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Chapter 1 Introduction & Background

1.1 Introduction

Effluent originating from human activities on land has greatly contributed to the pollution
and degradation of the world’s oceans and coastlines. Sources include both point and
non-point sources such as pulp and paper mills, fish plants, and sewage outfalls of the
former and agriculture and municipal run-off of the latter. It is estimated that 70% of the
world’s population will live within 100 km of the ocean in the next 20 years (Pinet,
2000). Therefore, it is necessary to maintain ocean water quality acceptable not only for
human health but also for the quality of receiving coastal environments.

In the province of Newfoundland and Labrador, the major sources of land-based
pollution by volume are from seafood plant processing and municipal wastewater.
Produced water from the offshore oil and gas industry also contributes to the liquid
wastewater in the province, but is released approximately 300 km east of Newfoundland
therefore does not pose a great threat to coastal ecosystems. It is estimated that seafood-
processing plants contribute the highest organic load to the coastal environment (Cull,
2000). In some cases, plants operate and dispose of waste in low energy bays, coves or
inlets that do not promote adequate flushing to remove, disperse and dilute the waste.
Within the scientific literature to date there has been limited research on the effects of
this waste on the receiving environment in Newfoundland and Labrador (L. Park, pers.
comm.).

This work reviews typical types of effluent plumes in Newfoundland and Labrador and

their characteristics.  Further, a review of some major indicators used by the



oceanographic community is completed to ensure that it is possible to effectively assess
the potential impact to the environment of the effluent. It also examines the use of an
autonomous underwater vehicle (AUV) as a sensor platform instead of traditional
sampling technologies. An experiment is completed using a selection of sensors to trace
and map a simulated seafood effluent plume to determine the extent of the near-field zone

in comparison with a dispersion model.

1.2 Effluent Plumes

Humans have used the oceans as a dumping ground for a vast array of substances for
hundreds of years. The coastal zone receives the majority of this waste. It is estimated
that eighty percent of all global marine pollution originates from land-based sources
(AMEC, 2003). Effects on the receiving environment can vary depending on the fate
and composition of the waste. It is important to control the amount and type of waste
products being deposited along the coastal environment to promote the economic
viability of the fishery, aquaculture and tourism industries.

On the island portion of the province of Newfoundland and Labrador, the two major
contributors of organic waste are seafood plant effluent and sewage (Cull, 2000). A
summary of the approximate inputs from 1992-1996 is shown for Newfoundland in Table
1.1. It is estimated that fish offal is the largest source of organic waste to the coastal

environment.



Table 1.1 Organic waste inputs for coastal Newfoundland from 1992-1996 (Cull, 2000)

Year Offal (kg) Sewage (kg) Sawmills (kg) Aquzlﬁ;l)lture
1992 159,000,000 5,320,000 3,204,000 - 49,100
1993 90,500,000 5,640,000 3,659,000 127,000
1994 86,000,000 5,970,000 3,580,000 231,000
1995 112,000,000 6,290,000 4,225,000 340,000
1996 131,000,000 6,620,000 4,446,000 607,000
Total 578,500,000 29,840,000 19,114,000 1,354,100
Avg. 115,700,000 5,968,000 3,822,800 270,820

1.2.1 Seafood Processing Plants

Background

The fishing industry has always been a major economic force for the province of
Newfoundland and Labrador. In 2004, 117 licensed primary processing plants employed
over 14,000 individuals from approximately 500 different communities (Figure 1.1)
(DFA, 2005). In the past, the industry was the largest employer and maintained rural
coastal communities. However, the fishery has significantly decreased over the past
years due to the Atlantic cod (Gadus morhua) moratorium in the early 1990s (Schrank,
2004). Further, the number and variety of primary and secondary processors has changed
as the fishery has changed due to alteration in the fish stocks, DFO regulations and
quotas, market demands, political, economic and environmental factors (Ming-Lesage,
1991). The fishery has shifted from an emphasis on groundfish to shellfish as a result of
the above factors (Schrank, 2004). Table 1.2 represents the value and volume of
Newfoundland and Labrador seafood landings before and after the moratorium and
demonstrates this shift in the Newfoundland and Labrador economy. There are fewer

metric tons (mt) of seafood landed in the province yet the value of the catch has greatly






Table 1.2 Newfoundland and Labrador seafood landings (Schrank, 2004)

1990 2002
uanti Quanti
Species N live v \"alue Value/ live v \"alue - | Value/
. ('000) . . ('000) .
weight $Cdn quantity weight $Cdn quantity
(mt) (mt)
All 336,588 | 174,018 0.52 60,127 62,297 1.04
groundfish
Cod 245,896 133,698 0.54 21,076 27,191 1.29
Flatfishes 41,451 16,713 0.40 14,223 11,416 0.80
Greenland 16,986 13,537 0.80 9,656 10,627 1.10
halibut
All finfish 159,923 26,855 0.17 50,097 13,378 0.27
Capelin 126,600 17,165 0.14 13,482 1,732 0.13
All shellfish 47,495 76,369 1.61 163,879 | 441,106 2.69
Lobster 2,926 12,713 4.34 2,057 23,476 11.41
Shrimp 19,998 45,748 2.29 82,862 172,446 2.08
Queen/snow 11,054 13,051 1.18 59,422 229,253 3.86
crab
Total fish & 544,006 | 277,242 0.51 274,103 | 516,781 1.89
shellfish

Table 1.3 Number of processing licenses for selected years in Newfoundland and
Labrador (Government of Newfoundland and Labrador, 2005)

License Type | 2002 2000 1996 1992 1988
Primary 123 125 197 193 214
Groundfish - - 144 174 177
Crab 36 32 22 19 18
Shrimp 12 11 - 2 11
Secondary 7 9 25 11 -
Aquaculture 5 5 6 - -

Waste from the seafood processing industry can vary significantly as determined by the
end-products and waste management practices of the plant. Inputs into a processing plant

can include whole fresh or iced seafood, water, ice, calcium hypochlorite and other



chemicals (217 approved by government), packaging materials, and electricity (AMEC,
2003). These inputs are directly related to the processor’s facility size and targeted
species. Outputs may include fresh chilled fillet exported or consumed; swim bladders;
skins of fishes (like sharks and rays); remaining fats, carcasses (with swim bladders
removed) and fillets rejected for quality control used to make fish meal or silage;
wastewater of varying strengths, especially from filleting and trimming processes which
contain fats, oil and grease (FOG) with blood, small pieces of fish and protein; waste heat
from ice manufacture, chilling and the cold room (AMEC, 2003).

Recovering waste products to a secondary market for fishery by-products can be useful in
reducing the amount of waste deriving from processing operations. There are areas in
the world such as Alaska and Iceland where waste diversion is a critical part of the
processing strategy (Bluhm and Becthel, 2002; Islam et al., 2004). There are currently
five processors of by-products in Newfoundland and Labrador including two fishmeal
plants, one shell drying facility, one seal oil facility and one silage plant (T. Thomas,
pers. comm., 2005). There is a disproportionate ratio between the primary and secondary
processors. Considering the availability of materials, there is potential for resource

development that is currently under-utilized within the province.

Environmental Effects

Seafood processing wastes, fish parts, culls and inedible species have been discarded into
the sea or at sea since the time that humans began to fish (Champ et al., 1981). Some of
the problems associated with disposing of fish plant effluent directly into the coastal

environment can include but are not limited to: a turbidity plume; accumulation of heavy



metals from fish flesh and shells at poorly flushed dump sites; anoxic benthic
environments with poor circulation leading to decrease in life; a reduction of aesthetic
quality including floating solids, surface oil slicks, odour, and flies; an increase in
scavengers and exotic species; and an increase in nutrients leading to eutrophication
(Champ et al., 1981; Barrie, 1985). There is also the potential for bacterial contamination
in the form of E. coli and Salmonella if the receiving environment is adjacent to
surrounding shellfish areas and aquaculture sites such as along the south coast of
Newfoundland (Menon and MacDonald, 1978; Tidmarsh et al., 1986; Coastal Zone
Research, 2004).

Little information exists on waste characterization and quantification of fish plant
effluents in Atlantic Canada (Broderson, 1972; Tidmarsh et al., 1986; S. Fudge and
Associates, 1989; Cull, 2000; AMEC, 2003). Exact figures are not available because
each fish plant has a range of production capabilities, use different production methods
and treat their waste differently. Most fish plants are privately owned and operated
commercial enterprises; it is not advantageous for them to share production information,
hence the lack of published data.

Waste quantity and components can vary considerably depending on the species, stage of
processing and processing methods. The proportion of waste material can range from 30
to 60 percent of the catch for groundfish to up to 80 percent for shellfish (AMEC, 2003;
[slam et al., 2004). It is estimated that 51% of the landed weight is waste in Atlantic

Canada (AMEC, 2003).



There are both liquid and solid wastes that are generated by most seafood processing
operations. The spatial and temporal scale of the impacts will vary due to the amount
and nature of the waste output (Islam et al., 2004). The raw waste contains varying
amounts of solid matter including offal (internal organs), skin, bone and shells depending
on the species (AMEC, 2003). A large amount of potable water is required for the
various steps in the processing (Coastal Zone Research, 2004). The production of
seafood products requires mechanical action as well as water to act vigorously on the raw
product which forms effluent containing particles of a wide range of sizes. These
particles are largely organic matter including proteins and their derivatives: FOG (Coastal
Zone Research, 2004). The term used to refer to the particulate matter in the effluent is

total suspended solids (TSS).

Liquid effluent will generally have high biochemical oxygen demand (BOD), oil and
grease, and nitrogen content. BOD refers to the amount of oxygen that is biologically
required to degrade the organics in the wastewater. Chemical oxygen demand (COD)
refers to the oxygen required to chemically oxidize the organic wastes in water. COD is
generally higher than BOD because more compounds can be chemically oxidized than
biologically oxidized by bacteria. Both parameters are used in the measurement of total
organic carbon (TOC). They are also often used to measure the organic matter in
industrial and municipal wastes that contain compounds that are toxic to bacteria (Pinet,
2000).

AMEC (2003) made the several observations about the discharge profiles from recent and

historical data. BOD (mg/L) value ranged from 10 to 110,000 while COD (mg/L) ranged



from 496 to 140,000 and the TSS (mg/L) had a range of 0.26 to 125,000. The
contaminant load was dependant on the type of seafood product being processed. In
general, groundfish process water had the lowest contaminant discharge while fishmeal
processing was higher than either shellfish or finfish. Lower BOD and nitrogen can be
expected from shellfish processing compared to flesh fish. By process/species, fresh
salmon had the lowest contaminant load while marinated herring had the highest. Table

1.4 represents a summary of production based contaminant discharge for several species.

Table 1.3 Production based contaminant discharges (Islam et al., 2004)

. Water Flow BOD COD TSS FOG
Species 3 1 1 -1 -1 -1
(m'day") (mgL™) (mgL™) (mgL™) (mgL.™)
Shrimp 400-1,100 720-2,000 1,200-3,300 800-900 250-700
Crab 3000 4,400 6,300 620 220
1,300-
Clams 13.500 500-2,500 1,000-4,000 | 600-6,000 20-50
Scallops 50-500 200-1,000 300-1,100 1,000-4,000 15-25
Herrin 150 1,200-6,000 3,000- 600-5,000 600-800
g : ’ 10,000 ’
Tuna 125-300 700 1,600 500 250
Salmon 250-2,500 250-2,600 300-5,500 120-1,400 20-550

Beyond the physical properties in the liquid effluent, there can be a wide range of other
chemical and biological contaminants of concern. Nitrogen in the form of ammonia is
present in the blood and slime of many fish and shellfish species (AMEC, 2003). It is
also used as a disinfecting agent along with chlorine and other process aides, disinfectants

and cleaners which can be acutely toxic to fish.



Dockside waste such as litter and petroleum leakage can be disposed of through the plant
outfall as part of typical unloading operations which can result in an accumulation of
toxic chemicals. Heavy metals and polychlorinated biphenyls (PCBs) can be found in the
fish waste at outfalls. Such chemicals accumulate in the fish through bioaccumulation.
Small amounts have been found in Atlantic Canada coastal regions from human sources
(Broderson, 1972). In fact, small amounts of PCBs can be found everywhere in the ocean
as they have been found to stream across the globe on air currents from unregulated
burning (Pinet, 2000). In 1978, a study was conducted to determine if there is any
relationship between levels of PCBs in sediments and fish processing outfalls. At six of
the ten sites studied there appeared to be an association with levels reaching an average
of 25 ppb (Wiltshire, 1978). It was noted however, that significant accumulations of
PCBs are likely to occur only where the discharge strength of effluents was high and/or
the poor dispersal of effluents led to highly enriched sediments of fish wastes. In other
words, high levels of PCBs may occur where there are large of amounts of effluent
discharging into a poorly flushed receiving environment. Other types of hazards that can
be present in the surrounding vicinity of fish plants and their outfalls include fecal
coliform and other bacteria from seabirds (AMEC, 2003).

If there are any metals or accumulated chemicals in the viscera or shells, there is potential
for leaching into the sediment of the surrounding environment at the gurry ground or
disposal site. These metals can be a result of discharges from industrialized and
urbanized areas (Pinet, 2000). The trace amounts of metals enter the food chain through

its absorption in plankton. The poisonous substances build up in the tissues of marine
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organisms along the food chain to species that humans consume. It was found at a finfish
gurry ground that there were elevated levels of metals in some sediment and benthic
organisms (Barrie, 1985; S. Fudge and Associates, 1989). These results may not be
relevant to the current industry in Newfoundland and Labrador due to larger proportion
of shellfish being processed compared to finfish 15 to 20 years ago. Shells from crab
and other scavenger species are less likely to decompose (Cull, 2000) and will sink
directly to the bottom resulting in large areas of decomposing seafood waste (Bluhm and

Becthel, 2002).

If the receiving environment cannot assimilate the waste products efficiently, the water
quality of the area will diminish rapidly. Two studies (Barrie, 1985 and S. Fudge and
Associates, 1989) used underwater photography to show that several dump sites in
Newfoundland contained large amounts of black ooze with white sulphur-oxidizing
bacteria encrusted on the outer surface indicating low oxygen levels associated with
dumpsites. Further, they observed through SCUBA surveys that there was a void of life
in the immediate vicinity of the disposal site both vertically and horizontally, with a very

limited presence of macrofauna or scavengers.

However, this phenomenon was not present in the water column surrounding the outfall.
Champ et al. (1981) observed through a SCUBA study that some fish species were
commonly associated with processing plants outfalls in coastal waters. These included
several scavenger species such as flatfish, cunners, tom cods, sculpins and wolf fish.
Also, large schools of herring or mackerel were observed to have feeding forays into the

effluent during times of high production (Broderson, 1972; Champ et al., 1981). There
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The ideal practice would involve a series of screens and treatment processes as seen in
Figure 1.3. Typically screens are used to gather most settable solids, collected for
disposal or reprocessing into by-product materials such as fishmeal. The remaining
suspended and dissolved solids are discharged as effluent along with the wastewater. In
order to reduce wastes during fish processing operations one can conserve water, improve
housekeeping methods, control of raw material quality and adopt technological
modifications as they improve (Islam et al., 2004). The organic matter should break
down quickly once it reaches the marine environment. There is a wide range of available
treatment technologies once the waste has been discharged as identified in Jamieson and

Gagnon (2005) which is beyond the scope of this work.

Process water and offal
(including cooling water)

A 4
Collection Sump Seepage

A 4
Removal of large offal by | Offal Offal hopper Offal Reduction Plant (Secondary
coarse screening waste processing)

4

Y I

Removal of solids by fine Screenings Collection bin
screening

Screenings

Screened
w effluent

Discharge

Figure 1.3 Typical fish plant processing waste management practices (AMEC, 2003)
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Regulatory Review

The regulations for monitoring and maintenance of fish waste disposal sites (or gurry
grounds) are not well enforced in Newfoundland and Labrador (Cull, 2000). Since there
is a lack of monitoring or regulatory data reporting, there is little incentive to comply
with guidelines. This does not imply, however, that all plants do or do not comply with

regulations.

There are currently no Environment Canada regulations that are specifically related to the
discharge of effluents from seafood processing plants (Coastal Zone Research, 2004).
There are two national laws related to pollution prevention: the Canadian Environmental
Protection Act (1999) and certain provisions of the Fisheries Act (1985). However, there
is a set of guidelines outlined by the Canadian government entitled Fish Processing
Operations Liquid Effluent Guidelines (1975) but there are no incentives to follow these
guidelines and there are no governmental agencies that monitor this waste stream on a
regular basis (L. Park, pers comm.). The guidelines indicate that there should be a
screen present to filter all solids, the outfall should discharge below low tide level, certain
high strength wastes associated with fish meal processing should be recovered and there

should be general good housekeeping (Tidmarsh et al., 1986).

The practice of dumping fish offal at sea is expressly prohibited through the 1996
Protocol to the London Convention (1972) except when a permit is issued by the proper
authortative body. Under the Ocean Dumping Control Act, a permit can be obtained for
the disposal of wastes of more than 450,000 kg/yr issued by environmental protection

officers (Tidmarsh et al., 1986). The practice is approved for processors in
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Newfoundland and Labrador who cannot feasibly transport their solid wastes to an
approved waste disposal facility or fishmeal plant for recycling. At the present time,
Newfoundland and Labrador is the only province in Canada in which exemptions from
the provisions of the London Convention are permitted under the Canadian
Environmental Protection Act ocean dumping provisions. In 2003, 48 permits were
issued to Newfoundland and Labrador processors (AMEC, 2003). Site-specific data was
not available but it was noted that the sites were selected with a preference for rocky
bottoms with high-energy sea conditions (AMEC, 2003). It was reported that the offal
was not dispersed or degraded as predicted at several test sites. There are reports that in
some instances the fish waste is not brought to the permitted site but released either along
the way or right from the wharf (Cull, 2000).

An action plan was initiated through the National Program of Action for the Protection of
the Marine Environment from Land-based Activities. The program represents a
collaboration of government departments and agencies to understand and eliminate
coastal pollution. A working group has formed to investigate the current state and
potential effects of the seafood processing industry in Atlantic Canada. This group has
recently formed, the initial analysis of the regions nearly 800 plants has been done and

further work will be completed in upcoming years (L. Park, pers. comm.).

1.2.2 Municipal Wastewater

Background
Another serious hazard to the coastal ecosystem is the large input of municipal

wastewater discharged into coastal water throughout the province. It can include both

15



the liquid waste from a community’s sewer system as well as from municipal treatment
facilities (EC, 2001). The waste stream can be separated into two broad categories:
sanitary sewage and storm water.  Sanitary sewage includes the liquid waste from
homes, businesses, institutions and industries while storm water derives from rain or
melting snow from rooftops, lawns, roads, and other urban surfaces.  According to
estimates made in 1999, municipal wastewater discharges represented one of the largest
single effluent discharges by volume in Canada with 14.4 million m’ per day of treated
wastewater being discharged from 1118 municipalities (EC, 2001).

Numerous studies have been conducted to determine the fate and effects of this waste
stream (Adams et al., 1998; Petrenko et al., 1997, Petrenko et al., 1998; Carvalho et al.,
2002; Pamell, 2003). In general, the fate of municipal wastewater discharged into
coastal waters is dependant on the design and placement of outfalls and the ambient
circulation of the receiving environment (Parnell, 2003). The magnitude of coastal
pollution can be controlled through the use of proper treatment and disposal methods;
however, there are still areas of Canada, such as coastal Newfoundland, where the waste
is directly discharged into the ocean.

Environmental Effects

There can be physical, chemical and biological impacts as a result of discharging
municipal wastewater in the coastal environment. The effects and impacts can be as
diverse as the range of components in municipal wastewater effluent (Table 1.4). The
severity of these impacts can depend upon a variety of physical and biological processes

coupled to concentration, content, and mixing capability of the wastewater with
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surrounding water masses (Petrenko et al., 1997). Environmental impacts may arise from
an increase in nutrient loads, decreased levels of dissolved oxygen, and releases of toxic
substances, many of which can bioaccumulate and biomagnify in aquatic wildlife (EC,
2001). Acute and cumulative effects on the receiving ecosystem have been identified as
a result of the deposition of both treated and untreated municipal wastewater. Acute
impacts may result from high levels of ammonia and chlorine, high loads of oxygen-
demanding materials, or toxic concentrations of heavy metals and organic contaminants
from treatment plant effluents. It is noted that this type effluent is a leading source of the
BOD, TSS, nutrients, organic chemicals, and metals that are discharged into Canadian

waters (EC, 2001).

Table 1.4 Components of municipal wastewater (EC, 2001)

Type Category Examples

Biological | Bacteria Fecal coliform (e.g. Escheria coli, Compylobacter)
Viruses (e.g hepatitis A virus)

Protozoa (e.g. Giardia, Cryptosporidium)

Chemical | Nutrients Phosphorous
Nitrogen (e.g. nitrate, nitrite, ammonia)
Organic Pesticides (e.g. toxaphene, DDT/DDE)
chemicals Surfactants (e.g. nonylphenol)
Chlorinated solvent (e.g. tetrachloroethylene,
tricholorethylene)

Polycyclic aromatic hydrocarbons (PAHs)
Polychlorinated biphenyls (PCBs)
Endocrine-disrupting substances (PCBs, dioxins,
furans, contraceptives, nonylphenol)

Inorganic Metals (mercury, cadmium, copper, iron, lead, nickel,
chemicals Zinc)
Chloride and chlorine
Cyanide
Oil and grease
BOD
Physical TSS
Debris/Grit

17



Conversely, as pollutants accumulate in sediments and biota over time, they become
more toxic leading to chronic or cumulative effects through bioaccumulation. Some
chemicals posing the greatest risk may include PCBs, dioxins and furans, organochlorine
pesticides, and mercury and other heavy metals (EC, 2001).

In order to mitigate the effects of the municipal wastewater effluent, several treatment
methods have been developed. There are four levels of treatment for municipal
wastewater: none, primary, secondary, and tertiary treatment. In cases where no
treatment is carried out on the waste, the assimilative capacity of the receiving
environment will be relied upon to disperse the waste. It is noted by Sharp (1991) that
through proper outfall design, elaborate treatment methods may not be required for areas
where the cost and technical skills are too prohibitive. Therefore, in some cases a well-
designed outfall may be sufficient if ambient conditions are ideal. BOD values are less
for sewage discharged directly into the sea because the majority of freshwater bacteria
will die soon after being discharged into the saltwater (Beer, 1997). Primary treatment
removes at least 30% of TSS and BOD by sedimentation and filtration through screens
and settling tanks. If chemically enhanced primary treatment is available, it can remove
60 to 82% of TSS and 45 to 65% of BOD through coagulation and flocculation (Parnell,
2003). At least 85% of TSS and BOD can be removed by the biological oxidation
processes that are involved in secondary treatment. However, inorganic nutrients are
products of the biological oxidation of marine algae therefore tertiary treatment can be
used to reduce the concentration of inorganic nutrients resulting from secondary

treatment.
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Figure 1.4 Possible wastewater treatment methods and their sequence (Sundstrom and Klei, 1979)
















Table 1.6 Organic Components of Produced Water (Ayers et al., 2001)

omponat | NonSeamn | USDe [
mg/L) (mg/L)

Total Oil (grav) 2-220 2.3-359 35

Dissolved Oil <760 <200

Benzene 0.4-5 oil 0.18 -14.0 3.5
0.3-440 gas

Toluene 0.01-2 oil 0.16-7.95 2.5
4-145 gas

Xylene 0.1-7 a1l - 0.5
0.8084 gas

Ethylbenzene - 0.025-0.56 0.3

Naphthalenes 0.07-0.1 0.018-0.30 0.1

2,4-Dimethylphenol - 0.016-0.57 0.1

Phenol 2-23 0.20-3.4 1.0

TOC - 88-661 300

COD 130-15,800 182-3,000 -

BOD 28-6700 126-1920 -

Heavy metals found in produced water can pose concerns to the ecosystem and human
consumers of fishery products. In many cases, marine species cannot process metals,
therefore they are ingested and retained in their systems resulting in the potential
bioaccumulation of toxic chemicals. Some metals characteristic to produced water are
given in Table 1.7. It was found that concentrations of most metals in natural marine
food webs show either no relation, or an inverse relation to trophic level, thereby

indicating that food chain biomagnification of inorganic metals does not occur (Ayers et
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Table 1.8 Major ions in produced water (Ayers et al., 2001)

fon Hibernia Avalon Venture Piper Seawater
Na* 45,473- 27,500 30,000 29,090- 10760
188,790 26,620
K 96-370 991 276 240-486 387
Ca** 677-6,530 2,536 20,816 1,190-2,670 413
Mg*? 100-686 576 31 626-670 1,294
Ba** 2.7-21 - - 28-81 3-50%*
Sr** 86-873 - - 236-587 g*
Fe** 0-89 ND Trace 0.5-15.9 0.9-1.61*
Cr 27,169- 48,798 82,831 42 .800- 19,353
114,596 47,330
Br - - - - 87
HCO? 378-688 567 1,018 210-270 142
SO, 248-339 260 863 0-50 2,712
CO;* 0 0 0 0 -
OH 0 0 0 0 -
H,S ND ND ND ND -
TDS 45.,926- 81,227 - 69,805- -
189,588 77,950
pH 6.4-8.1 7.1 6.1 7.1-6.7 -
Specific | 1.0317- 1.0563 1.0910 1.0489- 1.02
Gravity 1.1269 1.0236

Units in mg/L unless otherwise specified by * which represents pg/L

Proponents of the oil and gas industry have determined that produced water will not have
a large effect on marine ecosystems due to its ability to reach ambient conditions quickly
(Petro-Canada, 1998). Measurements are required both near field and far-field to
validate this statement since produced water is thought to undergo several processes such
as evaporation, sedimentation, adsorption, chemical oxidation, photo-oxidation and
biodegradation before it reaches ambient conditions and no data exists (Patin, 1999).

Most treatment processes will use a form of gravity separation to divide the water from

solids and oil. There are several treatment technologies such as hydrocyclones and
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practice was well established prior to government intervention even before
Newfoundland was part of Canada.

The Canada - Newfoundland and Labrador Offshore Petroleum Board (CNLOPB) is the
regulatory body responsible for all aspects of operations in the offshore oil industry in
Newfoundland and Labrador. Through its role as the federal-provincial authority, it has
the responsibility and authority to evaluate and approve the development and activities of
the proponents. With respect to the discharge of waste products from petroleum drilling
and production operations in Canada’s offshore, a set of guidelines known as the
Offshore Waste Treatment Guidelines (2002) outlines the recommended practices and
standards. The guidelines were prepared by the National Energy Board, the CNLOPB
and the Canada-Nova Scotia Offshore Petroleum Board (CNSOPB) to represent the

minimum standards related to waste treatment, disposal and monitoring.

1.3 Plume Dispersion

Effluent can have varied effects on the receiving environment; therefore, it is imperative
to know its fate once it is discharged thereby allowing for predictions of its extents into
the receiving environment. Coastal outfalls are usually designed to maximize the natural
assimilative capacity of the ocean to enhance the dispersion of waste and minimize the
environmental impact (Carvalho et al., 2002; Economopoulou et al., 2003; Mukthasor et
al., 2002). Poorly designed outfalls can cause a build-up of floating debris and sludge
deposition which result in an unpleasant, offensive near shore environment as well as the
potential for human health hazards. However, a properly designed outfall will disperse

the wastes throughout the receiving environment and will ensure the organic matter is
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seawater. These processes work to carry the pollutants within the effluent away from the
discharge location.

Near field mixing refers to the initial mixing that occurs within about 100 m and within a
few minutes of release where the initial jet momentum, buoyancy flux, and outfall
characteristics control the mixing process (Jirka et al., 1996; Schnurbusch, 2000). The
dispersion of the effluent in the near field region is defined by the outfall itself and the
properties of the effluent. The greatest rates of dilution are found during this phase
(Parnell 2003). This region ends where the discharge turbulence collapses under the
influence of buoyancy forces (Doneker and Jirka, 1991; Economopoulou et al., 2003). At
this point, the discharge flow encounters a boundary such as a surface, bottom, or density
stratification layer (Schnurbusch, 2000). It is at this point when there is a transition to the
far field region. There is an interaction with the surrounding medium and the plume
becomes a diffuse mass carried along by the ambient current. Ambient conditions that
may assist these processes include water hardness, temperature, salinity, acidity or
alkalinity, background concentrations of nutrients and metals, and the physical nature of
the receiving water body (EC, 2001). The spatial and temporal scales for far field mixing
occur within a range of hundreds to thousands of metres from the outfall and from
minutes to weeks after discharge (Parnell, 2003). A typical plume dilution schematic is

shown in Figure 1.7.
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because they will dissipate more slowly and have the potential to affect bottom-dwelling
creatures (Jirka et al., 1996).

The dilution capacity of the receiving water body also depends on the volume of the
discharge and the flow of the receiving water at the point of discharge. Adequate
flushing in the ambient environment should ensure that the waste does not pose concern.
The mixing behaviour of an effluent discharge is affected by the combination of two

characteristics: discharge characteristics and ambient conditions as listed in Table 1.9.

Table 1.9 Factors affecting mixing behaviour of effluent discharges (Schnurbusch, 2000)

Discharge Characteristics Ambient Characteristics
e Discharge velocity e Ambient velocity
e Discharge flow rate e Ambient flow rate
e Port or pipe diameter e Lateral cross sections/bathymetry
e Diffuser/port configuration and e Ambient density profile
geometry
Elevation of port or pipe off the bottom
Density of the discharged fluid

Low hydrodynamic energy conditions can limit the volume and flow of receiving water
and will determine its ability to dilute or assimilate effluent discharges thereby affecting
the extent of toxic effects occurring in the vicinity of the discharge (EC, 2001).
Concentrated effluent may be highly lethal in laboratory tests, but if the receiving
systems have a large assimilative capacity the effluent may dilute so that it is no longer
harmful (EC, 2001).

Mathematical models such as in Mukthasor (2001) have been developed to predict the
near field behaviour of plumes. Another example of a dispersion model is the Cornell

Mixing Zone Expert System (CORMIX GI version 4.1). The model has been developed
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into a software system designed to incorporate several hydraulic models (Davis, 1999)
for the analysis, prediction, and design of aqueous toxic or conventional pollutant
discharges into diverse water bodies (Jirka et al., 1996). The system is sub-divided into
several modules: submerged single port discharges (CORMIX1), submerged multiple
port discharges (CORMIX2) and surface discharges (CORMIX3). By inputting the
ambient conditions and the discharge, effluent and mixing zone data, it i1s possible to
obtain dilution and concentration predictions as a pollutant moves through the mixing
zone, away from the source.

In situ measurements of an actual waste field are critical to evaluate these models in order
to ensure their accuracy. These types of validation experiments are difficult to conduct
due to the high costs, variability of discharge flow rate, currents and stratification and the
large aerial extent to be monitored (Carvalho et al., 2002). In order to effectively trace
and map a plume, it is important to understand the effluent characteristics to best direct
the study. The composition of the waste stream and its properties are just as important as
the discharge characteristics in the planning stage of a plume study. A detailed

discussion on sensor technologies for tracing experiments will be given in Chapter 2.

1.4 Objectives and Scope of the Study

As previously mentioned, the environmental effect of effluent plumes can vary
considerably. Fish plant effluent is not well studied, especially in the Newfoundland and
Labrador region. Sewage outfalls receive more attention as they are common throughout
the world as a necessity to human development. Produced water has been well

researched and represents an identified hazardous substance to the surrounding
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Chapter 2 Monitoring Effluent Plumes

2.1 Monitoring Platforms

Traditional Methods

Traditionally, the chemistry of marine environments has been characterized by using wet
chemical analysis of bulk water collected with large volume samplers (Petro-Canada,
1998). Specially designed sampling bottles are deployed along with other instruments to
obtain a vertical profile of the water column at several pre-specified locations. From a
survey vessel, discrete water samples are obtained using scuba divers to physically
collect the sample or a pump with a bottom-weighted hose. In deep water (beyond scuba
depth), the sampling protocol may include the use of samplers with polyethylene bottles
attached to a hydrowire and lowered into the sea with a winch.

These processes can be time consuming, expensive and could yield inaccurate results
depending on the parameter in question since the operator is at the surface. Furthermore,
several parameters such as temperature can change rapidly when the sample is brought to
the surface. Sample cross-contamination is another issue that could be a concern as
several samples would be taken from the same hose. Although these discrete sampling
approaches yield a general impression of the chemical environment, large sample
volumes restrict their ability to describe conditions within specific micro-environments
such as hydrothermal vents (Di Meo et al.,, 1999). Conceivably, storage and
transportation of potentially hundreds of bottles could lead to mix ups and a greater

probability of complications.
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Degradation of the samples over time has also been identified as a major concern
depending on the length of cruise and analysis facilities. Laboratory procedures usually
include sample analysis by a gas chromatograph with quantification by mass
spectrometer for chemical analyses (Neff and Sauer, 1996). Off-site measurements by
university, provincial, federal and private laboratories are still the primary method for
environmental analysis of nutrients and other chemicals. There is a recognized need for
enhanced on-site measurement capabilities and particularly for high-resolution chemical
sensors and analyzers that operate in situ (Hanson and Moore, 2001).

Regulations imposed by authorities may require observation of the physical and chemical
nature of the receiving environment as part of an effects monitoring program. Parameters
of importance could include current direction and speed, temperature, conductivity,
salinity, dissolved oxygen, pH and fluorescence. These parameters, in most cases, should
be measured in situ to ensure that the readings are accurate and reliable. For example, it
is not feasible to estimate the salinity or temperature from a ship and anticipate an
accurate reading of its exact location compared to measurements taken at the source.

Typical requirements of some oceanographic sensors are shown in Table 2.1.

Table 2.1 Typical requirements for in situ sensors (Vamey, 2000)

Parameter Typical Range Accuracy Resolution
Temperature -51t030°C 0.005°C 0.001°C
pH 3.5t09.5 pH 0.01 pH 0.001 pH
Conductivity 0to 65mS cm’’ 0.002 mS cm’’ 0.001 mS cm’
Redox (Eh) -400 to +600 mV 1 mV 0.01 mV
Chloride 1 to 14 pCl 0.01 pCl 0.001 pCl
Dissolved Oxygen 0 to 500% 1% 0.1%
Chlorophyll a 0 to 100 mgCdm™~ (AUF) 0.01 AUF 0.01 AUF
Sulphide 1to 14 pS 0.01 pS 0.001 pS
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These requirements indicate a general summary of expectations of some parameters. The
range requirements will vary given the application, but in general, the greater the range
the more versatile the sensor. Accuracy of the sensor refers to the ability to obtain the
actual value of the parameter, i.e. how close to the measurement is possible. For
example, if one were to obtain a temperature measurement of 10.844°C using a sensor
with an accuracy rating of 0.005 °C, the actual measurement is 10.844 + 0.005°C. The
resolution of an in situ sensor refers to the precision of the measurement or the
incremental change of the instrument. With respect to the above example, measurements
can be obtained for every 0.001°C in change of temperature for a resolution of 0.001°C.
Sensor Platform Alternatives - AUVs

As previously mentioned oceanographers and scientists have relied on traditional
sampling techniques such as grab samples, divers and towed sensor packages to obtain
information about water quality. In situ platforms are being developed and used to
enhance the capability of the oceanographic scientific community to provide improved
temporally and spatially accurate data. One such type of platform beginning to be
employed is the autonomous underwater vehicle (AUV), defined as a self-propelled
submersible robot capable of carrying out pre-programmed tasks without human
intervention (Sadiq et al., 2002). AUVs have undergone several transformations in
purpose, size, propulsion modes and duration capabilities (Yu et al., 2002). First used in
military applications such as mine detection, their use in the scientific community has
expanded with improvements in sensor technology and miniaturization (Field et al.,

2002). They are useful for environmental monitoring to give accurate continuous, in situ
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data which can be used for delineating plumes as they provide an excellent platform for
mounting scientific payloads. Based on mission requirements, an AUV would have the
ability to detect and map a waste stream as it disperses and dilutes in the water column.
This information could be used to show cause and effect relationships, validate dispersion
models, and develop or enhance guidelines for treatment of wastewater.

One example of an AUV is “C-SCOUT” (Canadian Self-Contained Off-the-shelf
Underwater Testbed) developed jointly by Memorial University of Newfoundland and
National Research Council of Canada - Institute of Ocean Technology (NRC-IOT) as part
of a Natural Sciences and Engineering Research Council (NSERC) Strategic Project
entitled “Offshore Environmental Monitoring Using AUVs” from 1999 to 2004. The
project studied the development and use of AUVs for environmental monitoring of
produced water from the offshore oil and gas industry. C-SCOUT has a modular design
which would enable the use of a variety of sensors as a scientific payload. The baseline
configuration of C-SCOUT is 2.7 m long and has a diameter of 0.4 m. Figure 2.1 depicts
C-SCOUT during a testing procedure in the Ocean Engineering Basin at NRC-IOT in St.

John’s Newfoundland.
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following section reviews potential parameters of interest for oceanographic study and
several viable sensing technologies that have been used in monitoring programs with

AUVs as a sensing platform.

2.2 Physical sensors

Certain physical parameters are ideal to use in plume tracing experiments if it is known
that a particular parameter is different within the effluent compared to ambient
conditions. These are known as natural tracers. For example, salinity would be an ideal
parameter to study if the effluent is originating from a desalination plant (Zaker et al.,
2001) or temperature for a thermal electricity generating station (Laval, 1997). This
method negates the requirement for the addition of more chemicals to a potentially
compromised environment.  Other parameters that could be used in natural tracer

mapping can include turbidity, dissolved oxygen and pH (Parnell, 2003).

2.2.1 Salinity

Salinity is referred to as the total ion content of the water at a given temperature (Pinet,
2000). The ions come from a complex mixture of dissolved salts that naturally occur in
the ocean. Sodium chloride is the most common of all the major dissolved salts with
sodium bicarbonate, sodium sulphate, magnesium, calcium and potassium chlorides and
sulphates composing the remainder (Beer, 1997). The typical ionic composition of
seawater is shown in Table 2.2. The current definition of salinity (Lewis, 1980) is based
on the electrical conductivity. Conductivity is a measure of the water’s ability to transmit

an electrical current which is directly proportional to salinity; therefore, pure water with a
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salinity of zero has no conductivity.

international standardized value.

This measure is used to ensure there is an

Previous to 1978, there were several standard values

which lead to difficulties in determining any ocean circulation models or in the

comparison of data (Lewis, 1980).

Table 2.2 Concentrations of the major constituents in surface seawater (Pilson, 1998)

Ton At salinity: S=35 PSU
mg kg'S’! g/kg Mmol/kg mM
Na* 308.0 10.781 468.96 480.57
K" 11.40 0.399 10.21 10.46
Mg** 36.69 1.284 52.83 54.14
Ca™ 11.77 0.4119 10.28 10.53
Sr** 0.227 0.00794 0.0906 0.0928
Cr 552.94 19.353 545.88 559.40
SOy 77.49 2.712 28.23 28.93
HCO5 3.60 0.126 2.06 2.11
Br 1.923 0.0673 0.844 0.865
B(OH); 0.735 0.0257 0.416 0.426
F 0.037 0.0013 0.068 0.07
Total 1004.81 35.169 1119.87 1147.59
Water 964.80 53 555.0 54 881.0

By definition, a solution with a salinity of 35 in Practical Salinity Units (PSU) has a

chlorinity equal to 19.374 x 10 (Beer, 1997).

It is noted that in coastal regions,

seawater can have a low salinity ranging from 0 to 20 PSU (UN Atlas of the Ocean,

2005) with lower salinity values occurring near freshwater rivers and streams. Areas

with extreme rainfall conditions (high or low) can have extreme values of salinity.

It has been suggested (Woodall et al., 2001) that salinity stratification can be used to
track plumes such as produced water outfalls. Salinometers are used to measure the
salinity in seawater. In general, these sensors operate by measuring the conductivity in

water compared to a calibrated solution and calculating the value given the observed
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temperature and depth. One problem with this method is that electrical conductivity of
seawater has a strong dependence on temperature. Therefore, the measurement of

temperature 1s crucial to the accurate measurement of both parameters (Pilson, 1998).

2.2.2 Temperature

Temperature can be used to locate certain of wastewater plumes in addition to being
useful in salinity calculations. Laval (1997) used an AUV to map the effluent plume
being discharged from a thermal generating station. Temperature is critical in
thermoregulation of the ocean. A thermal plume can be considered a pollutant because
warm water contains less dissolved oxygen than water at lower temperatures and at
temperatures above 37°C, few plants and animals are able to survive (Beer, 1997). The
average temperature of the surface of the world ocean is approximately 17.5°C. The
highest temperatures (>35°C) are found in the Red Sea while the lowest (<- 2°C), has
been observed in the Weddell Sea (UN Atlas of the Ocean, 2005).

Measurement of temperature can be applicable to an effluent plume whose temperature is
significantly different than that of the ambient conditions. The measurement of
temperature is a straightforward procedure, requiring a digital thermometer and recording
device. Thermistors are used in the measurement of temperature in situ. The instrument
is composed of semiconductor material which exhibits a large change in resistance
proportional to a small change in temperature (Wallener, 2005).

Salinity and temperature are the two physical quantities that should be determined in any
scientific investigation of the ocean (Beer, 1997). With these parameters, other

characteristics such as density can be determined whose measurement is critical in the
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determination of the stability and flow characteristics of the water. Density is influenced
principally by the temperature, dissolved salt content of water and depth. Figure 2.1
represents a temperature-salinity diagram which shows the unique relationship between
the parameters. Along each isoline, one can find the same density given the particular

temperature and salinity values determined through measurement.
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Figure 2.2 Temperature-Salinity Diagram (Pinet, 2000)
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An apparatus that incorporates these parameters into one instrument is known as a CTD
(conductivity, temperature and depth or pressure). CTDs have become commonplace
within the oceanographic community. There are numerous examples of studies which
deploy such sensor technology as part of their monitoring program (Bales, 1996; Laval,
1997; Parnell, 2003; Petrenko et al., 1998; Carvalho et al., 2002; Woodall et al., 2001;
Washburmn et al., 1999; Yu et al., 2002). These devices are typically lowered into the
water column at specified depths and towed through an area behind the vessel. The CTD
either stores the data within the sensor’s memory or it transmits electronic signals to the
ship where they are stored in a shipboard computer for later analysis. CTDs have been
miniaturized to make them accessible for use with underwater vehicles to test for these
parameters as the vehicles travel through the water column. These sensors have also
been adapted to interface with other physical parameters such as pH, dissolved oxygen
and turbidity. Parameters such as sound velocity and water density are calculated from

the basic configuration of a CTD.

2.2.3 Dissolved Oxygen

Another physical parameter that can be valuable in the study of effluent plumes is
dissolved oxygen (DO) which is critical to the survival of aquatic ecosystems. By
studying the DO initial assessments of the ambient water quality and primary production
can be made which are crucial to ecosystem health (Sharp, 1991; Rudolph et al., 2002;
Armudala et al., 2004). Oxygen normally enters the ocean through the atmosphere,

usually in polar regions and is also produced by photosynthesis in phytoplankton in the
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upper layers of the sea (UN Atlas of the Ocean, 2005). Photosynthesis is the chemical
process that plants use to convert carbon dioxide into oxygen in the presence of light as
follows:

6CO,+ 6H,0——— C,H,, O, + 60, [1]

Extreme low values arise where wastes such as sewage pollute coastal areas and induce
high levels of BOD due to high bacterial activity. The solubility of oxygen in water
depends upon salinity, temperature and pressure, therefore a CTD is usually deployed
with a DO sensor (EC, 2001). It is generally observed that surface waters are near
saturation or equilibrium while the first several metres are supersaturated. In this region,
plant material can effectively perform photosynthesis to create more oxygen. As one
moves down the water column, the amount of oxygen decreases considerably. In the
deep ocean, oxygen demand is limited; but oxygen concentrations are relatively uniform
but well below saturation. Areas of low oxygen are known as anoxic and areas where no
oxygen is present are known as hypoxic.

Seawater has a normal range of 7 to 14 mg of O, per kg of water (Beer, 1997). The
concentration of DO is usually expressed in milligrams of oxygen per litre of water
(mg/L) or parts per million (ppm). Some DO sensors compare calculated oxygen content
with observed concentration and report percent saturation (% sat.) which is calculated
using Equation [2].

% Saturation = 100 x DO / (DO); [2]

where DO is the observed value and (DO), is the saturation value determined through

calibration prior to deployment (Beer, 1997).
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The amount of oxygen that a given volume of water can retain is a function of the
atmospheric pressure at the water-air interface, the temperature of the water, and the
amount of other dissolved substances (Global-Spec, 2005). Dissolved oxygen sensors
generally consist of a thin organic membrane that covers an electrolyte and two metal
electrodes. As water passes through the sensor, oxygen diffuses through the membrane at
a rate proportional to its partial pressure. The two types of sensors for measuring
dissolved oxygen are known as galvanic and polarographic. In both cases, an electrode is
used to produce a current where the dissolved oxygen reacts with the cathode. The main
difference between the probe types is that polarographic probes require an external
potential voltage whereas galvanic probes do not have this requirement (Global-Spec,

2005).

2.2.4 Total Solids

The measurement of particulate matter from effluent plumes can be very important in an
assessment of water quality in a receiving environment. Total suspended solids (TSS)
have been found to be high in fish plant effluent and municipal wastewater. Several
adverse effects can result from the injection of a large amount of particulate matter into a
receiving environment. The overall water will be diminished in terms of water clarity
and sedimentation. The suspended solids can also be responsible for the transport of
adsorbed contaminants. Poor water clarity can cause a reduction of photosynthesis and
plant growth as the light can not penetrate to the ocean floor where flora and fauna reside.
Finally, solids can reduce the growth or survival of species by blanketing spawning

grounds and smothering shellfish beds (EC, 2001). Particulate matter from effluent can
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be termed total solids (TS) which are classified according to their size and solubility as

total suspended solids (TSS) or total dissolved solids (TDS) as seen in Table 2.3.

Table 2.3 Types of solids (Coastal Zone Research, 2004)

Type Description

Total Solids Solids retrieved after evaporation and subsequent drying of
the sample between 103 - 105°C (contains fixed and volatile)

Total Suspended Solids | Solids retained by a filter of 2.0 < pm nominal pore size

Total Dissolved Solids | Solids that pass through a filter of 2.0 < um nominal pore size

TS can be measured by a turbidity sensor. These instruments measure the average
volume of light scattering over a defined angular range. Turbidity is an expression of the
optical property that causes light to be scattered and absorbed instead of transmitted
through a sample. Both particle size and concentration of suspended solids as well as
dissolved solids can affect this reading; therefore, the measurement of turbidity can used

to determine the amount of suspended solids in the water column.

2.3 Chemical Sensors

There is a wide variety of naturally occurring chemicals in seawater. Seawater naturally
contains an array of dissolved minerals, elements and salts. It has been suggested that all
known stable elements can be found in sea water although in very small concentrations
(Beer, 1997; Pilson, 1998). There are also chemicals that exist in the ocean that are a
direct result of human influence. Identification and monitoring of these chemicals can be
crucial to ensure that regulations are sufficient and are being followed.

Chemical tracers can be in the form of chemicals introduced through anthropogenic

activities (e.g. radioactive tritium and carbon, chlorofluorcarbons, etc.) or by
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2.3.2 Nutrients

Nutrients are critical to ocean life as they are basic substances essential to all living
creatures and plants. Life depends on the availability of carbon, oxygen, nitrogen and
phosphorus. Nitrogen is used in amino acids which make up proteins while phosphorus
is used in compounds such as adenosine triphosphate (ATP) for energy transfer within
organisms (Beer, 1997). However, some nutrients can have detrimental effects to coastal
water when discharged in large amounts. Excessive loadings of phosphorus, ammonia,
and suspended solids from effluent and bacterial contamination from outfalls contribute
to problems of near shore water clarity and poor water quality (Rao and Murthy, 2003).
It has been suggested that the most harmful effects of nutrient loading on the coastal
environment are due to eutrophication (Parnell, 2003). Eutrophication refers to the
process whereby water bodies such as estuaries, harbours, lakes or slow-moving streams
receive excess nutrients that stimulate excessive plant growth often called an algal bloom
(Parnell, 2003). These plants can include algae, periphyton attached algae, and other
nuisance plants or weeds. The increased plant material causes a reduction in dissolved
oxygen once the excess plant material dies and begins to decompose (Hanson and Moore,
2001; USGS, 2005). The anaerobic decomposition of the organic matter leads to a
breakdown of proteins and other nitrogen compounds releasing hydrogen sulphide,
ammonia and methane (Islam et al., 2004).

This cycle can lead to the death of other aerobic organisms in the water column
enhancing the effect. The occurrence of eutrophication indicates a system that cannot

cope with the available internal or external nutrient inputs (de Jonge et al., 2002). Some
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Seawater optical properties are useful for examining phytoplankton biomass (chlorophyll
fluorescence), total suspended matter (beam attenuation or backscatter) and DOM
(absorbance) (Chen, 2000). Chlorophyll a is the chemical used by plants to produce
oxygen in the process of photosynthesis and is a common measurement in oceanography
that yields a descriptive measurement of ecosystem health. The chemical is naturally
found in all plants, including phytoplankton. It absorbs light in certain regions of the
visible spectrum when excited by the presence of an external light source and re-emits a
small portion of this light as fluorescence at longer wavelengths (WET Labs, 2004).
When plants come into contact with light, chlorophyll absorbs light from different
wavelengths to undergo the chemical process of converting carbon dioxide into oxygen.
Therefore, the measurement of phytoplankton is critical to ensure the coastal zone is
receiving adequate flushing of the effluent to give it an opportunity to refresh itself with
fresh oxygen, limiting eutrophication.

The fluorescence that induces the chemical reaction involved in photosynthesis can be
used to measure the amount of chlorophyll in water. Similar to fluorometers used in the
detection of certain dye tracers, fluorometers can be specifically configured to measure
wavelengths that would coincide with chlorophyll a.  In general, these instruments are
similar with the main difference being the range of wavelengths emitted and measured.
The chlorophyll molecule is excited at a wavelength of 460 nm and the emission
generally takes place at a wavelength of 620 to 715 nm. As described in section 2.3.1, a
fluorometer emits light at a predefined wavelength and measures the amount of light

reflected back at another wavelength. Most commercially available in situ chlorophyll
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at the time of the experiment, it was determined that the difference in salinity and
temperature between the coastal ocean water and the freshwater source that is typically
used in the production process may yield worthwhile results.

The MicroCTD from Applied Microsystems Ltd. was selected for the experiment. It is
designed to allow for integration on autonomous and remotely operated vehicles as well
as independently run on a towed apparatus with the use of a battery pack and data logger
(Applied Microsystems, 2004). The data logging feature is activated when the shorting
plug is inserted into the instrument and it comes in contact with seawater. Conductivity,
temperature and pressure comprise the main unit in the sensing system. These three
parameters are used in the calculation of salinity, density and sound velocity. The
sensors are activated using the software package Smart Talk™ which accompanies the
instrument.  Applied Microsystems Ltd. can provide integration with several types of
sensors to measure chlorophyll a, dissolved oxygen, pH, turbidity and oxygen reduction
potential (ORP). The system operates as a flow-through water sampling apparatus
therefore does not require a pump to obtain samples. The MicroCTD can output single
scans or a continuous data stream at a maximum scan rate of 25 Hz (Applied
Microsystems, 2004). In this experiment, a sampling rate of 1 Hz was selected to ensure
ease of integration with the other sensors. The MicroCTD can operate on a DC supply
between 8 to 20 volts. This system was powered by a battery pack which contained three
3.6 V lithium ion batteries. The sensor package was pre-calibrated at the factory and the

calibration certificate and coefficients are presented in Appendix B
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The sensor apparatus was lifted out of the water at the end of each run to provide
adequate data separation between each cast. These were at approximately 20 minute
intervals. The values of the pressure and other parameters changed considerably. These
extreme values were disregarded by eliminating samples within the range: -1.0 m < depth
<0.15 m. Following the data filtering procedures, a total of 17,110 data points with their
temporal and geographical signatures were used for further analysis. The data was
separated into four trials representing the different sessions of the experiment as seen in
Table 4.1. Within each trial, there are several depths being represented. For example,

during Trial 1, 5 casts were completed at 1.00, 0.41, 0.67, 0.98 and 1.12 m over a three

hour period.
Table 4.1 Data organization
Trial Number Date and Time Casts Data Points
Tral 1 October 22, afternoon 1-5 5145
Trnal 2 October 26, morning 6-8 5652
Trial 3 October 26, afternoon 9-12 5216
Trial 4 October 27, morning 13 1097

The data was imported into a Microsoft Access™ database and then converted to an
ArcView™ 83 geodatabase. Initially, the data was entered into the geodatabase as a
series of point features with attributes corresponding to each of the measured parameters.
All data was contained in one file for all the data points. This file had to be separated
into the individual trials by selecting each cast corresponding to the specific trial and
saving them into four distinct shapefiles. This step was essential to perform any analysis
on the data as each shapefile represents the source data on which to base future

calculations.
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4.2.3 Dissolved Oxygen

Dissolved oxygen observed in Trial 1 is typical for a shallow coastal region that has a
small population and limited industrial activity in that it is supersaturated (Ramsey,
1962). Aquaforte Harbour is fairly exposed with a large freshwater input northwest of
the plant resulting in super-saturated conditions (see aerial photo in Figure 3.2).
Dissolved oxygen levels ranged from 103.0 to 119.3 % saturation with a mean value of
110.75 %. The scatter plot indicates that measurements are similar for all depths;
however, as depth increases the amount of dissolved oxygen slightly decreases (Figure
4.6). This result is expected since phytoplankton resides in the upper regions of the water
column and there is more turbulence in the upper regions of the water column. Figure 4.7
indicates the trend of the dissolved oxygen saturation is related to the other parameters:
southwest of the outfall, there is an increase in dissolved oxygen corresponding to the

decreases in salinity and temperature.
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4.2.4 Rhodamine WT

There was a high concentration of 31.27 ppb and a low concentration of 0.80 ppb with a
mean concentration of 1.92 ppb. Several large spikes are recognized during the initial
stages of the test as indicated in Figure 4.1. This was attributable to some confusion in
dispensing of the dye, i.e. too much concentrated dye was added initially. The regions of
highest concentration occurred at 1.0 m which was the approximate depth of the
discharge pipe (Figure 4.8). Since the dye is visible to the naked eye, it was possible to
see the plume moving towards the outer harbour as indicated in Figure 4.9. It is also
noted that the plume direction for the RWT does not correspond directly to that of the
other three parameters. Although there is a similar shape, the plume moves along the
building and straight out to the harbour in a south-westerly direction for temperature,
salinity and DO but RWT appears to travel in the direction almost 45° from the building

in a southerly direction.
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4.3 Trial 2 — October 26, 2004: Morning

Three casts were obtained on the morning of October 26 with an average depth of 0.47 m.
As indicated in the tide table, the tide was low and started to come in at the start of Trial
2. Since water levels were low at the start of this trial, it was deemed necessary to
conduct shallow casts to protect the instruments. A storm occurred on October 24 that
may have altered the ambient water conditions whereby freshwater from a river upstream
and rainwater decreased the salinity and temperature and increased the dissolved oxygen.
The wind speed during the test was approximately 15 km/hr. The average seawater
density dropped to 1007.03 kg/m’ and the temperature remained steady at 8.7°C.

Figure 4.10 shows the parameters of interest over the time period of the trial. These
graphs do not correspond as well with each other compared to Trial 1. Salinity is
observed to decrease over the duration of the experiment with a dramatic decrease at the
start of Cast 7. The tempera*re values a his point also decrease but remain relatively
constant overall. The dissolved oxygen results over time appear to have a lot of noise
starting at the middle of Cast 6. This could be a result of sensor interference or
malfunction. There was an obstruction near the southwest wall that the sensor stick hit
during the trial. Although there did not appear to be any damage to the sensors, it is
possible that the DO sensor could have been affected. @ Comparable to the results
obtained from Trial 1, the initial cast has the highest spikes in RWT measurements but

the overall mean value of RWT concentration is much lower.
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4.4 Trial 3 — October 26, 2004: Afternoon

Four casts were obtained on the afternoon of October 26 with an average depth of 0.49 m.
It was not possible to use the sensors at greater depths because it was low tide and there
were safety concerns. The wind speed was 15 km/hr. The average seawater density
dropped to 1006.4 kg,/m3 and the temperature remained steady at 8.8°C. The results
shown in Figure 4.19 indicate each cast within this trial yielded very different results
from each other. The line plot of salinity shows that although there is a mean value of
8.48 PSU, this is not representative of each cast in the data set. Cast 12 has a mean value
of 11.90 PSU. The temperature is constant with several areas of varnability
corresponding to time periods when salinity is erratic. The dissolved oxygen exhibits
five areas of noise-like variation as seen in Trial 2 DO data. With respect to RWT
concentrations, there are several large spikes occurring at the start of Cast 11 where the
concentration rises to 31.45 ppb representing the highest measurement of RWT obtained

over the entire experiment.
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4.5 Trial 4 - October 27, 2004

One cast was taken on October 27 without dye due to extreme weather conditions. The
wind speed was 30 km/hr and there was a 0.5 m chop on the water. The electric motor
was not powerful enough to maintain a steady course and effectively navigate the
required lawnmower pattern as part of the experimental design. As a result of the rough
conditions, the trnial was concluded early and only one cast was performed without any
dye being added to the water in the plant.

Similar to observations made on October 26, the salinity is very low in this trial. The
mean value of salinity is 7.24 PSU indicating that there is an abundance of freshwater
near the surface. The range of values falls between 5.93 and 8.33 PSU with a difference
of 2.41 and an overall standard deviation of 0.45. The temperature was constant
throughout the study region with a range of 0.13°C. Given the inclement environmental
conditions and limited range of depth profiles, it is expected that there would not be large
variability in the temperature range. The dissolved oxygen observations are very static
compared to any of the previous trials. There is a mean saturation level of 144.57 % with
a standard deviation of 2.33 with most points close to the mean. No dye was mixed and
dispersed for this trial. Therefore, observations of the RWT concentration in this trial
were very low. Background dye concentrations range from 1.87 to 2.02 ppb with a mean
value of 1.93 ppb. Figure 4.28 represents all the parameters over time for the trial. The
raw data indicates that there is little variation in the overall data. It was deemed not
useful to include any other plots for this trial in this work due to the static nature of the

data and lack of any apparent trends.
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Chapter S Discussion

5.1 Parameter Correlation

The importance of several water quality parameters were discussed in Chapter 2, but it is
essential to study the entire picture to be able to assess the impact an effluent plume
maybe imposing on the environment. Therefore, the water quality parameters studied in
this experiment are compared with each other to determine if any relationships are
present. Interactions generally occur at shallow coastal water bodies due to physical
forces, watershed inputs, water quality, aquatic faunal populations and human use
(Buzzelli et al., 2004). It is noted that spatial and temporal differences in the scale and
timing make the linkages difficult to delineate.

Temperature and salinity are naturally positively correlated as described in scientific
literature (Lewis, 1980; Beer, 1997, Pilson, 1998; Buzzelli et al., 2004). It is also noted
that temperature and salinity are negatively correlated with dissolved oxygen. As
temperature and salinity increase, the ability of water to hold dissolved oxygen decreases
(Beer, 1997). Therefore, in areas where there are high temperature and salinity
observations, one would expect to find low dissolved oxygen saturation values. Since
rhodamine WT (RWT) is used to trace the plume as it travels through the study area, it is
assumed that it should be associated with the other parameters.

These relationships are explored for this data set as shown in the correlation matrix for

each trial (Table 5.1). Parameters are said to be positively correlated as they approach
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+1 and negatively correlated as the approach -1. There is little or no correlation as the

correlation coefficient approaches 0.

Table 5.1 Correlation matrix for all trials

Trial 1 Temperature Rho;i\ii’;‘n e D(l)s:;);:zd Salinity

Temperature 1.000

Rhodamine WT 0.171 1.000

Dissolved Oxygen -0.667 0.133 1.000

Salinity 0.940 0.121 -0.650 1.000
Trial 2 Temperature Rho;i‘?;l me D(')s:;;:fld Salinity

Temperature 1.000

Rhodamine WT -0.034 1.000

Dissolved Oxygen -0.039 -0.044 1.000

Salinity 0.199 0.178 -0.371 1.000
Trial 3 Temperature Rhoai;n e D(l)s:;;:zd Salinity

Temperature 1.000

Rhodamine WT -0.150 1.000

Dissolved Oxygen -0.394 0.215 1.000

Salinity 0.955 -0.228 -0.489 1.000
Trial 4 Temperature Rho&i;n me D(l)s;;;:f‘d Salinity

Temperature 1.000

Rhodamine WT 0.233 1.000

Dissolved Oxygen 0.033 0.482 1.000

Salinity -0.535 -0.608 -0.673 1.000

Observations in Trial 1 demonstrate some characteristic relationships that would be
expected in this type of analysis. Temperature and salinity have a strong positive

correlation. This relationship i1s described further in Figure 5.1, whereby most data are
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Trial 2 has poor correlative properties between all parameters. Temperature and salinity
have a small positive relationship as noted in their respective profiles and the lower than
expected correlation coefficient (0.199). The relationship with dissolved oxygen is
negatively correlated as expected in salinity (-0.371) but very weakly correlated with
temperature (-0.039). RWT is only slightly positively correlated with salinity (0.178) and
does not show any significant relationship with the other parameters. 1t is postulated that
the majority of the plume traveled underneath the plant to areas that were not accessible
by the boat.

The temperature and salinity relationship found in Trial 3 is the strongest for the entire
experiment. This relationship is further explored in Figure 5.2 which shows the
temperature and salinity plotted against each other. Other than one apparent outlier, all
the data is scattered about the trend line and there is a high goodness of fit coefficient
(R?=0.908). Dissolved oxygen is slightly more negatively coupled with salinity than
temperature. There is little association between RWT and any parameter. It is slightly
negatively correlated with temperature and salinity and positively correlated with

dissolved oxygen.

106






5.2 Dissolved Oxygen

The measurements obtained for dissolved oxygen are all supersaturated. The lowest
measurement for the overall experiment was 102.3%. Rahm et al. (1995) noted that
empirical studies which gave an upper limit of 102.5% saturation were due to abiotic
factors such as wave-induced bubbles in the uppermost surface layer. He also stated that
levels above 102.5% should be due to net primary production. Storms on the
Newfoundland coast can yield higher than average wind and wave action. As a result,
dissolved gases could be trapped in the surface water, increasing the amount of dissolved
oxygen in the surface layers (Beer, 1997). This phenomena was recognized by Ramsey
(1962) who suggests that large amounts of oxygen may be induced by primary
productivity as well as by the efficient mixing processes that continuously expose water
to atmospheric exchange. If a site is exposed to the open sea it can be profoundly
influenced by water advected into the area by the local coastal drift, tidal currents and
wind-driven circulation (Ramsey, 1962). However, it was noted that during seasons
when phytoplankton blooms are common, the relative influence of the biological and
physical conditions upon oxygen distribution is difficult to assess.

All measurements were recorded at the surface layer of a shallow coastal area. Ramsey
(1962) noted that oxygen saturations in the upper 20 ft (6.1 m) tend to remain
supersaturated at all times. Aquaforte Harbour is fairly exposed and shallow in the area
of the fish plant, reaching a depth of 5 m at the end of the wharf. Since circulation in this

shallow harbour is good, dissolved oxygen levels should be high.
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Another factor that may lead to the supersaturation of the surface waters is the amount of
freshwater in the harbour. It is noted from the overall data analysis that salinity was low.
Also, temperature is low which tends to yield greater potential for oxygen saturation.
The river upstream from the fish plant is considered a good source of oxygenated water
that is continually flowing into the coastal zone. The region is sparsely populated with
little industrial activity making this river runoff relatively unpolluted and rich in oxygen
and nutrients. Furthermore, during a storm on October 24, a large volume of freshwater
would have poured into the harbour from the river due to rainfall resulting in increased
volume of freshwater deposited into the harbour.

The fish plant was not operational for two months prior to the experiment. It is assumed
that the residual effects of the large organic input of the fish plant effluent had dissipated
by the time of the tests. Potential excess nutrients resulting from the fish plant waste
would have been used in a natural fall algal bloom which would result in higher oxygen
levels in optimal conditions.

However, due to the erratic nature of the results obtained during Trial 2 and several
sections of Trial 3, it should be noted that there may have been interference with the
sensor signal. Sensor malfunction during these periods could also be an explanation for

the skewed observations.

5.3 RWT Plume Analysis

Further analysis is conducted with the RWT observations for Trial 1 as the RWT
measurements yielded the best results in delineating a plume. The RWT data was

compared to the dilution model CORMIX to determine if the model could make an
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accurate prediction of the observed results. At the time of the experiment ambient
current information was not available. This parameter is a key component of the input to
the CORMIX model; therefore, several iterations were completed to estimate the most
accurate representation of the ambient conditions. Since all casts were conducted during
a period of roughly 1.5 hours, steady current conditions were assumed for the purposes of

simplification.

5.3.1 Plume Line Derivation

Comparison of the observed and predicted results requires further manipulation of the
data. CORMIX prediction results are given in the form of dilution and concentration of
the effluent with respect to the distance of the center of the plume from the source or
centerline. In order to compare these predicted results to the observed data, the distance
of each point in the study area from the outfall location must be determined. This task
was completed by converting the raster image back to vector data thereby creating a point
to represent each grid cell for the entire study area instead of the patchy distribution
previous to the interpolation process. The distance from the outfall location to all cells
over the entire study area was calculated and joined to the attribute data of each point
yielding information on the distance and concentration for each point. Next, a boundary
polygon was created to facilitate the removal of the points that were interpolated in the
location of the plant and wharf. No measurements were conducted beyond these features
so the estimates for these regions were meaningless and were removed.

The plume centerline was estimated through a multi-step process. The initial step was to

create a line feature that followed the area of highest concentration away from the outfall
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5.3.2 Model Comparison

CORMIX 1 iterations were conducted by using four ambient velocities (u,): 0.1 m/s, 0.25
m/s, 0.5 m/s and 0.7 m/s to determine the best possible fit to the observed data. Due to
small effluent discharge rate, the CORMIX 1 software did not allow the input of ambient
current velocities higher than 0.7 m/s and lower values yielded unrealistic results. A
summary of the CORMIX 1 results is shown in Table 5.2. The prediction results

including the various input and calculated parameters used in the model calculation are

found in Appendix D.

Table 5.2 CORMIX 1 Iteration Results

Ambient End of Near | Concentration End of Concentration
Velocity (u,) Field (m) (ppb) Buoyant (ppb)
Spreading (m)
0.1 m/s 7.60 13.10 9.16 12.40
0.25 m/s 11.00 8.08 12.60 7.96
0.5 m/s 19.39 5.01 45 49 2.06
0.7 m/s 37.66 2.07 175.00 0.15

Figure 5.4 depicts the experimental and simulated data from the CORMIX 1 iterations
and observed results indicating an exponential trend away from the source in all cases. It
should be noted that the observed results did not extend beyond 60 m from the source
whereas the end of the zone of dilution was fixed at 175 m for CORMIX1 simulations (as
defined by software requirements as the smallest region possible). The highest
concentration in the observed data is less than 30 ppb whereas all simulated plumes begin
at 500 ppb. Also, 10 to 20 m from the outfall source the observed concentrations are

higher than that of all the simulated results.
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Figure 5.6 Comparison of the CORMIX iterations and the observed data curve fit

Figure 5.7 indicates the absolute relative difference between the actual concentration and
the predicted concentration using the actual data’s curve fit equation. The iteration with
the lowest relative difference changes as the distance increases from the source.
Initially, », =0.25 and 0.5 have a sudden downward spike then the difference increases in
the transition zone. The absolute difference trend for 0.25 m/s decreases to zero
following the transitional zone then increases to an average of +2 ppb in the far field
region. The iteration, ©, =0.5 was very similar to that of the 0.25 iteration in the near
field region, but decreases to near zero in the far field region which is beyond the point of
any experimental results. For the highest velocity iteration, u, =0.7, the near field
region’s absolute difference is larger than the other two iterations. Since the transitional

zone occurs much later than the other iterations the line appears to be shifted. There is a
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This equation is utilized to estimate the standard ordinary least squares method. If there
1s perfect agreement between Cgps and Cpreq, then Cops=Cpred, a=0, b=1 and e;=0 for all
data points. Cgps 1s plotted against Cpyreqg On the same scale to determine if the observed
and predicted values are comparable. If the plotted points fall along the line of perfect
agreement (y=x), then the two sets of data are the same. In order to determine the degree
to which the observed and predicted values are similar, the Nash-Sutcliffe coefficient is
used (Martinec and Rango, 1989). This goodness of fit measures average observation
against the predicted and actual observations for the entire plume and can also be
expressed as the coefficient of determination (R?):

s ZI: (Cobs, - Cpred, )2
R =1-1i=

p (8]

2 (Cop, =CY’
where C is the average observed concentration and n is the number of observations. If
R’ = 1, then all variation in the dependant variable is explained by the independent
variable and there will be no scatter about the regression line. Another measure of the
quality of the estimation criteria is the standard error (SE) which represents the variability

in the measurement. It is calculated by the following equation:

SE:\/(Zy y—a- Q) -b-> xy -

n—2

It is noted that the smaller the standard error then the less significant the uncertainty and
variability in the regression equation. However, it is important to consider all statistical

variables in the determination of the best fit for the data as the slope and intercept points
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lines are compared to the line of perfect agreement it is recognized that all observations
are similar. It is concluded however, that 0.7 m/s most accurately represents the observed
data. This iteration has the highest R* value (R?=0.547) indicating that it is the best fit for
the data. Also, the intercept (a=2.778) and slope (b=0.603) are closest to that of the line
of perfect agreement. The standard error is less than all other iterations (SE=3.561).

This statistical comparison coincides with the results obtained from the relative absolute
difference of actual and simulated results in which 0.7 m/s was concluded to be the most
likely the level of ambient current velocity. If this is the case, then it can be concluded
that the CORMIX model would be well suited for this type of experiment, i.e. to model
the fate of fish plant effluent in coastal Newfoundland. However, ambient current data is
required to validate this conclusion since uniform ambient current was assumed for the

whole region of prediction in this analysis.

5.4 Summary

Several topics involving effluent plume monitoring were presented in this thesis. Chapter
One reviews typical effluent plumes that exist in Newfoundland and Labrador. It was
determined that although seafood processing waste may not represent the most harmful
waste stream discharged in the Newfoundland coastal environment, it is the largest.
Given that there are so many fish plants throughout the province, mainly in small rural
communities with isolated bays and harbours, this source of waste can have major
implications to rural development. Municipal wastewater, however, should not be
overlooked as Atlantic Canada’s treatment facilities are limited. There is a wide range of

potential components which can be extremely hazardous to the ecosystem and human
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health. Produced water represents a substantial and more recent source of wastewater in
Newfoundland waters. Since the location of the present oil and gas platforms are 300 km
from the coastal zone, this is not an immediate concern to most rural communities but
should not be ignored as certain components could be far reaching if not controlled.
There are many oceanographic parameters that can be studied to obtain an assessment of
water quality in areas with active effluent plumes. Traditionally, these parameters have
been measured by towing sensors or taking samples from the side of a vessel. AUVs
have been identified as a scientific platform that can be used to obtain the data in a more
efficient manner by obtaining continuous measurements. Another benefit to using this
type of platform is the ability to consistently follow a pre-programmed mission which can
be used to obtain repeated measurements with more certainty than with a human operator.
Physical, chemical and biological sensors can be mounted onto the platform depending
on the type of effluent and the purpose of the experiment. A review of various sensors
that can be utilized for effluent monitoring on AU Vs is presented in Chapter Two.
Mathematical models have been developed to predict the near field behaviour of plumes
under steady-state conditions (Mukthasor, 2001; Jirka et al., 1996; Huang et al., 1994).
However, to ensure these models are accurate in situ measurements of an actual waste
field are critical to evaluate these models. Field measurements can be used to compare
against predicted values in validation experiments. Regardless, these models require the
input of the discharge and ambient conditions which may be difficult to obtain.

Validation experiments can be difficult to conduct due to high costs, variability of
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discharge flow rate, currents and stratification and the potential size of study area
(Carvalho et al., 2002).

In this experiment, a dye tracer and other physical parameters were used to trace the flow
of a fish plant’s simulated effluent and compare it to a well-established model. However,
due to the lack of ambient current data, several iterations were conducted to determine if
an appropriate value of the current could be obtained that would yield a satisfactory
correlation to the actual data. A buoyant object was placed into the water to estimate the
surface currents, but due to surface waves and wind conditions measurements were futile.
The ambient conditions were assumed to be steady. Through an iterative process, it was
determined that CORMIX limited the range of ambient velocity values that could be
utilized due to small effluent flow rate, a known parameter. This limitation reduced the
number of possible iterations and configuration schema.

CORMIX was used to predict the concentration of the tracer as it travels away from the
source given various input parameters. Predicted concentrations start directly at the
outfall location where the concentration is full strength. Data collected from field tests
do not contain measurements directly at the source but within roughly 1.5 m of the pipe.
This may have resulted in a source of error in the attempt to correlate the data sets. Initial
predicted concentrations were input as 500 ppb whereas the highest concentration
obtained from the actual data is 31.27 ppb in Trial 1. It may be possible to obtain similar
results to predicted models if samples were taken at the discharge point. Therefore, to
adjust for this discrepancy the assumed plume line of the actual data did not commence

directly at the outfall location but at the area of highest concentration.
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Spatial measurements obtained from the GPS yielded data that were approximately 1.5 m
apart from each other. It may be difficult to obtain precise representation of field data
using traditional sampling methods (i.e. boat-based) that coincides with the accuracy of
CORMIX output. This deficiency was overcome by using GIS software to interpolate the
data across the entire study area and convert the grid back into points to obtain estimates
for areas that were originally data deficient. However, while this method is useful in
smoothing the data over the study region, it did result in another potential source of error
or uncertainty. As noted during Trial 3, there were several high measurements of RWT
that were not incorporated into the interpolated image because there were a limited
number of high values in their vicinity. However, spatial analysis methods including
interpolation have been proven in scientific literature to be useful in converting the
fragmented information into a smooth gradient of data points (Kitsiou and Karydis,
2001).

RWT was added to a freshwater flow from the fish plant because it was not operational,
therefore, the actual discharge characteristics will differ from the presented results. Fish
plant solid waste in Newfoundland is typically discharged into a barge or receiving vessel
below the outfall pipe for collection before being towed to a gurry ground. Wastewater
can be discharged in a separate pipe, or as in the case of Aquaforte, along with the solid
waste where it spills into the receiving environment. There are no standard outfalls
because there are no direct regulations concerning pipe configuration in the province. An

experimental design reflecting this situation is difficult to recreate while a site is not
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operational. In this case, the apparatus was designed to emulate the CORMIX schema
and potential offshore discharges.

Measurements were obtained and analyzed for the following parameters: temperature,
conductivity, dissolved oxygen and rhodamine WT. Since no waste was being
discharged at the time of the experiment, the parameter which yielded the best overall
results in obtaining a plume was rhodamine WT because it represents a chemical
component with a very small background level and it was much easier to recognize areas
of high concentration compared to background conditions.

A correlation matrix was constructed for all the trials and parameters. Trial 1 yielded
typical results for a study of this nature in that there were strong relationships between
temperature, salinity and dissolved oxygen. Temperature and salinity were positively
correlated while both parameters were negatively correlated with dissolved oxygen.
There was no relationship between RWT and any parameters suggesting that the RWT
either did not represent the plume, or the plume was not significantly different from the
ambient physical conditions. The profiles of Trial 1 (Figures 4.3, 4.5, 4.7, and 4.9)
indicate that the plume trends for temperature, salinity and dissolved oxygen are all
similar but they are approximately 45° from the RWT plume.

The RWT plume for Trial 1 was compared to a predictive discharge model. Current
values could not be obtained so several estimated ambient current velocities were used to
achieve CORMIX results. Using these iterations, a close approximation to the actual
ambient current velocity prevailing at the time of the test was achieved. Real ambient

current data to confirm this assumption is required.
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Chapter 6 Conclusion and Recommendations

6.1 Conclusion

Seafood processing effluent was found to be the largest waste stream originating from
coastal Newfoundland. To provide an assessment of the extent of the waste field
surrounding a fish plant, sensors were selected and used to map a simulated effluent
plume at a fish plant in Aquaforte, NL.

Physical parameters measured in these tests are characteristic for coastal regions during
late fall, i.e. lower temperature and salinity values and higher levels of dissolved oxygen
saturation. Rhodamine WT was measured and compared to CORMIX simulations given
a series of ambient conditions. The predicted values clearly show the regions of near
field and far field components of the discharge plume. Due to uncertainty in the data,
there is no clear indication of the near and far field components of the actual plume. The
plume concentration data recorded show a decaying exponential trend over the same
overall range as the CORMIX plume simulations. The regions covered by the data
measure the near-field, far-field and transitional regions of the plume. The far field
predictions from CORMIX fit the plume concentration more closely in an absolute value
sense than the near field predictions but actual concentrations in this region are low, less
than 5 ppb so percentage differences are high. The plume concentration data shows
variation in the predicted and observed data of up to £3 ppb in the near field and reducing

to about +1 ppb in the far field for the closest estimation to the actual results. Within the



uncertainty bands of the data, the CORMIX predictions were found to represent the data
for nearly all current values assumed (from 0.1 to 0.7 m/s).

This conclusion was verified using a regression analysis. Iterations were plotted against
the curve fit for the observed data at the same location resulting in a scatter plot. The
trend line was compared to a line of perfect agreement. It was found that 0.7 m/s yielded
the best regression line as it was more closely associated with the line of perfect
agreement and had the highest Nash-Sutcliffe coefficient (R* = 0.5465).

It was determined that fish plant effluent can be simulated given accurate background
information by comparing the field data to the CORMIX model. However, if this
information is not available assumptions and estimates can be made, but it will inevitably
increase the amount of uncertainty in the estimate and decrease the power of the test.
Models require validation to determine if they can be used for their specific purpose. It is
particularly important if little information exists about the waste stream such as fish plant
effluent in the province of Newfoundland and Labrador.

Effluent plumes can be very diverse resulting in numerous impacts on the receiving
environment, depending on the composition and quantity. It is critical to understand
what is being deposited into the coastal zone in order to properly assess any potential
meditative measures that could be imposed to improve the conditions. It is also
important to test and validate predictive models such as CORMIX to ensure they are used
properly and are accurate. This work identified a waste stream that has been poorly
studied in terms of the fate and effects in the province of Newfoundland and Labrador. A

test was conducted to determine if a discharge model could be used to map the plume. It
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was determined that for the simulated fish plant effluent used in this experiment it can be
a useful tool. Fish plant effluents are not well studied and more focus should be given to
ensure all necessary measures are in place to maintain the long-term viability of

Newfoundland and Labrador’s coastal environment.

6.2 Recommendations

Following the completion of any experiment there are inevitably several
recommendations that can be made to improve the test. This work was no exception.
Recommendations include the following:

e This experiment utilized simulated fish plant effluent, i.e. the typical source of
water with a similar flow rate mixed with RWT. True effluent would have been
preferred; however, due to the seasonal nature of the fishing industry, this was
impossible. Future experimentation on real fish plant effluent would be beneficial
in determining if there is a change in the dilution patterns as well as in the
determination if the other parameters can be used to trace the plume.

e The dissolved oxygen measurements were very high. Particularly, in Tnal 2 it
appeared that there was noise in the data structure. The sensor was not
recalibrated prior to deployment before that session. This could have affected the
results in that they may not accurately depict the actual conditions. Therefore,
recalibration and checking of the dissolved oxygen sensor should be performed
before each deployment.

e Although the package of three sensors was useful in determining the overall water

quality of the harbour, other sensor types may also be beneficial such as the
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measurement of total suspended solids, one of the major pollutants of fish plant
effluent.

Ambient current data was not obtained at the time of the experiment. This
information is needed for the comparison of the field data and the predicted
values derived from CORMIX. The estimated values were useful in the
determination if the model was relevant to fish plant effluents; if this information
was known further analysis could have been conducted.

Finally, Chapter Two describes the benefits of using AUVs for environmental
monitoring. The use of a reliable AUV was preferred for this experiment. Instead,
it provided a set of baseline data from future work involving AUVs and fish
plants. Future work in this area should be continued as it represents an area of

research that has not been well studied in the province.
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Appendix B — Calibration Certificates



Micro CTD 7163
Micro C Calibration

Job Information

Date 08-19-2004
Job Number 4257
Customer Memorial University of Newfoundland

Sensor Information

f Manufacturer AML
;  Model Number Type J
i Serial Number 124-3
Range 0to 7 S/m
Channel 3
Calibrated By JR
Standards Autosal/Hart/T2128

—Calibration Data

Raw Nref Nte C Ratio Real

26888 0 162 0.750025 0.750041
30837 0 150 0.861981 0.861980
35111 0 135 0.983160 0.983043
39343 0 120 1.102648 1.102815
43709 0 105 1.226310 1.226292
48375 0 92 1.358316 1.358234
54694 0 76 1.536858 1.536892

—_—— ]

!—Coefﬁciemc

1 A =-1.241240E-02
B = 4.042094E-06
C =-1.958428E-08
D =2.591705E-11

| E = 2.832684E-05
F =-6.698583E-10

‘ G =1.101161E-11

| =-3.763823E-14

I =A+B"Nte+C*Nte*2+D*Nte*3+(E+F*Nte+G*Nte*2+H*Nte*2)*Raw
i RMS = 0.0001

Applied Microsystems Ltd.
2071 Malaview Ave West, Sidney, British Columbia, Canada V8L 5X6
Phone: (250) 656-0771 Fax: (250) 655-3655
Canada & USA: 800-663-8721
Email: info@AppliedMicrosystems.com Web: http://www.aml.bc.ca









TURNER DESIGNS

’—\—- 845 W. Maude Avenue - Sunnyvale, CA 94085
I {408} 749-0994  FAX (4C8) 749-0998
www.tumerdesigns.com - Toll free 1-877-316-8049

Specification Certificate

Product: CYCLOPS-7 Submersible Fluorometer, PN 2100-000

Application: Rhodamine or Fluorescein Dye
Note: Rhodanine versions are stamped with the Letrer "R ™ on the connector. Filuorescein versions are
stamped with the Letter “F " on the connector.

This certificate confirms that the CYCLOPS-7 with Serial Number: __ 2/ 0007 &
has passed all manufacturing performance testing and meets the specifications detailed below.

For operating instructions, please refer to the CYCLOPS-7 User’s Manual contained on the CD
disk that is included with the unit or can be viewed at the following web link:
hup: “www . tumerdesigns.com't2/doc/manuals. main.htm]

Measurement Parameter X 1 Gain X 10 Gain X 100 Gain
Blank Solution — Deionized 0to35mV 0t 75 mV 0to 150 mV
water, millivolt output

Standard deviation in 1 mV 2mV 7 mV
Deionized water

Maximum Concentration 1000 ug/L i00ug L 10 ug/L
value (~'-5%)

Minimum Concentration 0.36ug L 0.12ugL 0.04ug'L
Detection (ug/L = PPB)

Gain Factor Spec. X1 X 10, —- 3% X100, +/- 5%

998-2108 Rev. A 08.04



Appendix C — Summary Statistics



Summary Statistics - Days Depth (m) (0(:‘:1.5“/:(1'1:/)")’ : u(lz::g' ‘(‘})m et I“(();,(:l]:;l“ (‘)xly);‘::"(\o;:‘:;”) Salinity (PSU) Density Vbe(:::'li(lly
Count 5145 5145 5145 5145 5145 5145 5145 5145
Mean 0.840 28.852 9.525 1.924 110.729 26.078 20.071 1477.242
Trial 1 - Mode 1.000 30.825 9.579 1.160 110.000 27.687 21.550 1480.000
October 22 Minimum ()A:?]() 21.715 ‘).257 0.800 103.000 19.2(?4 14.744 1468.040
2004 ’ Maximum 1.255 31.287 9.632 31.270 119.300 28.453 21.913 1480.420
Range Difference 0.938 9.572 0.375 30470 16.300 9.249 7.169 12.380
Standard Deviation 0.301 2.232 0.070 2.303 3.822 2.168 1.081 2.887
95% Confidence Interval 0.008 0.061 0.002 0.063 0.104 0.059 0.046 0.079
Count 5653 5053 5653 5653 5653 5653 5653 5053
Mean 0.468 10.862 8.705 2.218 138.029 9.227 7.036 1453.510
Trial 2 - Mode 0.408 9.990 8.705 1.930 130.900 8.234 6.201 1452.460
October 26, Minimum 0.173 6.404 8.032 1.530 102.300 5.227 3918 1448.300
2004: Maximum 0.765 18.224 8.904 15.120 187.100 16.040 12.329 1462.640
Morning Range Difference 0.592 11.820 0.272 13.590 84.800 10.813 8.411 14.340
Standard Deviation 0.149 2.208 0.026 0.947 10.877 2.070 1.620 2575
95% Confidence Interval 0.004 0.059 0.001 0.025 ().284 0.054 0.042 0.067
Count 5210 5216 5216 5210 5216 5216 5210 5216
Mean 0.485 10.070 8.830 3.282 141.902 8.482 0.442 1453.115
Trial 3 - Mode 0.673 7.945 8.790 2.140 146.300 6.747 4.942 1450.770
October 20, Minimum 0.194 5.849 8.747 1.520 108.200 4.729 3.519 1448.160
2004: Maximum 0.928 19.672 9.013 31.450 179.700 17.382 13.362 1464.700
Afternoon Range Difference 0.734 13.823 0.266 29.930 71.500 12,053 9.843 16.540
Standard Deviation 0.190 2.830 0.051 2435 7.476 2.571 2.002 3.351
95% Confidence Interval 0.005 0.077 0.001 0.0606 0.203 0.070 0.054 0.091
Count 1097 1097 1097 1097 1097 1097 1097 1097
Mean 0.305 8.692 8.720 1.930 144.544 7.240 5.483 1451.127
Trial 4 - Mode 0.306 8.730 8.717 1.930 145.800 7.300 5.514 1451.15
()t'lol‘)er 27 Minimum 0.235 7.217 8.658 1.870 136.600 5.925 4.454 1449.580
2005 ’ Maximum 0.377 9.895 8.791 2.020 150.100 8.330 6.338 1452.330
: Range Difference 0.143 2.678 0.133 0.150 13.500 2.405 1.884 2.750
Standard Deviation 0.020 0.502 0.031 0.019 2.234 0.453 0.356 0.503
95% Confidence Interval 0.001 0.030 0.002 0.001 0.132 0.027 0.021 0.030
Count 17111 17111 17111 17111 17111 17111 17111 17111
Mean 0.576 15.891 8.992 2.435 131.418 13.939 10.675 1460.373
Mode 0.408 30.825 8.705 1.930 146.300 6.747 5.240 1450.770
Minimum 0.173 5.849 8.632 0.800 102.300 4.729 3.519 1448.160
Overall Maximum 1.255 31.287 9.632 31.450 187.100 28.453 21913 1480.420
Range Difference 1.081 25.438 1.000 30.650 84.800 23.724 18.394 32.2060
Standard Deviation 0.280 8.842 0.357 2.007 15.765 8.275 6.408 11.437
95% Confidence Interval 0.004 0.132 0.005 0.030 0.236 0.124 0.096 0.171




Summary Statistics - Casts in Trial b | Depth (m) ¢ ()(II::{:/‘C:::)")I lcl(':;:: ‘(l‘[)m ¢ l‘lll‘;:)(l:l;l)u“ Ox;);::)l(‘:;::m) Salinity ('SU) Density \;S:;::i(‘ly
Count 995 995 995 995 995 995 995 995
Mean 0.995 30.600 9.571 3.239 113.209 27.782 21.393 1479.489
Mode 1.000 30.604 9.579 0.880 112.900 27.687 21.444 1479.120
Cast 1 Minimum 0.734 30.107 9.493 0.830 109.700 27.283 21.002 1478.850
(16:43) Maximum 1.061 31.282 9.026 31.270 117.900 28.440 21.901 1480.420
Range Difference 0.320 1.175 0.133 30.440 8.200 1.157 0.899 1.570
Standard Deviation 0.018 0.237 0.020 3.989 1.236 0.230 0.178 0.321
95% Confidence Interval 0.001 0.015 0.001 0.248 0.077 0.014 0.011 0.020
Count 1350 1350 1350 1350 1350 1350 1350 1350
Mean 0411 25.857 9438 1.417 114.00] 23,169 17.815 1473.371
Mode 0418 30.604 9.420 1.470 113,100 27.687 21.444 1479.120
Cast 2 Minimum 0.310 21.715 9.257 0.830 105.000 19.204 14.744 1468.040
(22:40) Maximum 1.061 31.282 9.620 31.270 119.300 28.440 21.901 1480.420
Range Difference 0.745 9.567 0.309 30.440 14.300 9.230 7.157 12.380
Standard Deviation 0.290 2.619 0.075 2.753 2.798 2.545 1.974 3.370
95% Confidence Interval 0.015 0.140 0.004 0.147 0.149 0.136 0.105 0.180
Count 775 775 775 775 775 775 775 775
Mean 0.691 27.654 9.479 1.676 111450 24914 19.169 1475.649
Mode 0.694 27.755 9.489 1.140 112.300 25.083 19.073 1475.700
Cast 3 Minimum 0.316 21.715 9.257 0.830 105.000 19.204 14.744 1468.040
(13:05) Maximuom 0.755 29.412 9.541 8.840) 115.200 20.633 20.503 1477.890
Range Difference 0.439 7.697 0.284 8.010 10.200 7.429 5.759 9.850
Standard Deviation 0.014 0.736 0.028 1.019 1.488 0.714 0.553 0.953
95% Confidence Interval 0.001 0.052 0.002 0.072 0.105 0.050 0.039 0.067
Count 261 261 261 261 2061 261 201 261
Mean 1.001] 30.307 9.564 2.390 109.266 27495 21171 1479.112
Mode 1.000 30.356 9.589 1.030 109.900 27.653 21.330 1479.090
Cast 4 Minimum 0.979 29.277 94706 0.890 106.300 20.487 20.389 1477.780
(10:44) Maximum 1.030 30.845 9.624 15.660 110.900 28.001 21.559 1479.880
Range Difference 0.051 1.568 0.148 14.770 4.600 1.514 1.170 2.100
Standard Deviation 0.010 0.241 0.035 2,623 1.158 0.241 0.188 0.315
95% Confidence Interval 0.001 0.029 0.004 0.318 0.140 0.029 0.023 0.038
Count 1764 1764 1764 1764 1764 1764 1764 1764
Mean 1.139 30.470 9.581 1.610 100.723 27.645 21.285 1479.301
Mode 1.193 30.786 9.573 0.950 105.700 28.116 21.556 1480.050
Cast 5 Minimum 0.796 28973 9.478 0.800 103.000 20.175 20.144 1477.430
(29:38) Maximum 1.255 31.287 9.632 18.670 110.900 28.453 21913 1480.400
Range Difference 0.459 2.314 0.154 17.870 7.900 2.278 1.769 2.970
Standard Deviation 0.074 0.571 0.022 1.918 1.721 0.564 0.438 0.726
95% Confidence Interval 0.003 0.027 0.001 0.090 0.080 0.026 0.020 0.034




Summary Statistics - Casts in Trial 2 | Depth (m) CO(::]!:;C:::’;W lu(l:::“;l zt)ule nu{()lr)::lll:)ﬂ“ Ox;);ztjl(:::m) Salinity (PSU) Density Vse(:(l::i(t‘y
Count 2010 2010 2010 2010 2010 2010 2010 2010
Mean 0.659 13.577 8.702 2.487 132.503 11.720 8.983 1456.504
Mode 0.053 13.095 8.676 1.740 130.900 11.237 8.010 1456.850
Cast 6 Minimum 0.439 11.252 8.650 1.530 107.300 9.571 7.309 1453.830
(33:31) Maximum 0.765 18.224 8.904 15.120 159.100 16.040 12.329 1462.640
Range Difference 0.326 0.972 0.254 13.590 51.800 6.469 5.020 8.810
Standard Deviation 0.031 0.802 0.030 1.535 7.450 0.742 0.577 1.009
95% Confidence Interval 0.001 0.035 0.001 0.067 0.3206 0.032 0.025 0.044
Count 2023 2023 2023 2023 2023 2023 2023 2023
Mean 0.404 9.616 8.094 2.081 140.846 8.081 6.143 1452.061
Mode 0.408 9716 8.700 1.930 147.200 8.155 0.592 1451.910
Cast 7 Minimum 0.337 0.404 8.032 1.770 109.600 5.227 3918 1448.300
(33:46) Maximum 0.530 12.621 8.757 4.380 178.200 10.820 8.277 1455.560
Range Difference 0.194 6.217 0.125 2,610 68.600 5.593 4.359 7.260
Standard Deviation 0.020 1.192 0.022 0.195 10.964 1.069 0.833 1.389
95% Confidence Interval 0.001 0.052 0.001 0.009 0.478 0.047 0.036 0.061
Count 1621 1621 1621 1621 1621 1621 1621 1621
Mean 0.311 9.052 8.721 2.057 141.289 7.565 5.737 1451.532
Mode 0.300 9.805 8.729 2.010 145.400 8.295 6.201 1452.460
Cast 8 Minimum 0.173 6.701 8.071 1.860 102.300 5.480 4.111 1448.790
(27:05) Maximum 0.428 11.164 8.755 3.330 187.100 9.475 7.227 1453.940
Range Difference 0.255 4.403 0.084 1.470 84.800 3.995 3.110 5.150
Standard Deviation 0.021 1.008 0.016 0.144 11.673 0.901 0.703 1.160
95% Confidence Interval 0.001 0.049 0.001 0.007 0.568 0.044 0.034 0.056




Summary Statistics - Casts in Trial 3 | Depth (m) Co('l'::;/z:lnv)"y ILI(I:ly)czr.nC()uu : lu‘()l',(’:lll:)ﬂer Ox?:et?l(r;.:;.n) Salinity (P’SU) Density \;Sc(:s:i((ly
Count 1325 1325 1325 1325 1325 1325 1325 1325
Mean 0410 8.535 8.792 2.802 141.138 7.092 5.361 1451.236
Mode 0.398 8.342 8.790 2.140 144.700 6.574 5.091 1450.990
Cast9 Minimum 0.357 6.500 8.769 1.520 113.000 5.291 3.956 1448.940
(10:16) Maximum 0.928 17.428 8.945 13.240 179.500 15.261 11.719 1461.860
Range Difference 0.571 10.928 0.176 11.720 606.500 9.970 7.763 12.920
Standard Deviation 0.094 1.518 0.025 1.470 7.253 1.382 1.077 1.789
95% Confidence Interval 0.005 0.082 0.001 0.079 0.391 0.074 0.058 0.096
Count 1053 1053 1053 1053 1053 1053 1053 1053
Mean 0.671 9.793 8.825 2.794 142.491 8.228 6.246 1452.763
Mode 0.673 9.985 8.810 1.950 144.000 7.619 5.713 1448.580
Cast 10 Minimum 0.602 5.849 8.747 1.650 108.300 4.729 3.519 1448.160
(17:45) Maximum 0.745 16.979 8.963 8.890 179.700 14.828 11.379 1461.380
Range Difference 0.143 11.130 0.216 7.240 71.400 10.099 7.860 13.220
Standard Deviation 0.022 2.447 0.042 1.295 7.650 2.209 1.720 2.875
95% Confidence Interval 0.001 0.148 0.003 0.078 0.462 0.133 0.104 0.174
Count 1481 1481 1481 1481 1481 1481 1481 1481
Mean 0.247 8.189 8.817 4.727 146.205 6.772 5109 1450.941
Mode 0.235 7.932 8.820 2.270 146.800 6.556 4.942 1450.660
Cast 11 Minimum 0.194 6.047 8.781 1.820 121.400 5417 4.053 1449.130
(25:14) Maximum 0.622 15.308 8.927 31.450 165.700 13.262 10.162 1459340
Range Difference 0.428 8.601 0.140 29.630 44.300 7.845 6.109 10.210
Standard Deviation 0.038 0.713 0.015 3.741 2.181 0.037 0.496 0.836
95% Confidence Interval 0.002 0.036 0.001 0.191 0.111 0032 0.025 0.043
Count 1357 1357 1357 1357 1357 1357 1357 1357
Mean 0.669 13.837 8.906 2.553 137.494 11.902 9.104 1457.594
Mode 0.083 15.214 8.921 1.960 139.100 10.247 9.189 1457.490
Cast 12 Minimum 0.418 9.144 8.851 1.600 108.200 7.615 5.766 1452.130
(22:48) Maximum 0.755 19.672 9.013 7.020 174.900 17.382 13.362 1464.700
Range Difference 0.337 10.528 0.162 5.420 06.700 9.767 7.596 12.570
Standard Deviation 0.032 1.709 0.025 0.945 8515 1.580 1.229 2.027
95% Confidence Interval 0.002 0.091 0.001 0.050 0.453 0.084 0.065 0.108




Appendix D — CORMIX Prediction Results



ZORMIXI PREZDICTION FILE:
©11ix11i113111111111%1121213131111121211212211111212121112111113111121211131121233111311311132
CORNELL MIXING ZONE EXPERT SYSTEM
Subsystem CORMIX1: Submerged Single Port Discharges

CORMIX-GI Version 4.1GT

CASE DESCRIPTION

Site name/label: Aguaforte

Cesign case: October 22

ILZ NAME: C:\...top\Sara's Imgortcant Stufif\Cormix .0ct22.0ct22.prd
Time stamp: Sat Mar 26 10:45:59 200>

SNVIRONMENT PARAMETERS (metric units)
Unbounded section

HA = 3.50 HD 2.64

JA = 0.100 F = C.032 USTAR =0.63552-02
UW = 5.556 UWSTAR=0.6023%Z-C2

Uniform density environment

STRCND= U REHOAM = 1020.0630

DISCHARGE PARAMETERS {(metric units)

3ANK = LEET DISTB = 25.00

D0 = 0.051 AOQ = 0.002 HO = J2.82
THETA = 0.00 SIGMA = 0.00

o0 = 7.398 QO = 0.015 =C.1500E-01
REOO = 999.7422 DRHOO =0.2032E+02 G20 =0.1554=+00
co = 0.49802+03 CUNITS= pob

IPOLL = 1 KsS =0.0000Z+C0 K2 =0.0000Z+03

FLUX VARIABLES (metric units)

Q0 =0.15002-01 MO =0.1110E+00 JO =0.2930=Z-02 SIGNJO= 1.0

Associated length scales (meters)

LQ = 0.05 1M = 3.55 Lm = 3.33 Lb = 2.93
Lmp = 3999%3%.00 Lbo = 99999.00

NON-DIMENSIONAL PARAMETERS
FRO = 74.25 R S 73.98

FLOW CLASSIFICATION

11111111111111111111127121211211312121123121212
I Flow class (CORMIX1) = H24-0 z
1 Applicable layer depth HS = 2.64 1L
1121121111131112131111222311111113113111112

MIXING ZONE / TOXIC DILUTION / REGION OF INTEREST PARAMETERS

=0 = 0.5200E+03 CUNITS= pob

NTOX C

NST = 0

REGMZ = 0

XINT = 175.00 XMAX = 175.00

X-Y-7Z COORDINATEZ SYSTEM:

ORIGIN is located a=t the bottom and below the center of the por:
25.00 m from the LEFT bank/shore.
X-axis points downs<tream, Y-axis points to left, Z-axis points upward

NSTEP = 15 display intervals per module



BEGIN MOD101l: DISCHARGE MODULE

X Y Z S C B
0.00 0.00 0.883 1.0 0.5002+03 0.03

END CF MODi0l: DISCHARGEZ MODULE

Jet/plume transition motion in weak crossfiow.

Zcne of f£low establishment: THZTAE= 0.0C SIGMAE= 0.00
LE = 0.25 XE = 0.25 YE = 0.00 zZ=E = 0.88
Profile definiticons:
3 = Gaussian l/e (37%, nalf-width, ncrmal to traj=actory
S = hydrodynamic centerline diluticn
C = centerline concentration {includes reaction effscts, 1f any)
X Y Z S cC 3
0.0C .00 0.883 2.0 C.3500E-03 0.03
0.25 Cc.00 0.88 2.0 0.498E+C3 0.03
0.73 0.00 0.38 2.7 0.187E+03 0.03
1.23 2.00 0.89 4.5 0.110E-03 0.123
1.73 J.00 0.90 6.4 0.775E+02 0.18
2.23 0.00 0.92 8.4 0.595E+02 0.23
2.73 0.00 0.95 10.4 0.479=+02 c.23
3.23 0.00 0.99 12.5 0.398E~02 0.32
3.73 0.00 1.04 14.7 0.339E+02 0.37
4.20 0.00 1.10 16.9 0.294E+02 0.42
4.70 0.00 1.17 19.4 0.257E+02 0.47
5.19 0.00 1.26 22.0 0.226E+02 0.52
5.69 0.00 1.36 24.83 0.200E~D2 0.57
6.18 0.00C 1.47 27.9 0.179E+02 0.62
6.66 0.00 1.59 31.1 0.160E+02 0.67
7.15 0.00 1.72 34.6 0.144E+02 0.73
7.60 0.00 1.83 38.1 0.131E+02 C.78
Cumulative travel time = 11. sec
END OF CZORJZT (MOD110): CET/PLUME NEAR-TIZLD MIXING REGION
REGIN MOD131: LAYER BOUNDARY/TERMINAL LAYEZR APPROACH

Control volume inflow:

X Y A S C B
7.60 0.00 1.85 38.1 0.131E+02 0.73
Profile definitions:
BV = Gaussian 1l/e (37%) wvertical thickness
BH = Gaussian 1/e (37%) horizontal half-width, normal to trajectory
a

™~
a
Il

ugrer plume poundary (Z-coordinate,
Z. = lower plume bpoundary (Z-coordinate)
hydrodynamic centerline dilution

n
I



C = centerline concentration (includes reaction effects, if any)

X Y Z S C BY BH ZU
6.82 0.00 2.64 38.1 0.131z+02 0.00 0.00 2.64
7.06 0.00 2.64 38.1 0.131=+02 0.66 0.33 2.64
7.29 0.00 2.64 38.1 0..31E+02 0.78 0.47 2.64
7.53 0.00 2.64 38.1 0..31E+02 0.86 0.57 2.64
7.76 0.00 2.64 38.2 0.130=+02 0.91 0.66 2.64
7.99 0.00 2.64 38.6 0.129=+02 0.96 0.74 2.64
8.23 0.00 2.64 39.1 0.1272+02 0.99 0.81 2.64
8.46 0.00 2.64 39.6 0.126E+02 1.02 0.87 2.64
8.69 0.0C 2.64 40.0 0.125=+02 2.03 0.93 2.64
8.93 0.00 2.64 40.2 0.124E+02 1.04 0.99 2.64
9.16 0.00 2.64 40.3 0.1242+02 1.04 2.04 2.64

Cumtlative travel time = 16. sec

IND OF MOD131: LAYER BOUNDARY,/TZRMINAL LAYER APPROACH
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3EGIN MOD155: WEAKLY
SURFACE/3CTTOM PLIUMEZ

ZND Or

MCD155:

WEAKLY

DEFXLEC

TED SUR

into a co-£low

INSIGNIFICAXNT

DEFLECTED St

STACE/30TTOM PLUMZ
{or countcer-£flow)
i1al

in spat

RFACEZ/BOTTOM 2LUME

C

extent arnd will be by-vassed.

BEGIN MOD156:

SPECIAL CO-rLOWING, COUNTER-FLOWING OR VZRTICAL DISCHARGE
FLOW REGION DOES NOT

THIS

STRONGLY DE

LECTED SURFACE/BOTTOM PLUMZ

1

CASE:

OCCTR.

** End of NEAR-FIELD REGION

The initial

CORRECTED by a factor 1.66 o conserve the mass flux in the far-fi !
The correction factor is guite large because 0of the small ambient wvelocity
relazZive to the sirong mixing characteristics of the discharge!
This indicates localized RECIRCULATION REGIONS and interna. hydraulic JUMPS
BEGIN MOD141l: BUOYANT AMITIENT SPREADING
Profile cel tions:
BV = top-h thickness, measured vertically
Bd = cop- half-width, measured horizontally in Y-direction
ZU = upper p-ume boundary (Z-coordinate)
Z. = lower p.ume boundary (Z-coordinate)
S = hydrodynamic average (bulk) dilution
C = aver (bulk) concentraticn (includes reaction effects, if any)
Plume Stage 1 (not bank actached):
X K4 Z S C 37 BHE YA ZL
9..6 0.0¢C 2.64 40.3 0.124=+02 1.74 1.74 2.64 0.90
15.62 0.00 2.64 52.2 0.956E-01 0.81 4.82 2.64 1.83

(NFR)

plume WIDTH wvalues 3

n the next far-£field module wi

11 be



22.08 0.00 2.64 57.7 0.864=+01 0.61 7.08 2.641 2.03
28.55 0.00 2.64 61.8 0.806=Z+0L1 0.51 9.02 2.64 2.13
35.01 0.00 2.64 65.3 0.7622+01 0.45 20.77 2.64 2.19
41.47 0.00 2.64 68.7 0.725E+01 0.42 12.38 2.64 2.22
47.93 0.00 2.64 72.0 0.692E+01 0.39 13.89 2.64 2.25
54 .39 0.00 2.64 75.4 0.661E-01 0.37 15.32 2.64 2.27
60.85 0.00 2.64 78.9 0.631E-01 0.35 16.68 2.64 2.29
67.32 0.00 2.64 82.7 0.602=+01 0.34 17.99 2.64 2.30
73.78 0.00 2.64 86.7 0.574=+01 0.34 19.25 2.64 2.30
80.24 0.00 2.64 9..0 0.517=Z+0L 0.33 20.47 2.54 2.31
86.70 0.00 2.64 95.7 0.521E-01 0.33 21.65 2.64 2.32
93.1% 0.00 2.64 200.6 0.495E-01 0.33 22.80 2.64 2.31
99.62 0.00 2.64 105.9 0.470z+01 0.33 23.91 2.64 2.31
106.09 0.00 2.64 112.6 0.4458E+01 0.33 25.01 2.64 2.31
Cumulative travel time = 985. sec
P_ume i1s ATTACEED to LEFT rank/shore.
Plume width 1is now decermined IZIxrom LZFT bank ‘shore.
P_ume Stage 2 (bank attached)

X Y Z S C BV BE U0 ZL
106.09 25.00 2.64 212.6 0.446=Z+01 0.33 50.01 2.64 2.31
120.68 25.00 2.64 115.3 0.432E-01 0.34 50.76 2.€4 2.30
115.27 25.00 2.64 129.2 0.418=+01 0.35 51.590 2.64 2.29
119.87 25.00 2.64 123.2 0.404=+01 0.35 52.24 2.64 2.29
124 . 456 25.00 2.64 127.3 0.391=+01 0.36 52.97 2.64 2.28
129.06 25.00 2.64 131.5 0.379=-01 0.37 53.70 2.64 2.27
133.65 25.00 2.64 135.8 0.3672+01 0.37 54.42 2.64 2.27
138.25 25.00 2.64 140.2 0.355=-01 0.38 55.14 2.64 2.26
142 .84 25.00 2.64 144.8 0.344=+01 0.39 55.85 2.64 2.25
147.43 25.00 2.64 149.4 0.333=+01 0.40 56.56 2.64 2.24
152.03 25.00 2.64 154.2 0.323=-01 0.40 57.26 2.64 2.24
156.62 25.00 2.64 159.0 0.313=z+01 0.42 57.96 2.64 2.23
151.22 25.00 2.64 164.0 0.304=+012 0.42 58.66 2.564 2.22
165.81 25.00 2.64 169.1 0.295=+01 0.43 59.35 2.64 2.22
170.41 25.00 2.64 174.3 0.286=+01 0.44 60.04 2.64 2.20
175.00 25.00 2.64 179.6 0.277E+01 0.44 60.72 2.64 2.20

Cumulative travel time = 1674. sec
Simulation limit based on maximum specified distance = 175.00 m.
This is the REZGION OF INTEREST limitation.
END OF MOD141: 3UOYANT AMBIEZNT SPREADING
CORMIX1: Submerged Single Port Discharges Zncé of Predictlon Fille
121212222 7131171121172rr11311111ci2231iilrioiiziiliiozllooacoriiloironraicIoioc



CORMIX1 PREZEDICTION FILZ:
l1111111111117111227312117111171121112123121211113223221271211121222312112173111311131111021
CORNELL MIXING ZONE EXPZRT SYSTEM
Subsysctem CORMIX.: Submerged Single Port Discharges
CORMIX-GI Version 4.1GT
CASZ D=SCRIPTION
Site name/label: Aguafors
Design case: October 22
FILE NAME: C:\...zop\Sara's Importan:z Stuff\Cormix.0cz22.0cz22.pxd
Time stamp: Sat Maxrx 26 12:06:03 2005
ENVIRONMMENT PARAMETERS (metric units)
Unbounded section
HA = 3.50 =D = 2.54
UA = 0.250 F = 0.032 USTAR =0.1589=-01
W = 5.556 UWSTAR=0.6623Z-02
Uniform densityv environmentc
STRCND= U RHOAM = 1020.0630
DISCHARGE PARAMETERS (mezZric units)
3ANX = LEFT DISTRB = 25.00
DO = 0.051 AQ = 0.002 HO = 0.88
THETA = 0.00 SIGMA = 0.00
U0 = 7.398 Q0 = 0.015 =0.1500E-01
RHO0 = 999.7422 DRHOC =0.2032=Z+02 GPO =0.1954E+00
Cco = 0.4980E-03 CUNITS= ppDb
I?OLL = 1 KS =0.0000=+20 KD =0.0000E+0Q0
FLUX VARIABLES (metric units)
Q0 =0.1500E-01 MO =0.1110=+00 J0 =0.2930=2-02 SIGNJSO= 1.0
Associated _ength scales (meters)
LQ = 0.05 LM = 3.55 Lm = 1.33 Lb = 0.19
Lmp = 99999.00 Lbp = 99999.00
NON-DIMENSIONAL PARAMETERS
FRO = 74.25 R = 29.359
FLOW CLASSIFICATION
1121211111211121112111131112112121221111111111
1 Tlow class (CORMIX1) = H4-0 1
1 Applicable layer depth HS = 2.64 1
11131117111132712731211111111112121211231721

MIXING ZONE / TOXIC DIZUTION / REGION Or INTEREST PARAMETERS
Cco = 0.5000=2~03 CUNITS= ©ppD
NTOX = 0
NSTD = 0
REGMZ = O
XINT = 175.00 XMAX = 175.00
X-Y-Z COORDINATE SYSTEM:

CRIGIN is located at the botoom and kelow the center of the port
25.00 m <from the LEFT Dbank/shore.
Y-axis points to lefz, Z-axis points upward

X-axis points downstrean,
D

NSTEP = 15 display intervals per module



BEGIN MCODIQ0l: DISCHARGE MODULE

X Y Z S cC B
0.00 0.00 0.88 0 0.498E+03 0.03
END OF MOD10l1: DISCHARGE MODULE
3EGIN CORJET (MOD110) JET/PLUME NEAR-FIELD MIXING REGION
Jec/plume cransition motion in weax crossilow.
Zone of flow establishment: THETAE= 0.00 SIGMAE= 0.C00
LE = 0.25 X= = 0.25 YE = 0.00 ZE = 0.88
Profile cdefinitions:
B = Gaussian 1l/e (37%) nal_f-width, rnormal to trajectory
S = hydrodynamic centexline dilution
C = centerliine concentration (includes reaction effects, 1if any)
X Y z S C B
0.00 0.00 0.88 2.0 0.500E+03 0.03
0.25 0.00 0.88 1.0 0.498E+03 0.03
0.97 0.00 0.88 3.6 0.139E+03 0.10
1.68 0.00 0.89 6.3 0.786E+02 0.16
2.39 0.00 0.91 9.2 0.539E+02 0.22
3.13 0.00 0.95 12.4 0.401E+02 0.27
3.84 0.00 0.99 15.7 0.317E+02 0.33
4.55 0.00 1.05 19.2 0.260E+02 0.38
5.29 0.00 1.12 23.0 0.216E2+02 0.43
6.00 0.00 1.19 27.0 0.184E+02 0.48
6.71 0.00 1.26 31.2 0.159E+02 0.52
7.44 0.00 1.35 35.9 0.139=+02 0.57
8.15 0.00 1.44 40.6 0.123E+02 0.62
8.85 0.00 1.53 45.5 0.109E~+02 0.67
9.59 0.00 1.63 50.8 0.980E+01 0.71
10.29 0.00 1.73 56.2 0.887=+01 0.76
1.00 0.00 1.83 61.6 0.808=+01 0.80
Cumulative travel time = 16. sec

2
b
b
7
r;]
Lll

IND OF CORJET (MOD110):

3EGIN MOD131: LAYER BOUNDARY,TZRMINAT LAYER APPROACH
Conzrol volume inflow:
X Y Z S C B
11.00 0.00 1.83 61.6 0.808=Z+01 0.80
2rofile definitions:
3/ = Gaussian l/e (37%) verzical thickness
35 = Gaussian 1l/e (37%) horizontal half-widch, normal zZo trajectory
ZJ = upper plume boundary (Z-coordinacte)
25 lower plume boundary (Z-coordinate)
S = hyd*od‘na mic centerline dilution



C =

0.

)

X

A OV W O

O OV N O W O Oy N O ks

enterline cconcentration (includes reac:tion effec:ts

Y z S C
0 .00 .64 61.6 0.808=-0L
.00 .64 61.6 0.808E~0L
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SURFACE/30TT0OM PLUME into a co-flow (or counter-£low)
This flow region 1s INSIGNIFICANT in spatzial extent and will be by-passed.
END COF MODL155: WEAXLY DEFLECTED SURFACE/30TTCM 2PLUME
ZGIN MOD156: STRONGLY DEFLECTEZD SURFACE,'30TTOM PLUME
SPECIAL CO-FLOWING, COUNTER-FLOWING OR VERTICAL DISCHARGE CASE:
THIS FLOW REGION DOES NOT OCCTR.
ENMND OF MOD1S56: STRONGLY DEFLECTED SURFACZ/BOTTOM PLUMZE
** End of NEAR-FIELD RZGION (NFR) =**
Tre initial plume WIDTHE values in the next far-field module will Dbe
CORRECTED by a factor 1.38 to conserve the mass flux in the far-field!
BEZGIN MOD141: 3U0OYAY AMBIENT SPREADING
Profile d=ifiiniticns:
37 = top-hat thickness, measured verztically
3% = top-hat half-width, measured horizontally in VY-Zdirection
ZU = upper piume poundary {(Z-coordinate)
2. = lowexr p_ume boundary (Z-coordinate)
S = hydrodynamic average (bulk) dilution
C = average (bulk) concentration (includes reaction efifects, 1f any
?.ure Stage 1 (not bank attached):
X b Z S C 37 35 zU ZZ
12.580 0.00 2.64 62.5 0.795E+01 Z.37 Z.37 2.64 1.27
23.43 0.00 2.64 77.2 0.645E+01 0.78 2.97 2.64 1.86
34.25 0.00 2.64 87.6 0.363=-0L 0.62 4.2. 2.64 2.02
45.08 0.00 2.64 98.4 0.506=+01 0.55 5.28 2.64 2.08
53.91 0.00 2.64 110.9 0.419=+01 0.53 5§.25 2.64 2,11
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CORMIX1 PREDICTION FILE:
1111212112211111111131111211131221231231312113113131123222121313131222213131131213171731131112
CORNELL MIXING ZONE EXPERT SYSTEM
Subsystem CORMIXi: Submerged Single Port Discharges

CORMIX-GI Version 4.1GT

CASE DESCRIPTION

Site name’/labe’: Agquaforte

Design case: QOctopexr 22

TILE NAME: C:\...teopiSara's Important Stuff‘Cormix Ccz22%0ct22.prd
Time stamp: Saz Maxrx 26 11:43:35 2005

INVIRONMENT PARAMETERS (met-ric units)
Unbounded section

HA = 3.50 ED = 2.64

Ua = 0.500 7 = 0.032 USTAR =0.3177=2-01
W = 5.556 UWSTAR=0.6623=z-02

Uniform density environment

STRCND= U RHOAM = 1020.0630

DISCHARGE PARAMETERS (metric units)

BANX = LEFT DISTB = 25.00

00 = 0.052 A0 = 0.002 HO = 0.88
THETA = 0.00 SIGMA = 0.00

co = 7.398 QO = 0.015 =0.1500=-01
RHOO = 999.7422 DRHOO =0.2032=Z+02 GPO =0.1954=+00
co = 0.4980=2Z+03 CUNITS= ©ppb

IP0LL = 1 KS =0.0000=Z~C0 KD =0.0000=+0C

FLUX VARIABLES (metric units)

Qo0 =0.1500E-01 MO =0.1110=Z+00 J0 =0.2930E-02 SIGNJO= 1.0

Assoclated length scales (meters)

LQ = 0.05 LM = 3.55 Lm = 0.67 b = 0.02
Lmp = 99699.00 Lbp = 99995.00

NON-DIMENSIONAL PARAMETERS
rRO = 74.25 R = 14.80

TLOW CLASSIFICATICN

1l1i11113131311123113222%31211112312111322113111
1 Flow class (CORMIX1) = H2 1
1 Applicable layer dep:th ES = 2.64 1
SR 0 S 0 e e A e o s A A 1 s 0 A

MIXING ZONEZ / TOXIC DILUTION / REGION OF INTEREST DARAMETERS
co = 0.5000E-03 CUNITS= DDD

NTOX = O

NSTD = 0

REGMZ = 0

XINT = 175.00 XMAX = 175.00

X-Y-Z COORDINATE SYSTEM:

0
CORIGIN is located at the pottom and below the center of the porc:
25.00 m from the LEFT bank/shore.
X-axis points downstream, Y-axis points o left, Z-axis points upward.
NSTEP = 15 display intervals per module



BEGIN MOD10l: DISCHARGE MODULE

X b4 Z S C B
0.00 0.00 0.88 2.0 0.500=+03 0.03

ZND OF MOD10Xl: DISCHARGE MODULE

BEGIN CORJET (MOD110): CET/2LUME NEAR-FIELD MIXING REGION

Je--like motion 1n weak crossflow.

Zone of flow escablishment: THETAZ= 0.00 SIGMAZ= 0.00
LE = 0.25 XE = 0.2 Y= = 0.00 2=z = 0.88
Profile definitions:
3 = Gaussian 1l/e (373%) nali-wid:zh, norma. o0 Lrajec:zory
S = nydrodynamic centerline dilution
C = centerline concentra:tion (includes reaction efifects, iI any)
X Y Z S C B
0.00 0.00 0.88 1.0 0.500E+03 0.03
0.25 0.00 0.88 2.0 0.4985+03 0.03
1.52 0.00 0.89 5.7 0.8692+02 0.13
2.79 0.00 0.92 10.9 0.459E+02 0.21
4.08 0.00 0.96 16.4 0.304=+02 0.27
5.35 0.00 1.01 22.1 0.2258+02 0.33
6.64 0.00 1.08 28.2 0.176E+02 0.38
7.90 0.00 1.14 34.5 0.1442+02 0.43
g9.20 0.00 1.22 2.1 0.121E+02 0.48
10.46 0.00 .29 47.8 0.104E+02 0.52
11.73 0.00 1.37 54.7 0.910E+01 0.56
13.02 0.00 1.45 61.9 0.805E+01 0.60
14.28 0.00 1.53 69.1 0.721E+01 0.64
15.57 0.00 1.61 76.6 0.6502+01 0.68
16.84 0.00 1.69 84.0 0.593z+01 0.71
18.13 0.00 1.78 91.8 0.543z+01 0.75
19.39 0.00 1.86 99.4 0.501=+01 0.78
Cumulative travel time = 24 . sec

END OF CORJET (MOD110): JET/PLUME NEAR-FIELD MIXING REGION

BEGIN MOD131l: LAYER BOUNDARY/TERMINAL LAYER APPROACH

Control volume inflow:

X Y Z S C B
19.39 0.00 1.85 99.4 0.5012+01 0.78
Srofile definitions:
BV = top-hat thickness, measured vertically
H = top-hat half-widch, measured horizontally in Y-directzion

ZU = upper plume boundary (Z-cooxdinate)

2. = lower plume boundary (Z-coordinate)
hydrodynamic average (bulk) dilution

3]
"



C = average (bulk) concentration (includes reaction effects, if any)

X b4 Z S C 3%/ 3E ZU ZL
18.61 0.00 2.64 99.4 0.501E+01 0.00 0.00 2.64 2.64
18.85 0.00 2.64 99.4 0.501E+01 1.00 0.50 2.64 1.64
19.08 0.00 2.64 99.4 0.501=2+01 1.2.9 0.71 2.64 1.45
19.31 0.00 2.64 99.4 0.501=+01 1.31 0.87 2.64 1.33
19.55 0.00 2.64 102.2 0.4872+01 1.39 1.01 2.54 Z.25
19.78 0.00 2.64 114.8 0.434E-01 1.46 1.13 2.64 1.18
20.02 0.00 2.64 132.3 0.376E+01L 1.51 1.23 2.64 2.13
20.25 0.00 2.64 148.3 0.336E+01 1.55 1.33 2.64 1.09
20.49 0.00 2.64 159.2 0.313E+01 1.57 1.42 2.64 1.07
20.72 0.00 2.64 165.2 0.302E+01 1.59 1.51 2.64 1.05
20.96 0.00 2.64 169.0 0.295E+01 1.59 1.59 2.64 1.05

Cumulative travel time = 27. sec

END OF MOD131: LAYER BOUNDARY/TERMINAL LAYER APPROACH

BEGIN MODl4l: BUOYANT AMBIENT SPREIADING

Profile definitions:
BY = top-nhat thickness, measured ver<tically
BH = top-ha+t nal.f-wid:th, measured horizontally in Y-direction
ZU = upper plume boundary (Z-coordinate)
ZL = lLower plume boundary (Z-coordinate)
S = nydrodymamic average (bulk) dilution
C = average (bulk) concentration {(includes reaction effects, 1£f any)

Plume Stage 1 (not bank attached):

X b4 Z S C 3V 3d ZU ZL
20.96 0.00 2.64 169.0 0.295E+01 1.59 1.59 2.64 1.05
22.59 0.00 2.64 173.1 0.288=+01 1.54 1.69 2.64 1.20
24.23 0.00 2.64 177.1 0.2812+01 1.49 1.79 2.64 1.15
25.86 0.00 2.64 181.3 0.275E+01 1.45 1.88 2.64 1.19
27.50 0.00 2.64 185.5 0.2695+01 1.41 1.97 2.64 .23
29.13 0.00 2.64 189.8 0.262E+01 1.38 2.06 2.64 1.26
30.77 0.00 2.64 194.2 0.256E+01 1.36 2.14 2.64 1.28
32.41 0.00 2.64 198.7 0.2512+01 1.34 2.23 2.64 1.30
34.04 0.00 2.64 203.4 0.245E-01 1.32 2.31 2.64 1.32
35.68 0.00 2.64 208.3 0.239E+02 .31 2.39 2.64 1.33
37.31 0.00 2.64 213.3 0.2332+01 1.29 2.4 2.64 1.35
38.95 0.00 2.64 218.5 0.228E+02 1.28 2.55 2.64 1.36
40.59 0.00 2.64 223.9 0.222z+0L1 1.28 2.53 2.64 1.36
42.22 0.00 2.64 229.5 0.217E+01 1.27 2.71 2.64 1.37
43 .86 J.00 2.64 235.3 0.212E+01 1,27 2.78 2.64 1.37
45.49 0.00 2.64 241.2 0.206=+01 1.27 2.86 2.64 .37

Cumulative travel time = 76. sec

END OF MOD141: BUOYANT AMBIENT SPRZADING

BEGIN MOD161: PASSIVEZ AMBIENT MIXING IN UNIFORM AMBIENT

Vertical diffusivicy (initial wvalue) = 0.168=Z-0. m"2/s



Horizontal diffusivity (initial value) = 0.608E-02 m"2/s

Profile definitions:
BV = Gaussian s.d.*sqgrt(pi/2) (46%) thickness, measured vertically
= or equal to layer depth, if fully mixed
BH = Gaussian s.d.*sqgrt(pi/2) (46%) half-width,
measured horizontally in Y-direction
FAS) upper plume boundary (Z-coordinate)
ZL = lower plume boundary (Z-coordinate)

S = hyvdrodynamic centerline dilution
C = centerline concentration (includes reaction effects, 1f any)

Plume Stage 1 (not bank actached):

X b4 Z S C BV BH U ZL
45.49 0.00 2.64 241.2 0.206E+01 1.27 2.8¢6 2.64 1.37
54.13 0.00 2.64 252.3 0.197E+01 1.30 2.91 2.64 1.34
62.76 0.00 2.64 264.0 0.189E+01 1.33 2.97 2.64 1.31
71.39 0.00 2.64 2756.3 0.180E+0L 1.37 3.03 2.64 1.27
80.03 0.00 2.64 289.3 0.172E+01 1.40 3.09 2.64 1.24
88.66 0.00 2.64 302.9 0.164E+01 1.44 3.15 2.64 1.20
97.30 0.00 2.64 317.3 0.157E+0L1 1.48 3.21 2.64 1.16
105.93 0.00 2.64 332.4 0.150E+01 1.53 3.27 2.64 1.11
114.56 0.00 2.64 348.2 0.143E+01 1.57 3.33 2.64 1.07
123.20 0.00 2.64 364.9 0.136E+01 1.61 3.39 2.64 1.03
131.83 0.00 2.64 382.4 0.130E+01 1.66 3.45 2.64 0.98
140.46 0.00 2.64 400.8 0.124E+01 1.71 3.51 2.64 0.93
149.10 0.00 2.64 420.1 0.119E+01 1.76 3.58 2.64 0.88
157.73 0.00 2.64 440.3 0.113E+01 1.82 3.64 2.64 0.82
166.37 0.00 2.64 461.5 0.108E+01 1.87 3.70 2.64 0.77
175.00 0.00 2.64 483 .6 0.103E+01 1.93 3.76 2.64 0.71
Cumulative travel time = 335. sec
Simulation limit based on maximum specified distance = 175.00 m.

This 1s the REGION OF INTEREST limitation.

END OF MODlé&l: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT

CORMIX1l: Submerged Single Port Discharges End of Prediction File
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CORMIX1 PREDICTION FILE:
11117111%2312112111111122211121122111213211211122111211221111111311121111111111111111111111
CORNELL MIXING ZONE EXPERT SYSTEM
Subsystem CORMIX1l: Submerged Single Port Discharges

CORMIX-GI Version 4.1GT

CASE DESCRIPTION

Site name/.abel:

Design case:

FILEZ NAME: C:\...top\Sara's Important Stuff\Cormix\0Oct22\0ct22.prd
Time stamp: Tue Mar 29 21:25:52 2005

ENVIRONMENT PARAMETERS (metcric units)
Unbounded section

HA = 3.50 HD = 2.64

UA = 0.700 F = 0.032 USTAR =0.4448=-01
W = 5.000 UWSTAR=0.5890E-02

Uniform density environment

STRCND= U RHOAM = 1020.0600

DISCHARGE PARAMETERS (metric units)

BANK = LEFT DISTB = 25.00

DO = 0.051 A0 = 0.002 HO = 0.88

THETA = 0.00 SIGMA = 0.00

Uuo = 0.740 QO = 0.002 =0.1500E-02

RHOO = 999.7833 DRHOO =0.2028z+02 GPO =0.1949%9E+00

co = 0.4980E+03 CUNITS= ppb

IPOLL = 1 KS =0.0000E+00 KD =0.0000E+00

FLUX VARIABLES (metric units)

Q0 =0.1500E-02 MO =0.1110E-02 J0 =0.2924%-03 SIGNJO= 1.0
Associated length scales (meters)

LQ = 0.05 LM = 0.36 Lm = 0.05 Lb = 0.00

Lmp = 99999.00 Lbp = 99999.00

NON-DIMENSIONAL PARAMETERS

FRO = 7.43 R = 1.06

FLOW CLASSIFICATION
1121213111221311112321211121313112112121111111111
1 Flow class (CORMIX1) = H1l 1
1 Applicable layer depth HS = 2.64 1

1111211112112111211312112111211312112113111213121211111

MIXING ZONEZ / TOXIC DILUTION / REGION OF INTEREST PARAMETERS

Co = 0.5000E+03 CUNITS= ppb
NTOX = 0
NSTD = 0
REGMZ = 0
XINT = 175.00 XMAXK = 175.00

X-7-Z CCORDINATE SYSTEM:
ORIGIN is located at the bottom and below the center of the port:
25.00 m from the LEFT bank/shore.
X-axls points downstream, Y-axis points to le
NSTE? = 15 display intervals per module

rh

t, Z-axis points upward.



BEGIN MOD101l: DISCHARGE MODULE

X Y Z S C B
0.00 0.00 0.88 1.0 0.500E+03 0.03

END OF MOD10l: DISCHARGE MODULE

Jet/plume transition motion in strong crossflow.

o
o
(@]

Zone of flow establishment:
LE = 0.24 X= = 0.24 4

=< 3

HETAE= 0.00 SIGMAE=
E = 0.00 ZE =

o
(00]
o¢]

Profile definitions:
B = Gaussian 1l/e (37%) half-width, normal to trajectory
S = hydrodynamic centerline dilution
C = centerline concentration (inciudes reaction effects, 1f any)

X Y Z S C B
0.00 0.00 0.88 1.0 0.500E+03 0.03
0.24 0.00 0.88 1.1 0.466E+03 0.03
2.73 0.00 1.12 5.3 0.946E+02 0.05
5.22 0.00 1.26 14.2 0.352E+02 0.08
7.71 0.00 1.38 25.4 0.196E+02 0.11

10.21 0.00 1.49 38.3 0.130E+02 0.13
12.70 0.00 1.58 52.5 0.949E+01 0.16
15.19 0.00 1.67 67.8 0.735E+01 0.18
17.69 0.00 1.75 84.1 0.592E+01 0.20
20.19 0.00 1.83 101.3 0.492E+01 0.22
22.68 0.00 1.90 119.2 0.418E+01 0.24
25.18 0.00 1.98 138.0 0.361E+01 0.26
27.67 0.00 2.04 157.3 0.317E+01 0.27
30.17 0.00 2.11 177.3 0.281E+01 0.29
32.67 0.00 2.18 197.9 0.252E+01 0.31
35.16 0.00 2.24 219.1 0.227E+01 0.32
37.66 0.00 2.30 240.8 0.207E+01 0.34
Cumulative travel time = 56. sec

END OF CORJET (MOD110): JET/PLUME NEAR-FIELD MIXING REGION

BEGIN MOD131: LAYER BOUNDARY/TERMINAL LAYER APPROACH

Control volume inflow:

X v Z S C B
37.66 0.00 2.30 240.8 0.207=+01 0.34
Profile definitions:
BV = top-hat thickness, measured vertically
BH = top-hat half-width, measured horizontally in ¥Y-direction
ZU = upper plume boundary (Z-coordinate)

ZL = lower plume boundary (Z-coordinate)
S = hydrodynamic average (bulk) dilution



c =

X

37.
37.
37.
37.
37.
37.
37.
38.
38.
38.
38.
Cumulative travel

END OF MOD131:

average

32
42
52
62
72
83
93
03
13
23
33

leoNeNeNoNeNolNolleolNolNo o

LAYZR BOUNDARY/TERMINAL LAYER APPROACH

<

(bulk) concentration
Z S
.00 2.64 240.8
.00 2.64 240.8
.00 2.64 240.8
.00 2.64 240.8
.00 2.64 247 .4
.00 2.64 278.1
.00 2.64 320.5
.00 2.64 359.1
.00 2.64 385.6
.00 2.64 400.0
.00 2.64 409.3

time = S

O O OO OOOOOO

(includes reaction effects, if

C

.207E+01
.207E+01

.207E+01

.207E+01
.201E+01
.179E+01
.155E+01
.139E+01
.129E+01
.125E+01
.122E+01

sec

o eNeloeNeNeNoNeNoNoNol

BV

.00
.42
.49
.54
.58
.61
.63
.64
.65
.66
.66

[eeNelNoNoNoNolNoNolNeNo

BH
.00
.21
.30
.36
.42
.47
.51
.55
.59
.63
.66

NN NN DN NN

ZU

.64
.64
.64
.64
.64
.64
.64
.64
.64
.64
.64

PPN NN NDNDNDN

ZL

.64
.22
.15
.10
.06
.03
.01
.00
.99
.98
.98

BEGIN MODI14il:

BUOYANT

AMBIENT SPREADING

Discnarge is non-buoyant or weakly buoyvant.
Therefore BUOYANT SPREADING REGIME

END OF

MOD141:

w
c
3
<
H
&
i
tw
i

is ABSENT.

BEGIN MODlé6l:

Vertical diffusivity

PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT

Horizontal diffusivity

Profile definitions:
Gaussian s.d.*sgrt(pi/2)
or equal to layer depth,
Gaussian s.d.*sqgrt(pi/2)
measured horizontally in Y-direction
(Z-coordinate)
(Z-coordinate)
hydrodynamic centerline dilution
centerline concentra:tion

BV =

BH =

]
(@]
i

Plume Stage 1

X

38.
a7 .
56.
65.
74 .
83.
93.
202.
.22
120.
129.

111

33
44
55
67
78
89
00
11

33
44

= upprer plume boundary
lower plume boundary

(initial value)
(initial wvalue)

0.2352-01 m"2/s
0.866E-03 m"2/s

measured vertically

(46%) thicknaess,
if fully mixed
(46%) half-width,

(includes reaction effects,

(not bank attached):

O OO OO OO OoOOo oo

N4
i

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

RN N DNDNDND NN

Z

.64
.64
.64
.64
.64
.64
.64
.64
.64
.64
.64

S

409.
511.
639.
791.
963.
1148.
1342,
1543.
1749.
1959.
2173.

BN O W WO N W

O OO OO OOOOoOoOo

C

.122E+01
.974=%+00
.779E+00
.629E+00
.527E-00
.434%+00
.371E+00
.323E+00
.285E+00
.254E+00

.229E+00

NN N RO 0O

BV
.66
.79
.96
.14
.34
.54

—
-

.93
.11
.29
.46

O OO O OO OO O OO0

BH
.66
.69
.72
.74
-
.80
.83
.86
.89
.92
.95

1f an

NN NN NDDNDDNDNDN N

Y)

yAS)

Gy Oy Oy OY O©
L R SN St

e e =

OO O OO |I=

ZL

.98
.85
.68
.50
.30
.20
.90
.71
.53
.35
.18



138.56 0.00 2.64 2391.6 0.208E+00 2.62 0.98 2.64 0.02
147 .67 0.00 2.64 2613.7 0.191E+00 2.78 1.01 2.64 -0.14
156.78 0.00 2.64 2839.8 0.175E+00 2.93 1.04 2.64 -0.29
165.89 0.00 2.64 3069.9 0.162=2+00 3.07 1.07 2.64 -0.43
175.00 0.00 2.64 3304.3 0.151E+00 3.21 1.10 2.64 -0.57

Cumulative travel time = 252 . sec

Simulation limit based on maximum specified distance = 175.00 m.

This is the REZEGION OF INTEREST limitation.
END OF MOD161: PASSIVE AMBIENT MIXING IN UNIFORM AMBIENT
CORMIX1: Submerged Single Port Discharges End of Prediction File
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