Because the concentration will likely vary throughout the area,
the concentration of the samples you collect and therefore the average can vary
depending on the exact location of the samples you collect. The distribution of all
possible sample outcomes (averages) is referred to as the sample distribution of the
mean. If your sampling method is unbiased, then the most likely value in this
distribution will be equal to the actual average concentration in the study area.
Figure 4 illustrates the relationship between the distribution of an environmental
parameter and the distribution of sample outcomes. The amount of spread in the
sampling distribution (and hence the uncertainty in an estimate) will depend on the
variability of the parameter, the sample size and the sample design. The common
measure of the variability in the sample outcome is the standard deviation of this
distribution which is referred to as the standard error of the estimate. This value can

be used to assess the uncertainty of the result, usually in the form of a confidence
interval. A typical way of expressing a result would be as an average concentration
of 12.5 parts per million (ppm) with a 95-percent confidence interval of ± 5 ppm. The
confidence interval can be interpreted as follows, if repeated sampling were
conducted, and each time an average was calculated, along with a 95-percent
confidence interval, then 95 percent of the intervals would contain the true average
concentration. If the confidence interval is narrow, then the estimate is likely to be
close to the actual value of the environmental parameter. If on the other hand, the
confidence interval is very wide, perhaps even containing zero, then the estimate is
of little or no value and additional sampling must be done.

This paper has presented only a very basic overview of the statistical
issues that a manager should address when conducting a monitoring or assessment
study. However, with a minimum amount of training that is properly developed to
focus on a particular groups needs, the manager and support staff can effectively
address the key statistical issues required to ensure the attainment of the study
objectives in a cost-effective manner.
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Figure 1. The study design process.
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Simple Random:Samples are independently located
at random

Systematic: Samples are located at regular
intervals

Stratified: The study area is divided into
nonoverlapping strata and samples
are obtained from each

Multistage: Large primary units are selected
which are then subsampled

Figure 3. Sampling methods.
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Figure 4. The uncertainty associated with estimates.
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Introduction

ENVIRONMENTAL CONCERNS
ASSOCIATED WITH BOTTOM SEDIMENTS

AND DREDGE SPOIL DISPOSAL
IN HALIFAX HARBOUR, NOVA SCOTIA, CANADA

G.F. Terry Lay1
Technical Universityof Nova Scotia

Halifax is the capital ofthe province of Nova Scotia, Canada,and is located
in the Maritime Provinces bordering the Atlantic Ocean, centered roughly, latitude
44°36'N longitude 63°34'W (Figure 1). Halifax Harbour is a major inlet extending
inland from coastal headlands more than 19 km to its head, where the Sackville
River enters Bedford Bay. The harbor is oriented northwest to southeast, consistent
with ice movement during the lastWisconsin glacial period. The harbor is flanked on
the east side by the smaller city of Dartmouth. The harbor extends north of a
headland from Hartien Pointacross Chebucto Head, which includes Innerand Outer
Halifax Harbour, Northwest Arm, Eastern Passage,TheNarrows, Bedford Basin and
Bedford Bay. Areas seaward are designated as the approaches to Halifax Harbour.
The Inner Harbour includes the areas extending from and including The Narrows in
the north, to a line extending from Maugher Beach in the east, across the harbor to
York Redoubt. The Outer Harbour occurs south of this area and extends to the
boundary with the approaches to Halifax Harbour (Figure 2).

Due to the stress on water quality created by sewage effluent entering the
harbor, several major studies have been performed that have produced a prolifera
tion ofdata, making Halifax Harbour one ofthe most closely studied confined water
bodies in the world. In 1988, 1989 and 1990 data consisting of a regional grid of
echosounder data, sidescan sonograms, mid- to high-resolution seismic reflection
profiles, gravity cores, piston cores, grab samples, epibenthic dredge hauls, bottom
photographs and remotely operated vehicle (ROV) video information were collected
by scientists of the Bedford Institute of Oceanography. Sampling was targeted to
define the characteristics of previously identified sediments. Prouse and Hargrave
(1987), collected an additional 135 samples in 1988 from the harbor bottom
sediments employing general grid patterns, without the aid ofgeophysical data.

History of Halifax Harbour

Halifax was founded in 1749 as a military outpost. Along with Dartmouth it
has transcended into the main eastern Canadian seaport offering services and
shelter to North Atlantic cargo vessels and passenger liners. The harbor is ice-free
during winter thus providing year-round facilities for the container trade and gypsum
export. It is also the east coast homeport for the Royal Canadian Navy, hence it
harbors ships and submarines, has major docking facilities and provides sheltered

'Mr. Lay is a graduate student with the Technical University of Nova Scotia. This paper was
submitted for consideration of a student award.
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sea space for naval exercises. Present military facilities include ship repair,
degaussing ranges, anchorages and seabed installations for acoustic studies. In the
early years of its existence fortifications were erected around the harbor; they remain
as tourist attractions. During the world wars, the harbor was the demarcation point
for North Atlantic convoys that anchored in Bedford Basin. The most memorable
event in harbor history took place when two wartime ammunition ships collided in the
harbor Narrows and exploded in 1917, leveling a large section of the city. The
harbor has also been extensively used for boating, swimming, diving, tour boating,
private fishing, waste dumping and research activities. The Outer Harbour supports
an important commercial lobster and finfish industry.

The harbor has been employed as a repository for raw sewage for almost
250 years with the first consolidated sewage outfalls being constructed in the 1850s.
The present system consists of approximately 50 combined sewage and stormwater
outfalls serving Halifax and Dartmouth with only 20 percent receiving primary
treatment (City of Halifax, Engineering Department, pers. comm.) (Figure 3).
Intensive studies of the physical and chemical nature of the harbor were conducted
in recent years to facilitate prediction of the dispersion and fate of contaminated
sediments under present conditions so remedial action could be taken, such as
constructing a sewage treatment system and major outfall. These efforts have
produced data indicating the extent and potential toxicity of sediments and spoil sites
along the harbor bottom and shorelines (Foumier, 1990).

Geological and Oceanographic Character of Halifax Harbour

Initial work by Faribault (1908) suggested that Halifax Harbour was
surrounded by Lower Cambrian metasediments with intrusive granite along its
western side. Slates and quartzites were mapped as being folded into a series of
southwest-northeast trending anticlines and synclines continuing under the harbor.
Cameron (1949) identified a major fault (Chain Lakes—Sheenan Cove) confirmed to
run beneath the harbor to more than 32 km offshore. It is postulated that the origin
of the harbor is not due to structural control within the bedrocks, but to the
distribution of bedrock type. A large resistant intrusion, South Mountain Batholith
(Faribault, 1908), influenced the location of fluvial drainage systems in preglacial
time, confining their locations to areas east of the batholith, which extends to more
than 30 km offshore. Prior to glaciation, the present Sackville River continued on its
course across a gently dipping Cretaceous peneplain through the present area of the
basin and out the harbor (King and Fader, 1986). Recent evidence suggests another
drainage system that existed in the present location of a series of lakes running
northeastward through the city of Dartmouth. Glacial ice flowing through this system
may have met ice moving south along the Sackville River Valley and continued a
southerly flow. Halifax Harbour is a remnant of an ancient river valley drowned by
rising post-glacial sea level and reworked by the erosional action of water and ice
during several glacial periods (King, 1970; Fader and Miller, 1991).

The Inner Harbour and Bedford Basin act as a trap for sediments eroding
from the surrounding land mass. Bottom sediment thicknesses determined from
side-scan sonar, high-resolution seismic and sedimentological studies by scientists
at Bedford Institute of Oceanography range from a few centimeters to more than 20
m, with the composition varying from gravel and sand to silt or clay (King, 1970).
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Surficial sediments are remnants of the Wisconsin glacial period, Holocene
deposition during sea level rise, and recent sediment additions from watercourses
entering the harbor (Figure 4). Saltwater circulation is characterized by a typical
estuarine two-layered flow consisting ofsaltier, heavier, incoming tidal waters moving
along the bottom, while lighter, outgoing freshwater flow moves in an envelopeat or
near the surface. Outgoing movement is drivenby riverdischarge and overland flow.
Thus, surface and bottom waters form two separate layersof differing densities, with
mixing occurring at the interface (Figure 5) (Fader and Petrie, 1991). Currents were
measured to range between 0.06 and 0.22 km/hr at the Narrows, with the higher
velocities near the bottom. These increase to 0.12 to 0.35 km/hr at the outer harbor.
Currents change rapidly in velocity and direction due to variations in wind or tidal
effects. Meteorological events can temporarily reverse the circulation pattern
(Huribert et al., 1990). Sediment deposition is controlled by current patterns.
Bedform features suggest that sediments generally move in a northerly direction, the
same as near bottom circulation. It is feasible to make predictions regarding the
resting place of contaminants carried by sewage effluent based upon sediment
transport and water circulation data (Fader and Petrie, 1991).

Anthropogenic Features of Halifax Harbour

Human-induced features documented on the harbor bottom include anchor
furrow and pitmarks, borrow pits, shipwrecks, oil rig and seabed impressions, pro
peller marks and scour, bridge abutment debris, pockmarks, unidentified debris,
sewage outfall banks, dredged areas and dredge spoils. Locations and interpreta
tions are derived from public archive searches, sidescan imagery, seismic reflection
profiles and occassionaly by using ROVs.

Sewage outfallspour basicallyuntreated sewage and stormwater runoff into
more than 50 locations on both sides of the harbor. This inflow is considered to be
the main source of the high metals content detected in sediments throughout the
harbor. Anchor furrow marks formed as long linear depressions flanked by side
bermsare widespread across the floor of the innerharbor. They range up to 3 m in
depth and 5 m in width. Anchor impact often produces pits that can become
enlarged when anchors pass through gas-charged sediments and volume is
displaced as methane gas escapes. Anchor deployment acts as a widespread
sediment turbator such that sediments and their associated contaminants are
continually being exhumed, resuspended and redeposited in the inner harbor.
Borrowpits are circular seabed depressions from which material has been mined for
aggregate and fill. Many such pits averaging 15 m in diameter and up to 3 m in
depth are found north of McNabs Island.Many shipwrecks have been located on the
seabed of Halifax Harbour. They are not considered to be hazards to navigation but
could represent obstacles to underwater cables and pipelines.

Dredge spoilslocatedthroughout the harborare defined as circular deposits
of material dumped on the seabed. They range in diameter to 30 m and may exist
as expressions several meters higher than the surrounding seabed, or as coarse
debris in depressions several meters in depth. Particularly notable are spoils
dumped on Holocene mud near the Northwest Arm that have compressed and
displaced the mud into features resembling pockmarks on sidescan sonar. The
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weight of the foreign sediments has resulted in the venting of methane-charged
sediments in zones directly beneath the spoils.

Dredge spoils are recognized on sidescan imagery by their acoustically
rough scattering surface and blocked texture (Figure 6). Spoils are known to consist
of materials such as construction debris, discarded wood docks, gravel, boulders,
muddy sediments, garbage, contaminated sediments and unidentified debris. Years
of commercial shipping, industrial activity and naval exercises suggest that some
debris may be dangerous. Old rusting drums have been identified but not closely
examined since their contents could prove detrimental to diving teams.

Dredge spoils consisting of coarse debris often resemble borrow pits, since
the heavy, dense material displaces the mud at the seabed, creating a depression.
Large circular pits in a few locations are inferred to be spud-can depressions in
Holocene mud created by jack-up oil rigs. They represent only minor resuspension
of possible contaminated sediments. Directly adjacent to many docks the seabed
appears eroded up to two-meter depths in scallop-shaped depressions. The
interpreted cause is propeller wash associated with large vessels. The violent action
resuspends sediments and permits possible movement of contaminants into the
water column (Fader et al., 1991). Throughout the harbor many sidescan sonar high-
intensity backscatter targets have been identified. They are thought to represent
various types of unidentified debris, presenting minimal obstacles to underwater
construction activities. Many areas near berths have been dredged to provide deeper
draft for large vessels (Figure 7). They appear to result from dragline and clam-shell
dredging operations. The dredge spoil has either been jettisoned nearby or dumped
at other harbor locations. This practice raises considerable concern since sewage
outfall settlement zones are usually found adjacent these docks and the highly
contaminated materials are exposed to previously relatively clean areas with metals
being resuspended in the water column tending to present a hazard to finfish.
Consequent plumes also may interfere with photosynthesis and stability of the
benthos and biota.

Marine Waste Disposal Regulations

In 1975, Canada signed the London Dumping Convention and its
parliament passed the Ocean Dumping Control Act whereby disposal of wastes at
sea became regulated by a system of permits. Prior to this statute, an ad hoc
system of regulation existed under which uncontrolled dumping activities prevailed,
since there were ineffective rules, limited monitoring and inconsequential fines. Per
mits govern such activities as timing, handling, storing, loading and placement at the
disposal site. The permit system was subsumed under the Canadian Environmental
Protection Act in 1988 and is presently administered by the Environmental Protection
Service (EPS, 1991). The requirements deal with three categories of substances.
Category one includes substances that can seriously harm the marine environment;
non-compliance carries a fine as great as $100,000. The second category deals with
substances that are potentially harmful with the possible fine being $75,000. The
third category covers all substances not listed in one and two, with a potential fine
up to $50,000.
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Physiochemical Characteristics of Dredge Spoils and Sediments

Pollutants conveyed to Halifax Harbour come from either point sources,
such as domestic and industrial waste from sewage outfalls (Figure 3), or non-point
sources, such as urban runoff and atmospheric additions. Rough estimates suggest
that greater than 151,400 rnVday of raw sewage is pumped into the harbor from
more than 50 outfalls. It includes human and chemical wastes from residences,
institutions and commercial and industrial facilities. Only about 20 percent of raw
effluent is treated at the Mill Cove secondary facility. Side-scan sonar data near the
plant discharge zone suggest there is sufficient energy in local circulation patterns to
disperse sludge. Urban runoff and stream discharge adds salt, fertilizers and
industrial chemicals to harbor waters (Foumier, 1990). Atmospheric pollutants
involve mainly ash and acidity transported from industrialized centers in Eastern
Canada and the United States. The U.S. Environmental Protection Agency (U.S.
EPA, 1976) has set standards (Puget Sound Standard) for maximum acceptable
levels of metals in a marine environment, based upon total metal content. They are
displayed in Table 1 along with similar standards developed by the Canadian
Federal Department of Environment, Protection Division (DOE, 1992).

Sewage particles and non-point-source additions reaching the surface, if
retained near surface, are normally carried to sea, but as they sink they are picked
up by the deeper inflow and transported back up the harbor. In strongly stratified
waters, the plume may not reach the outflowing surface layer and particles would be
carried directly into the harbor (Fader and Petrie, 1991).

Halifax Harbour bottom sediments have undergone periodic oxidation-
reduction of various metals, dependent upon the weight, compaction and organic
loading of sediments. Oxidation effects have been measured as occurring from 0 to
5 cm into bottom sediments throughout the Outer Harbour and 0 to 1 cm around the
Inner Harbour. Reducing conditions prevail beneath these zones. The probable
cause is the heavy organic loading by large volumes of effluents combined with the
compactionof sediments and subsequent expulsion of oxygen. Ironand manganese
are oxidized and then move back into the water column, whereas magnesium, zinc
and cadmium (Figure 8) tend to form sulfides under reducing conditions. Copper is
an organic complexor and thus tends to attach to sediment particles, but if released
by agitation it tends to oxidize and move into the water column (Winters et al.,
1991). Since the reducing environment is deep in the sediments, contentious metals
will normally be contained and will not present a threat to the surrounding
environment by entering the water column. Thus, these noted potentially deleterious
metals will not readily enter the environment inhabited by fish and shellfish unless
disturbed by extraneous activities. Dredging represents such an activity and the
effects of normal harbor maintenance have been documented at several locations.

Chemical analysis of samples from Queen's Quay (Figure 9), indicate that
the mobilization of sediments by dredging activities has produced a considerable
increase in the level of heavymetals in the uppersediment column and conceivably
the water column, where they may be oxidized and pose a threat to the food chain
(Buckley et al., 1991).

A 1987 study involving an attempt to re-introduce a common species of
mollusk into Halifax Harbourafter many years' absence proved disastrous. The new
entrants died before measurements could be taken in a 96-hourbioassay, attesting
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to the prohibitive state of harbor sediments for shellfish habitation (Buckley, 1992).
Flounder from the harbor contained tumors and lesions (Tay, 1992). Historical data
indicate a drastic change in benthic species over several decades with numerous
benthic organisms being replaced. One exception is the lobster which remains a
contented scavenger in a domain abundant with sustenance. Tests suggest that
harbor lobster is still edible if the head is discarded (Buckley, 1992).

Conclusions and Recommendations

The scientific and engineering database for Halifax Harbour is one of the
most comprehensive in the world. Many years of raw sewage input has virtually de
prived the harbor sediments of oxygen and thus limits biological habitat. Halifax is in
dire need of primary sewage treatment facilities. As presently recommended by the
task force, effluents from the planned sewage outfall will remain in the confines of
the Inner Harbour and will not create additional contaminant buildup and a threat to
fisheries and human activities in the Outer Harbour. Numerous hazardous chemicals

enter the harbor due to commercial activities being conducted along the shoreline.
Sediments in many parts of the harbor are contaminated with heavy metals; thus
disturbance of these sediments could pose a threat to water quality. The sediments
may be covered by particles from the proposed sewage treatment plant and reduce
the potential for release. Remedial action to dredge the contaminated sediment
should be avoided.

A comprehensive management approach to handling all wastes discharging
to Halifax Harbour should be established. It should include:

Land, seabed and water use controls;

Reduction of the volume and toxicity of wastes through a source control
program;

Recovery of materials where possible;

Treatment and stabilization of unrecoverable wastes;

A non-point source identification and control program; and

Adequate dispersion of wastes that can safely be assimilated into the
environment.

An environmental quality monitoring program should be developed to:

Investigate the frequency and impact of combined sewer overflows near
recreation sites; and

Determine contaminant levels and additions to biota and sediments with special
emphasis on heavy metals and hazardous compounds

400



Consideration should be given to adapting the UNEP guidelines for
environment harbor management. The dredging and dumping guidelines under the
Environmental Protection Act should be strictly enforced for the harbor to limit
remobilization of contaminated sediments. Shoreline activities, such as ship repair,
boat painting, creosoting pilings and ship loading, should be investigated and moni
tored.
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Table 1. Maximum acceptable levels (mg/l) of metals.

Canadian
Metal PudgetSound Environmental Protection
MgO 0.21 0.75
Cd 0.96 0.60
Cu 80 45
Ph 70 45
Z" 160 169
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Rgure 1. Locationmap of Halifax and Halifax Harbour.

Rgure 2. Halifax Harbour.
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Rgure 3. Sewage flows into Halifax Harbour (Source: Halifax Harbour Task Force Report,
1991).
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Harbour(Source: Fader et al., 1991).
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Figure 5. Circulation in Halifax Harbour (Source: Halifax Harbour Task Force Report, 1991.
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Rgure 6. Dredging activities and other anthropogenic features. Halifax Harbour (Source:
Fader et al., 1991).
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Rgure 7. Side-scan sonar depicting large dredge spoils in Halifax Harbour
(Source: Faderet al.. 1991).
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Rgure 8. Cadmium distribution in Halifax Harbour (Source: Winters et al., 1991).
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Rgure 9. Chemical core analysis,
Queen's Quay, Halifax Harbour.
(Source: Buckley et aL, 1991.)
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