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Abstract

Reverse Osmosis Water Treatment Plants (RO-WTPSs) create posabieand a briny
concentrate that must be disposed; often it is discharged into nearby suttierse Wairrently,
there is no published research to examine effects of this discharge on the amdreniment or
on resident and transient biota. One established RO-WTP discharge locationdvas aise
model and compared with a control location within the same embayment and the locations of
two RO-WTPs pre-construction. These two plants may discharge up to eight tinees mor
concentrate into the estuary. A one-year study used acoustic Doppler curréerspidfidrolab
sondes; a YSI meter; and biological and water collections to profile eatiolnc Water
movements at all locations were correlated with wind velocity measutied BiSCG-EC
weather station and the tide cycle at Mann’s Harbor marina. Average yelasiiowest at the
established RO-WTP and highest at the two proposed locations in fall 2005. Satieiy va
significantly (<italic>p<italic> < 0.001) between the established RT”VEnd one of the
proposed locations. From the four locations, we collected 21 species of macrointestebra
Location and date were not found to be significant. The effect of briny digcbartwo species
of macroinvertebrates dissipated beyond 5 m of the diffuser. The macrozooplanktora)13 tax

showed significant differences by date but not location while for the nekton (35 $sboesd



significant temporal differences (Spearman's Rho = 0.669) and moderatenddtelsy location
(Spearman's Rho = 0.237). There was no evidence that the RO-WTP has asigmfieat on
either the macrozooplankton or nekton collected. Overall, the biotic commuaitiggesl from

the four locations are typical for oligohaline to mesohaline estuaries. Thegenw significant
differences in diversity for any biota collected. It is recommended thatd pdiection related

to the discharge continue; 2) measurable indicators of biotic integrity figohaline to

mesohaline environments be developed; and 3) post-construction samples at the twa propose
RO-WTPs continue so as to investigate the effects of increased volume of bived @rat

surface water as well as the resident and transient biota.
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CHAPTER 1: INCREASING DEMAND FOR POTABLE WATER

Katharine E. Kleber
Interdisciplinary Program in Biological Sciences
Department of Biology

East Carolina University, Greenville, NC 27858

Background

Saline water defined as >1.0 ppt by the USGS (2007), represents 97% of the water
available on the Earth; the remaining 3% is considered freshwater. Tleel Stdtes
Environmental Protection Agency (USEPA) has set a recommended drinking water
standard for salts of <0.5 ppt, while anything greater than about 3.0 ppt is too salkto dri
(USGS 2007). The distribution of freshwater is 68.5% in ice caps, 31.2% as groundwater
and 0.3% as surface waters (Dennehy 2004).

With the Earth’s human population reaching 6.6 billion in early 2007, and with an
estimate that the population will reach 9.4 billion by 2050 (United States Census Bureau
2007), there is a growing need for access to potable water, not only for human consumption
but also for agriculture and industrial uses. With only 0.3% of the Earth’s waitalde
as surface waters, world-wide access to potable waters is a @itccgrowing problem.

The UNESCO world water development report (2003) predicts that by the year 2025, more
than 50% of the nations in the world will be facing water shortages.

Many surface-water resources have multiple claims and agreefoeunsz (i.e.,
withdrawals) as well as natural demands that make them unsuitable lier furt

development. This is true especially in the southwestern USA, for example, the over



commitments for waters of the Colorado River (Reisner 1993). Some surface avater
not suitable for consumption as defined by drinking water standards for pollution or
contaminants.

Both point-source and non-point-source pollution create more problems in surface
waters. Runoff from agriculture and urban fertilizer applications ofteresansreases in
nitrate and phosphate concentrations, making drinking of this water unsuitable and
inadvisable for at-risk members of the population. These nutrient additions contribute to
algal blooms, especially blue-green algae, which often imparts an unappastetptthe
water (Chau 2006; United States Global Change Resource Program 2007).

Dennehy (2004) reported that the United States source of water withdinawals
2000 was mostly from surface waters. In 2000, California and Texas withdrew 20,000-
40,000 million gallons per day (MGD) (75.7-151.4 million cubic meters per day [MCMD])
of fresh surface waters (USGS 200During the same year, saline withdrawals, mostly
from the ocean, matched freshwater withdrawals with California,déd@nd Maryland
combined. Most of these saline water withdrawals cooled electricityagerem power
plants, but not all. In 2002, 35% of the U.S. population was dependant on the use of
treated groundwater as the primary source of public waters, and more than thg% of
population was dependant on self-supplied ground water (Dennehy 2004). North Carolina,
in this same period, withdrew between 2,000-10,000 MGD (7.57-37.85 MCMD) of
freshwater and >2,000 MGD (7.57 MCMD) of saline water (USGS 2007).

Much of this increased demand for potable water is occurring because afia shif
the U.S. population. From 1990-2000, the populations of Nevada and Arizona increased at

more than three times the national rate of 13.2%. In terms of actual numbers, Nevada’'s
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population grew by more than 500,000 people while Arizona’s grew by more than 1
million. Idaho, Utah, Colorado and Georgia have seen increases of at leastaw/the
national rate adding more than 1 million people, while 12 other states, including North
Carolina, have seen a 13-26% increase (United States Census Bureau 2007). Most of these
states are in the southern and western parts of the United States. ThesesteuttStates
are deserts, arid areas which receive less than 25 cm of rain annually anadibgrdef
considered to have limited access to potable water (The American Heritiigady
2006).

The study described herein is interested specifically in the waters®f coastal
North Carolina, which ranks"dn actual population growth. The North Carolina
population increased 21.6% from 1990 to 2000, which equates to more than 1 million
people (United States Census Bureau 2007), and grew an additional estimated 7.9% from
2000-2005 (United States Census Bureau 2007). With this increase in population, there is
a corresponding increase in water demand. More than half of the estimatedéncr
North Carolina is occurring in the 21 counties east of 1-95 (United States CansasiB
2007) including the barrier islands (Outer Banks), already stressed mdliatitess to
fresh water resources.

The eastern counties of North Carolina have access to surface waters,dut thes
waters are acidic “blackwaters” due mainly to the presence of tanningaimg,| a
byproduct of decaying vegetation, most oftéaxodiumsp. (Bricaud et al. 1981; Hernes
and Hedges 2004; Gallegos 2005; Dobberfuhl 2007). Dec@gxgdiumimparts the
characteristic dark brown color that gives “blackwaters” the colloquiatraard these

organics would likely exceed the aesthetic standards for total dissolved $als(&500
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mg/L, U.S. EPA 2006). The total removal of theses organics would require ulttzofitra
which is cost prohibitive at this time (Hightower 2003).

Aquifers often are the only remaining resource for creation of potable. water
North Carolina, there are eight major aquifers (Huffman 1996) (Table 1-dyifes are
areas of hydrologically connected porous materials separated biyotiayenfining
sediments. All eight major aquifers underlie the North Carolina Coastal Rlsted from
deepest to shallowest they are: the Lower and Upper Cape Fear, Blakk @redee,
Castle Hayne, Yorktown, Surficial and the Fractured Bedrock aquifelde(Tal). The
Fractured Bedrock aquifer primarily serves the western coastal plaimestelrn North
Carolina and is not a primary aquifer used in eastern North Carolina.

The Surficial aquifer is the closest to the surface throughout the State laad is t
source for many individual home wells. This aquifer is the most susceptible toesurfa
contamination from urban and agricultural runoff and also is the most sensitive to drought
conditions (Huffman 1996). Many of the communities in the Outer Banks use thegburfici
aquifer as the main source of potable water, with many residents usingm#iéd wells.
The Outer Banks Surficial aquifer is especially susceptible to drougltoataimination as
well as saltwater intrusion from increased pumping. Also there is the lnghlplity of
ocean waters overwashing the islands and contaminating the aquifer freanftoe,
creating poor water quality (N.C. Division of Water Resources 2007). With mggowi
resident and transient populations on the Outer Banks, the Surficial aquifer is biag fur
stressed leading to increased saltwater intrusion and the need to devehgpi\adterater

sources (Outer Banks Hydrology Management Committee 2005).



The Lower and Upper Cape Fear, Black Creek, Peedee, Castle Hayne and
Yorktown aquifers are the principal coastal aquifers and are inter-connected. Thi
connectivity can lead to both near and far-reaching depressions in the equipstefacd
because of large local water withdrawals (Huffman 1996). Unlimited withisaaase
problems when the aquifers are not able to recharge (i.e., replace the waseraimatvied)
rapidly enough and can depress water levels far distant from the sour¢kdybiwal, even
affecting the inland reach of brackish and salty waters (Huffman 1996).

The Yorktown aquifer serves much of the northern Coastal Plain and has been the
main source of water for Roanoke Island, Kill Devil Hills and Elizabet, @ielding
22,000-130,000 GPD (86-490 CMD) (North Carolina Division of Water Resources 2007).
The Castle Hayne is the most productive aquifer in North Carolina with yielgsmca
from 288,000-720,000 GPD (1,100-2,700 CMD) and sometimes exceeding 2,880,000 GPD
(10,900 CMD) (North Carolina Division of Water Resources 2007). The remaining
aquifers are not as productive, but tend to have yields between 288,000-576,000 GPD
(1,100-2,200 CMD). The western portion of the Castle Hayne aquifer is fresh waiter, w
the eastern part is salty with a fairly wide transition (brackish) zobetween. The
portion of the Castle Hayne that serves eastern Albemarle and Currituck sounds i
considered brackish (> 0.5 and < 30.0 ppt) to salty (> 30 ppt) (Giese et al. 1979) (Figure 1-
1). Desalination of this water is required to make it potable.

The issues of saltwater intrusion into the Surficial aquifer and restriciiotise use
of local surface water have led to changing water laws in easterim Glarblina.

Historically, North Carolina has managed surface and ground water res@issgmeate

entities (Polk et al. 2007). With surface water recharging ground water and the
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connectivity of ground waters in North Carolina, there cannot be such a separatioet Pol
al. (2007) note that there are different regulatory agencies that oveadi® apd quantity
of waters in North Carolina. We must consider both quality and quantity together to

manage the resource effectively.

Desalination

Desalination is the creation of potable water from a brackish or saline source and
has become a much needed supplement to domestic water resources. It also offer
treatment for surface waters that have become saline due to upstream uesg200d).

In the southwest U.S., where surface waters have become increasinglypsedinse of
agricultural runoff and urban uses (Hoffman et al. 1977; Westcot 1997; Atkins 2010),
water managers use desalination to produce potable water for use furthetrelmwns
Desalination satisfies water quality standards based on total maximiyrtoddi as well.
This treatment of the domestic waters helps meet water quality standagi®yver
2003).

Desalination is now more cost effectiven finding and developing new fresh
water sources (Hightower 2003). The cost of desalination in North Carolina cuisently
USD $3.62/1000 gallons (3.8*mwhich includes the construction debt and salaries, while
specific operational costs (chemicals, power and replacement membicws)ta for
$0.62 of the total (Ed Lawler, Hobbs, Upchurch, & Associates, personal communication
2007). Concerns with the continued development of desalination include the salinity of
source waters, location of the treatment plant with respect to source, ingretisiency

of recovery thereby decreasing costs, and environmental issues such as tla¢ alispes
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briny concentrate (Hightower 2003; Holladay 2004). The anticipated recovergiof fre
water for North Carolina plants is about 75% (Ed Lawler, Hobbs, Upchurch, & Asspciate
personal communication 2007). One way to reduce cost and increase efficiencygl throu
combining intake and outfall with coastal power plartd recapture of once-through brine
(Hightower 2003). Small plants increase energy cost, cost of disposal, and the costs
associated with water pumping. The current efficiency of desalinationnedre60-85%,
which means that currently 15-40% of possible usable water is disposed with the brin
concentrate (Hightower 2003).

Two of the most common methods for creating potable water from salty (or
brackish) water are distillation and reverse osmosis, both of which produce a briny
concentrate waste. Distillation involves vaporizing the source water aedtoail the
purified water as it condenses (Holladay 2004). Combining other water treatnmhnts wi
distillation can decrease costs and increase efficiency. Reversdoasesspressure to
force brackish water through a semi-permeable membrane, which permitsshgepals
water molecules while restricting and concentrating larger molecutgaddy 2004).

Often the concentrate is recycled to extract even more potable water.

In the United States, the National Pollution Discharge Elimination @yste
(NPDES) is the current standard of permitting for aqueous discharges. TESNIPEates
enforceable standards for concentration, duration, and frequencies of polluttwargksc
from point sources. EPA’s National Ambient Water Quality criteria desdnn the Clean
Water Act of 1969 are the basis of these standards. EPA regulations stdite tht of
discharge should allow the receiving system to assimilate the dischangetwiegative

effects. This rate is the critical load, and for aquatic systems this tatened the Total
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Maximum Daily Load (TMDL). Defining the receiving system and a asehat is easily
measurable is a way to establish the load and rate information. Sensitivitiyersush
that changes may be easily recognized.

The problem with using this system of critical load or TMDL is that the EPA does
not define the briny concentrate produced by RO-WTPs as a pollutant when discharged
into brackish or blackwater areas, such as those found in coastal North Caroliea (Wat
Quality Concerns 2006). Also, the concentrations and proportions of salts are different
than that in the receiving waters (Rulifson et al. 2006). Differences in tetmgeaad
dissolved oxygen between the source waters and the receiving waterg @smacern
(Rinne 1971; Holladay 2004; Water Quality Concerns 2006). There are also no Federal or
State regulations for these RO-WTPs and current assessments areesbaaase basis.
Until now, North Carolina studies of briny concentrate effects on the receiving
environment have focused on local drawl-down effects and plume studies to judge the
affected distance and rates of mixing with receiving waters under pnevaititer
conditions, using the Cornell Mixing Zone Expert System (CORMIX) model (&uliet
al 2006; CORMIX 2007). These studies have reported findings of no significant
environmental impact and permits have been granted with no further study (R.M. Towi
Corporation 1998; Wilson Okamoto and Associates 1999). There has been no research to
examine the effects of the briny concentrate on resident and transitory biota

In the United States, the concentrate created by desalination may be digposed b
brine “mining” to retrieve useful salts and metals from the concentrag@t@er 2003;
Burnett and Veil 2004). Other options have included: injection into oil wells (Higintow

2003; Burnett and Veil 2004); application to land (Hightower 2003); discharge through
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dunes into a receiving body of water (Campbell et al. 2003); and discharge divecty
water column (Hightower 2003).

Currently there are 12 operating RO-WTPs discharging into North Carolina
sounds with a combined briny concentrate discharge of approximately 4.3 MGD (16,000
CMD) (Rulifson et al. 2006). Albemarle Sound is also the location of two proposed RO-
WTPs (Figure 1). These two proposed plants will have a combined concentrategéischar
approximately equal to that of all the other plants along the North Carolina(€abkt 2).
The planned disposal is into the surface waters of Albemarle Sound.

The main goal of this study is to gain information on the impact and interaction of
briny concentrate discharge with the surrounding environment including resident and
transient biota. Objectives include a) investigating the possible diffesan the chemical
characteristics of the receiving waters; b) assessing the poss$ibterdies to the benthic
macroinvertebrates in relationship to the discharge; c) assessing tite effihe discharge
on the local macroplankton and nekton community; and d) assessing possible differences in
diversity between the existing RO-WTP as well as the two proposed locations

The set of observations made in this study will create a baseline of infamrfat

continued research into these interactions in oligohaline estuarine systems.
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Figure 1-1. Map of the 14 currently operating Water Treatment Plants (WTPs
in the coastal counties of North Carolina with the black stars representing the
Reverse Osmosis-WTPs and the gray stars represent other wateeiteat

methods. The two striped squares represent the two proposed RO-WTP
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Table 1-1. Relationship of geologic and hydrographic units in the North Carolina central
coastal plain (NCCCP). Modified from NC Division of Water Resources Groundr\Wat

Management Section 2005. Modified fromvw.crwr.utexas.edu.

North Carolina Central Coastal Plain Geologic North Carolina Central Coastal
Units Plain Hydrologic Units
System Series Formation Aquifers and Confining Units
Holocene . . - :
Quaternar _ Undifferentiated Surficial Aquifer
Pleistocene
Yorktown Confining Unit
Pliocene Yorktown .
Yorktown Aquifer
Castle Hayne Confining Unit
. Middle Castle Hayne
Tertiary . .
Eocene Formation Castle Hayne Aquifer
Beaufort Confining Unit
Upper Beaufort
Paleocene Formation Beaufort Aquifer
Peedee Confining Unit
Peedee Formatiop .
Peedee Aquifer
Black Creek Confining Unit
Black Creek
Formation Black Creek Aquifer
Cretaceous
Upper Cape Fear Confining Unit
Cape Fear Upper Cape Fear Aquifer
Formation Lower Cape Fear Confining Unit
Lower Cape Fear Aquifer
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Table 1-2. Twelve current and two proposed Reverse Osmosis Water Trealamént
(RO-WTPs) in the state of North Carolina including the County in which the glant i
located, operation phase, source aquifer, production and discharge rates (cubipeneters
day (CMD) and millions of gallons per day (MGD)), receiving body of water, aad if
preconstruction study was completed. "#" indicates proposed RO-WTPs; “-‘texldzta

are not available.

. Production Discharge . Pre-
County Operation Aquifer(s) Discharge water construction
phase CMD MGD CMD MGD body study?
Infiltration
Brunswick Online Castle Hayne 583 0.15 227 0.06 lagoons (non- Yes
discharge)
New Hanover - - - - - - - -
Ocracoke Online Castle Hayne 1,961 0.52 1,037 0.27Pamlico Sound Yes
# Pasquotank Proposed Castle Hayne 18,927 5.00 26,321.67 Albemarle Sound Yes
Tyrrell Online Castle Hayne 1,628 0.43 379 0.10 ehiarle Sound Plume Study
# Curituck Proposed Yorktown 18,927 5.00 6,322 1.67Albemarle Sound Yes
Online Yorktown 3,785 1.00 1,181 0.32 Atlantic Otea Yes
Dare Online Yorktown - - - - Atlantic Ocean -
Online Mid Yorktown 3,785 1.00 2,536 0.67 Pamliczusd Yes
Online Upper 227 0.06 163 0.04 Pamlico Sound Yes
Yorktown
Online Yorktown 7,571 2.00 1,090 0.29 Pamlico Sound Yes
. Pungo River .
Hyde Online Castle Hayne 1,635 0.43 5,451 1'44(Pamlico Sound) Pilot Study
Outfall ditch
Online Yorktown 1,090 0.29 310 0.08 leanding to Lake Pilot Study
Mattamusket
Camden Online Yorktown, 2,271 0.60 757 0.20 Pasquotank River Yes

Castle Hayne

Totals (current

dischargesto 19,078 5 11,413 3
Sounds)

(proposed 37,854 10.00 12,643 3.34
plants only)
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CHAPTER 2: WATER COLUMN CHEMISTRY OF AN RO-WTP PLUME AND AMBNT

WATERS IN COASTAL NORTH CAROLINA

By
Katharine E. Kleber
Interdisciplinary Program in Biological Sciences
East Carolina University

Greenville, NC 27858

Abstract

Coastal North Carolina is addressing a constantly increasing human populatibe and t
associated increased demand for potable water with the development of ReveostsQVater
Treatment Plants (RO-WTPs). The main sources of water for thesal d®®@sWTPs are two
high-yielding briny aquifers. A byproduct of the RO-WTPs is a more conteditsalution
discharged into ambient surface waters. Toxicity to resident biota thespgisure to
potentially unusual ratios of naturally occurring ions such as sodium, calciurssipata
magnesium, chloride, and sulfate, within the briny concentrate is of concéis study. One
established RO-WTP, designated CML, was used as a model to investigate drdratec
plume and its effects on the ambient water chemistry. Twelve samplswsit@snding the
effluent diffuser at the established plant were used to investigate theigdatkahges in water
chemistry relative to the diffuser pipe. A control location was eshauli®.5 km downstream to
investigate ambient conditions, and two sites of future discharge from RO-W&reslso

investigated. These two future RO-WTPs will each have an eight-fold secoé@aischarge over



that of the established plant investigated here. We collected water sanglesvo weeks
from July 2005 to June 2006 at all locations. In-Plant samples indicated signifitghtty O <
0.001) levels of ammonium than were present at all sampling locations, and hwitfioim @.5
m of the substrate) samples taken at the diffuser did not differ signifigathgmonium from
the 12 sampling sites around the diffuser. Most surface samples were indikabtpiia
ammonium from the ambient waters of the Control location. Phosphorus levels vogve bel
detection at all sites, except bottom samples at the diffuser. Ambientys@hioiuding all ions
tested) at the North River location was significantly higper 0.00) than either the CML or the
Control locations, but did not differ significantly from the Little River lomat Water
movement at all locations was correlated to both wind velocity taken from théSEG station
and the observed tide at Mann’s Harbor marina. Average water velocitpwest at the CML

and highest at the Little and North rivers in the fall of 2005.

Introduction

During the 1990s, North Carolina's population increased by 21.7% and ranked ninth in
the United States for population growth (United States Census Bureau 2007). rB2d@eend
2006, there have been additional population increases of 10.1% in the 20 coastal counties
(United States Census Bureau 2007), most of which have limited access to freshsatéss.

The surface waters of eastern North Carolina have attributes that makertbeitable
for processing into potable water, and many counties are too far inland to makenignposan
waters for desalination economically feasible (Hightower 2003; Younos 2005)en@uiorth
Carolina has 12 Reverse Osmosis Water Treatment Plants (RO-WTRs)tontieet potable

water demand (Figure 2-1). These plants withdraw water from local laquifees, and have a
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combined production potential of 11.7 million gallons per day (MGD) (44,400 cubic meters per
day [CMD]) of potable water while discharging 4.32 MGD (16,300 CMD) directty tim¢
Albemarle and Pamlico sounds (Table 2-1). The briny discharges assodtatdteae RO-
WTPs will change the chemistry of the receiving waters; the matgif these changes will
depend on the chemistry of the source waters as well as the chemistryeakilkieng waters.

The aquifer system in the coastal plain of North Carolina is composed odldayers of
eastward-thickening permeable sands or limestone separated by disocositlay-rich
materials (confining units). The Surficial or unconfined aquifer overligeeaconfined aquifers
in the coastal plain (NCDENR 2010). The deeper aquifers are recharged thro8grfithal
aquifer near their westward limit; the water may flow eastward (dpagient) for tens of
thousands of years before being withdrawn by water users in the coastdKgnnedy and
Genereux 2007). Waters of the deeper Black Creek and Upper Cape Fear aqyifezsasiald
as 400-21,900 years (Kennedy and Genereux 2007).

The principal aquifers in North Carolina include the Lower Cape Fear, Ugper ar,
Black Creek, Peedee, Castle Hayne, Yorktown, and Surficial (Table 2-Z)ughaut North
Carolina, the Surficial Aquifer is a primary source of potable water folyrnammunities and
private wells (NCDENR 2010). It is the shallowest aquifer in the statassdch, flow varies
directly with variations in precipitation, is at risk for saltwateruston and poor water quality
from sources such as contamination from septic systems. The Surficiatriguikely the
primary source of recharge for all other aquifers within the state.

Because of the risks associated with use of the Surficial Aquifer, manywuties and
private homes are drilling deeper to reach the Yorktown and Castle Hayne aqifers

Yorktown aquifer directly underlies the Surficial with the next deepest adnefeg the Castle
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Hayne. Castle Hayne is the most productive and extensively developed aquiteNoitth
Carolina (Lyke and Treece 1988; Sutton 1994; NCDENR 2010). These two aquifers are
composed primarily of limestone (calcite and some dolomite) with someealsasands and
minor amounts of clay throughout (Lyke and Treece 1988; Sutton 1994). Other minerals include
calcium phosphate, glaucony, zeolite, microcrystalline quartz, pyriteatiterand limonite (Otte
1981; Moran 1989).

Source waters for the established, and the two proposed RO-WTPs, are the Yorktown a
Castle Hayne aquifers. Figure 2-2 compares the concentrations of major veatsrs from the
Yorktown and Castle Hayne aquifers and the historic (1958-1973) average valbes for t
Pasquotank River from the USGS sampling station near Elizabeth City. The idagtle is
predominantly a limestone aquifer and as such is significantly richerttie Pasquotank River
in ions such as G4(73.0 versus 6.5 ppm), G#,344.0 v. 63.0 ppm), and Mg82.0 v. 6.0
ppm) (Woods et al. 2000).

Currently no state or federal criteria exist for assessing the envirorinnepdat of briny
concentrate on benthic and pelagic biota or ambient water quality. Also, there hatevbee
studies on the potential toxicity of the skewed inorganic ion ratios in the briny idjecuben
compared to those in the ambient waters. Goodfellow et al. (2000) suggested thiat sisasst
and imbalance in an organism caused by unnatural ion ratios may have the potdettzifor
toxicity. The main concern is that the inorganic ion imbalances may creslerps with
osmotic regulation of resident fish and invertebrates (Douglas et al. 1996; IGaetsPalmer
1997; Goodfellow et al. 2000). Studying the potential toxicity of effluesitu through field
studies is often difficult. Instead, these studies are often conducted inadapoising mock

effluent with model (usually tolerant) species, which allow for control aalsles that cannot be
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controlled in field studies (Alonso and Camargo 2003). The mathematical modelsdkat the
laboratory studies produce become more complex with the addition of variables, such as
differing salinities of the concentrate stream entering the receiatgrs. These potential
toxicities must also be testedsitu for verification.

Chlorine, ammonia, and heavy metals, as well as synthetic compounds, histbagally
been the major ions and substances of interest (Walker 1989; Bervoets et al. 199€ammeri
Petroleum Institute 1998; Alonso and Camargo 2003). Using the proxy of TotalMeds
Solids (TDS) is an option, but not all ions are toxic in every environment. We must éeses
actual ion concentrations to accurately determine the potential for toxicity.

The U.S. Environmental Protection Agency has adopted the Whole Effluent Testing
(WET) model to assess effluent toxicity (Goodfellow et al. 2000). The priamegtive of
using the WET model is to try to ensure that the effluent does not pose a seriau®tageiatic
life in the receiving waters. Toxicity may be the result of ion interactimnsf one or several of
the ions present. The WET program models the major ions entering a system taipeedict
potential effects of the wastewater discharge.

The American Petroleum Institute (1998) has established relative ionydgicit
freshwater fish:

K*>HCO; =~ Mg?* > CI > SQZ.
For the mysid shrimpg\lysidopsis bahiathe major ions influencing toxicity are:
CI, SO, HCOs, Br*-, H;BOs, F, Na', Mg*, C&*, K" and Sf*
(in the order given by Goodfellow et al. 2000), but ion toxicity data for marinensystee rare.

Wastewaters with a ratio of €ao Na' of greater than 15:1 have been observed to cause

20



mortality in fathead minnow®imephales promelasikely due to changes in the ability to
osmoregulate (Goodfellow et al. 2000).

With the increasing demand for production of potable waters from RO-WTPs, plbtentia
resulting in briny discharge into local waters, we investigated thatmidteffects of an
established RO-WTP in Camden County (Camden Model Location, CML) and the clanges t
ambient water conditions. We were also interested in predicting the impact pfdposed
plants in Pasquotank and Currituck counties, North Carolina (Figure 2-3). The CML plant
discharges 0.200 MGD (757 CMD) into Chantilly Bay on the Pasquotank River just downstrea
from Elizabeth City, while producing 0.600 MGD (2,300 CMD) of potable water for the
surrounding communities (Figure 2-4, A.), including the counties of Pasquotank and &urrituc
Each proposed plant will discharge 1.67 MGD (6,300 CMD) directly into the Albemarle Sound
at the mouth of the Little River (Pasquotank County, Figure 2-4, B.) and North(Riweituck
County, Figure 2-4, C.) while producing 5.00 MGD (19,000 CMD) of potable water. These two
plants combined will have the potential to produce and discharge almost the same volume as the
other 12 plants, combined (Table 2-1). These two proposed plants will withdraw watehér
same brackish aquifers as the CML (Yorktown and Castle Hayne) withsedrpatential
production and discharges up to eight times greater than the CML.

We anticipate that there will be no detectable long-term effects on tke eh@mistry of
the receiving waters. The objectives of this study were to investigatestumption and
establish the sphere of influence of the CML. This study also establishesngteuction
ambient water characteristics. In addition, we were able to invespigigetial localized
changes in water chemistry that may indicate the presence or peesistéine briny plume in

the receiving waters. We believe that there should not be any localized effingtdahy
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discharge on the local sediment, beyond the initial disturbance of the constructioR6f-the
WTPs. We make these statements knowing that the discharge rate will upttioleigreater at
the proposed plants compared to the established CML. Using these data and assuomiarg a s
composition of the source water at the new plants we may be able to predict thialpmtea of
influence of the briny discharge. All these predictions assume thattllenet be additional

plants built nearby.

Study Locations

Albemarle Sound is part of the second largest estuary system in the Uatesl St
(Albemarle-Pamlico Estuarine Study [APES]) (Giese et al. 1985;ndydh al. 2004). The
Sound is predominantly oligohaline (generally <5 ppt), and salinities are ilweslsged to
river flow from eight major (Chowan, Roanoke, Pasquotank, Perquimins, Alligator, Nutida, L
and Scuppernong) and several minor tributaries (Bowden and Hobbie 1977; Copeland et al.
1984; Giese et al. 1985). Albemarle Sound receives saltwater indirectlyneoitiantic
Ocean through the Oregon Inlet and is affected by wind-dominated curreatisgeegenerally
well-mixed environment.

Waters just downstream of Elizabeth City and at the mouth of the Litiér Rre
classified by the State class SB, meaning that surface water useleipdimary recreation,
boating, fishing and frequent or organized swimming and all class SC uses KNCZIH0).
Waters at the mouth of the North River are class SC, meaning that suafiecaises include
secondary recreation such as boating and fishing, where there is minimal s&st G§@DENR
2010). The NC Division of Marine Fisheries under the Coastal Habitat Proteaird?isiders

the waters around Elizabeth City to be fish spawning habitat (NCDENR 2010).
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Four locations in the Albemarle Sound were selected to assess the efffechy
concentrate discharged into ambient surface waters (Figure 2-3 and Redgitylof Camden,
NC, RO-WTP, which has been operational since 2002, was used as a model of a/currentl
operating RO-WTP (Camden Model Location, CML). With a center at the diffyse, we
established a grid with an “E-W” axis along the 2.1-m bottom contour, pamtlet shoreline
and “N-S” axis perpendicular to the shoreline. In addition to the sample $ieediffuser, we
established 12 additional sample sites along the axis at 0, 5, 15 and 25 m from the diffuser pipe
(Figure 2-5). The location of our Control site was one-half km downstream of therCive
same embayment of the river (Chantilly Bay) to create a site sitnitae CML and represent
ambient conditions (Figure 2-4, A.). Two other study locations were the areaposed RO-
WTP discharge in counties adjoining Camden County: the mouth of the Little Rigsgu(Rank

County) and the mouth of the North River (Currituck County).

Methods

Chemical Analysis

Water samples were collected every two weeks from all sites atatidos, and from
inside the CML RO-WTP (in-plant) at the point just prior to discharge. Ambieracguand
bottom water samples were collected using a horizontal Alpha-type watglesavithin the 24-
hour period after the first sample. All water samples were preservesausiacid-washed
bottles and placed on ice until returned to the laboratory. On occasion, analyticadtdapl
were collected from the same site to allow for comparison over a brietli@s 5 minutes)
period. Water samples also were taken from four locations along the “NsSt@m the site

closest to shore and moving out toward the main channel of the Pasquotank River (at 33, 78, 100,
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and 220 m from 25m*S) to investigate the geographic extent of the plume into the surrounding
environment.

All nutrient water samples were frozen immediately after argiat the lab; all other
water samples were refrigerated. Samples were analyzed for pgtkahdity within two weeks
of collection and then filtered (0.45 or Quéh) and analyzed for nutrients by thawing samples in
a refrigerator prior to analysis. Nitrate was reduced to nitrite \audiméum powder, and a
solution of sulfanilamide with N-(1-napthyl) ethylenediamine dihydraatidoadded as the color
agent (American Public Health Association 1992) was used to determine thettataknitrite
(NO3-NO,-N) concentration. Analysis of samples was performed using a SmartQiserete
Analyzer (Westco Scientific). Orthophosphate {P®) was determined using an ascorbic acid
method (American Public Health Association 1992) with a Scientific Ingntsrautoanalyzer to
determine the concentration colorimetrically at 660 nm. Ammonia (NBl concentrations
were determined by the phenolhypochlorite method (Solorzano 1969); sammeseasured
colorimetrically at 640 nm. All data were reported in mg/L (ppm).

Anion (chloride and sulfate) concentrations were measured by compatengcdil
samples to the standards of 1, 10, 20, and 30 ppm ah@ISQ using Shimadzu lon
Chromatography/Liquid Chromatography. For cations (calcium, magnesiumsipotaand
sodium), filtered samples were compared to the standards of 3/30, 5/50, 10/100, 30/300 and
50/500; the first number of each standard indicates the concentration (pprij,ga and
K*, and the second number is the concentration 6f Kancentrations were measured with a
Perkin-Elmer Inductively Coupled Argon Plasma — Optical Emission Speden(h@P-OEC —
model Optima 2100DV). Cation data collected from the ICP-OEC were prdagssg

WinLab32 for ICP. Any sample with a concentration outside the range of the sandar
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diluted and re-analyzed. The standards used mimicked the proportions and encompassed the
ranges expected in the ambient environment. Analytical duplicates alefdexdyresults within
10% of one another and usually within 3%.

The salinity data were compared using a Student’s t-test across locatt@iermine if
the locations differed significantly. To assess possible toxicity of thg baoncentrate at the
CML we calculated the ratio of calcium @pto sodium (N&) ions (Goodfellow et al. 2000).
The complete array of ion data were used to model mineral saturation for estamnlosing
PHREEQCI (U.S. Geological Survey 2010). PHREEQCI is a graphical uséaaetéor
PHREEQC (Version 2), a low-temperature agueous geochemical prbgsau on ion-
association (Parkhurst and Appelo 1999). This software was used to foreaasi min
precipitation from the briny discharge entering the surface waters atudyriscations in the

Albemarle Sound.

Water Quality Data

We obtained vertical water profiles concurrent with water sample<tadlérom each of
the 18 sampling sites. Profiles were obtained using a YSI model 85 watey medbtr. Data
were collected at 0.5 m below the surface and at 0.5-m increments until justiadbettom.
Parameters measured were dissolved oxygen (mg/L and % saturation)atanspéc),
temperature-corrected conductivity (uS/cm), and salinity (ppt). At theedfrsampling, surface
pH, wind speed (KPH), wind direction, secchi disk visibility (m), and prevailingheea
conditions also were recorded.

Near the diffuser pipe at the CML, two Hydrolab DS5X Extended Deploymeetr w

quality sondes were deployed between July 2005 and January 2006. These sondes were mounted
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horizontally on stainless steel frames 0.5 m above the substrate, in 1.2 rerdfetaeen N1

and N2 (shallow); and 2.2 m of water, between S1 and S2 (deep). The Hydrolatbsdecater
temperature, dissolved oxygen, conductivity (uS), salinity, pH, total dissaiidd &/L), and
chlorophylla (ug/L) every 30 minutes. Data were downloaded monthly; units were thenctleane
of periphyton and inhabitants and redeployed. During April and May 2006, one Hydrolab sonde
was relocated to each the North River and Little River to observe the tires-&deanges of

these two locations.

Water Movement

At the CML, Little River, and North River locations a RD Instruments WorkhBiie
Grande 1200 kHz ADCP (acoustic Doppler current profiler) was used to determinat@et w
movement and long-term trends in water current direction and speed under preveatingr
conditions. Each unit was programmed to record velocity (mm/sec) and direction at 0.10 m
intervals (“bins”) from about 0.31 m above the bottom (height of the unit head, plus clearing
distance) to the surface (“ensembles”). Each bin contained many pieces of fiaioyimat this
study used water velocity and direction (compass heading) by date and WwoDCPs were
deployed at the CML along-side the Hydrolab data sondes at 1.2 m and 2.2 m. In addition, two
more ADCPs were deployed at either the Little River or North Rogations and were
alternated between the two locations monthly. We deployed the units at the alep2 m and
2.1 m at each location to bracket the proposed depth of discharge.

ADCP data were downloaded monthly and viewed using WINADCP software (RD
Instruments, Inc.). All ensembles were examined for the period of record and bitieenea

surface and above were deleted from the data set because of unstable adiad by wave
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action. BBLIST software (RD Instruments, Inc.) was used to convert thaarmgnary code to
ASCII format with the variables: ENSEMBLE, DATE, TIME, MAGNITUDE, and
DIRECTION. These data were then imported into Excel (Microsoft). Becawsziolr was
recorded in tenths of a degree (from 0.0 to 359.9°), the direction of water movement was

summarized to the eight major points of the compass in the following manner:

N = 337.6° — 359.9°, and 0.0° — 22.5°
NE = 22.6°-67.5°

E = 67.6°-112.5°

SE =112.6° - 157.5°

S = 157.6° — 202.5°

SW  =202.6°-247.5°

w = 247.6° — 292.5°

NW  =292.6° — 337.5°.

Prevailing water flow direction was summarized by counting the numberartieein
which each of the eight major compass headings was recorded. SAS 9.1 (SA®R |hsti)
was used to combine Excel spreadsheets for the largest files, and then trdresgasasets into
a format that could be analyzed. For ADCPs deployed at the 2.1 m contour, datgpaerede
by depth into surface (bins 12-16), midwater (bins 6-11) and bottom (bins 1-5). For ADCPs
deployed at 1.2 m, the data were separated into surface (bins 6-11) and bottom (bins 1-5). For
each depth-section, water velocity and corresponding dominant compass directaan foine
was averaged over the course of a one-hour period to produce net distance obwaiteemb
(m/hr) with the associated direction vector. These hourly data then weredmetig@ourly
weather data from the Elizabeth City USCG station. PROC FREQ was useerioide the net
movement of water per hour for each compass heading, and PROC CORR was used iteedeterm
the relationship between weather variable and the net distance of waterenb¥@neach
compass bearing. Correlation coefficients (r) between net distance oimatement (m/hr)

and weather variable were considered significant=a0.95.
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Sediments

Monthly sediment samples were collected by sediment core from July-Dec@605
from all sites at all locations to investigate possible variations in sediroeet time. A diver
procured samples by inserting a 7.6-cm diameter by 30.5-cm sediment cokedtiast 10
cm, then bringing the sample to the surface where it was capped, labeled vahdiatte, and
stored for processing. Substrate analysis examined only the top 5 cm of sedineaktrudied
the top 5 cm and dried the sample overnight. The dry sample was then homogenized and split to
yield 25-50 grams of sample. It was treated with 30% hydrogen peroxide to rerganec
matter and wet-sieved with Calgon dispersant into a settling cylinder threldglie2.5.:m)
screen to separate the silt/clay fraction from the coarse matEna ml of dispersing agent was
added to the settling cylinder along with enough distilled water to bring the védutine 1-L
mark. Two beakers were cleaned, dried, weighed and labeled with the sipa fratte
solution in the settling cylinder was agitated in preparation for pipettgsamalmmediately
following agitation, a 20-ml aliquot of solution was pipetted from 20 cm below the solution
surface and expelled into a labeled beaker for drying and weighing. This adgtedented the
sediment smaller thar®(62.5um). Forty-seven minutes and 14 seconds later, another 20-ml|
aliquot was pipetted from 5 cm. This later aliquot represented the sedimeretr $hreail &.
The sediment fractions betwee® 4nd 8P, and less thand® were calculated from this
procedure. The coarse fraction remaining on thesdreen was rinsed into a beaker, dried
overnight and weighed.

Loss on ignition (LOI) was used to determine the organic matter content. aFdrst

sample was placed into a pre-weighed crucible and the initial weighee@sled. Next, the
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sample was put into an oven at 500° C for four hours to burn off organic matter. Samples were
then placed in a dessicator to cool and final weight of each sample was reoardiedlaite

organic content.

Results

Chemical Analysis

The CML RO-WTP (In-Plant) is introducing significant (two-tailedi&nt’s t-testp <
0.001) amounts of ammonium (NBito bottom waters when compared to all other locations
(Table 2-3). These high levels were evident at the diffuser and the 5m*S @¢rthi diffuser
in the south direction) locations, with concentrations sometimes greatetQtiemes higher than
those observed from the other CML sites (Figure 2-6). The averaged CNdlesaaken
reflected values similar to those from the Control location (generally < 0.0650pp0064).
The Little River and North River locations had significantly lower ammorgantentrations
(~0.02 ppm) than those observed from the CidE 0.038 and 0.041 respectively; Table 2-3)
and the Control locationg{values = 0.009 and 0.021 respectively; Table 2-3). Temporal
variation in ammonium was similar across all samples, with a sharp ieéneAagust 2005 for
the diffuser site and in September 2005 for the other CML sites, declining oventbee wi
months with a significant increase beginning in late spring 2006. Phosphoisvéadelow
detection at all locations, with the exception of the In-Plant samples.

Concentrations of major conservative anions &3t SQ) closely followed/mirrored
temporal and geographic patterns exhibited by the major cation'(Mg’, C£" and K). The
main source of chloride and sulfate in these estuarine waters is seawapeedidted by the

proportions of major conservative ions in seawater, chloride and sodium were present in
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concentrations about 10 times greater than the other major conservative ions 2Fig.
Concentrations of major ions were consistently higher from the In-Plaplessm

Salinities showed a trend of higher values in the fall and winter with a decnéashe
spring (Figure 2-8). Salinity samples taken In-Plant, just prior to disghadieated high
significantly higher salinities when compared to ithsitu water samples, with salinities ranging
from 10.2 ppt to 15.2 ppt (one outlier of 4.9 ppt in July 2005), and a range from the average
bottom (within 0.5 m from the substrate) salinity of the CML sites between 0.7 ppt and 6.1 ppt
(Table 2-4). Salinity measurements taken with the YSI model 85 meter wesigmétantly
different from the analyzed samples (two-tailed Student’s tdesf).05;p = 0.703). Even with
this addition of briny concentrate, surface salinities generallyinemidelow 1.0 ppt except for
late fall when the salinities increased to around 5.0 ppt (Figure 2-9). ®alioitithe Little
River and North River locations mirrored those taken at the CML; averaging 1.0 ppt in t
summer, and became more saline (5.9 and 7.1 respectively) into winter (FRjure 2-

The water column at the CML exhibited stratification, with the ion concemnsat
generally higher at the bottom and decreasing in the surface samplese Sarfples were
more similar to the Control location than the bottom samples, though the differereesrbet
surface and bottom water samples were not signifigantd(1 for all samples). Water samples
taken May 2006 along the N-S axis and into the Pasquotank River indicated that the
concentrations of the major conservative ions was similar to the concentretionsé surface
samples at the CML at distances beyond 30 m from the 25m*S (Figure 2-10). Calcium t
sodium ratios at the CML never reached 15:1, the level of observed toxicity. &fahestwo

ions at all locations averaged 1:20 and never less than 1:13 (Table 2-5).
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Calculation of the mineral saturation indices (PHREEQCI) indicated thed it the
potential for precipitation of calcite/aragonite (CafL@nd dolomite (CaMg(C§¢),) at the
diffuser and the surrounding 5 m bottom sites in all directions. With the highetisalafithe
receiving waters and the higher proposed discharge rates at th&Whigteand North River
locations, there is a chance that the waters at these two locationdwelleasaturation at

greater distances from their diffusers than that observed for the CML.

Water Quality Data

In general, salinities were higher at the Little River and North Rogations throughout
the year when compared to the CML and Control locations. Mean salinities and ootnetsict
were found to be statistically similar for the CML and Control locatiprs@.749, Table 2-4).
Salinity and conductivity were found to be statistically similar betwkerCML and the Little
River location p = 0.18, Table 2-4) and significantly higher at the North River than the @ML (
=0.024, Table 2-4), while the North River location was not significantly different the Little
River location p = 0.192, Table 2-4). Mean monthly temperatures were not significantly
different from location to location. In general, the water columns at thedldrttle River,
and North River locations were well mixed. Samples from the CML indicatechthatater
column at this location was generally well-mixed over the study period. A caopai the
salinities taken across the year of study indicated that there were sticstisitisignificant
differences between the surface and bottom waters at any location.

Thein situ data set provided by the Hydrolab data for the shallow (between 5m*N and
15m*N) and deep (between 5m*S and 15m*S) locations (0.5 m above the substrate) at CML

indicates that water temperatures ranged from a high of 35 °C in August 2005 andetkcrea
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through November 2005 to 23 °C (Figure 2-11, A.). Conductivities showed an opposite trend
from the temperature data with lower values in August 2005, generally imgy&asn October
2005 (Figure 2-11, B.). We observed a spike in conductivity in August 2005 from the deep
Hydrolab sonde not apparent at the shallow site suggesting that thelbrmy/was moving
southward from the diffuser at that time. Daily fluctuations of conductivitgwbserved from
the October 2005 data from the shallow Hydrolab sonde.

In the months of April and May 2006, we deployed one Hydrolab sonde at each of the
Little River and North River locations. Spring temperatures from theseotatidns were
consistently lower than those observed from August to December 2005 at CMie (&igR, A.)
following expected seasonal trends. Conductivities at the two future dischatierlsavere
consistently higher than the CML/Control locations (Figure 2-12, B.).

On a daily basis, average dissolved oxygen values generally remainedhad\@ t
mg/L minimum recommended by the U.S. EPA for fish health in fresh waters. Waere
observations of minimum dissolved oxygen below this threshold in August and October 2005
from both the shallow and deep hydrolabs (Figure 2-13). The average dissolved oxygen readi
was generally above the EPA threshold. In November 2005, there were sevesaltien the
minimum dissolved oxygen fell below the EPA threshold and all readings were beldvwdth
mg/L threshold on November 21, 2005 at the shallow site (Figure 2-13, A). Average dissolved
oxygen from the Little River and North River locations never fell below ti$ BPA minimum

recommended for fish health (Little River: Figure 2-14).
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Water Movement

The Little River and North River locations are higher energy environments badssl on t
water velocity and direction data recorded by the ADCPs deployed at the(stallow) and
the 2.1-m (deep) contours.

Little River. In November, waters at the Little River 2.1-m contour averaged over 200
m/hr at the bottom and midwater divisions and movement was dominantly to the NW or SE.
Surface waters averaged more than 700 m/hr with no dominant direction of the (Watde 2-

6). Correlation analysis revealed that some environmental variabledeéairthe Elizabeth

City USCG (USCG-EC) weather station were significantlyeated with net water movement

at the deep contour from certain compass bearings, but none of these correlaBmsisong

enough to be meaningful. Significant relationships were considered to be thaise than +

0.750. For example, surface water movements to the SW at the deep contour froméddvdemb
through December 2, 2005 (Table 2-6), averaged 752.4 m/hr and were inversely petated (
0.224) to wind velocity 10 m above the ground at the USCG-EC weather station. Average water
movements within the bottom bins were above 200 m/hr and to all compass headings. Data from
the shallow ADCP indicated that the surface water movements were nearligrlokmmore to

all compass headings. Correlations of the variable air temperaturédngvitittte River shallow

ADCP suggested that air temperature might be correlated with anothemenental variable

such as wind direction or wind velocity (perhaps a weather change), but airdamgpearas not
significantly correlated with water movements at the deep LittlerRoeation.

In late February and March 2006 water movement information for the Little River

location was available only for the shallow contour (Table 2-7). Net waieement at the
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bottom was more than 300 m/hr and NE and SE directions dominated at that time. A strong
positive correlation between wind velocity and eastward movement (but few olsesyatF

20) suggested that the water movement eastward may have been relateohip \@estther

event. Surface water movements at the 1.2 m contour were stronger, more than 600 m/hr to
nearly 1 km/hr, with dominant movements to the SE, NE, and SW. Wind velocity was positively
and significantly related to the net distance of water movement at alfleecoompass bearings
(Table 2-7).

Late May and June 2006 water movement information for the Little River locaéisn w
available only for the deep contour (Table 2-6); net distance of late spriagm@ements was
substantially higher than that observed in November with surface veloctigs#hr. Net
water movement in the bottom division was above 300 m/hr, with slight preference fo¥the S
guadrant. In the midwater division, movements were primarily NW and SE: weakesments
were NW (421 m/hr) and strongest movements were SE (1.7 km/hr) (Table 2-6).

North River. Water movement at the North River location appear to be related to wind
direction and velocity and to the observed tides and water temperature at Maros Marina.
Water flow was greatest in the fall, smallest during the winter, and modiehatieg late spring
and early summer. In general water flows were stronger at the shallawicoompared to the
deep contour during the same period. September results from the deep ADCP tndicatter
movements averaged above 500 m/hr at all bins (Table 2-8). Strongest averads wamne in
the midwater where water movement averaged over 1 km/hr to all compass pointse Surfa
water movements were similar to the midwater, to all compass points with no domina
direction. Correlation analysis revealed that some September envirohvaeiatales recorded

at the EC-USCG were significantly correlated with net water moveroaatrtain compass
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bearings at the 2.1 m contour. Wind velocity from the USCG-EC weather stationddven a
the ground was positively correlated with surface water movement to thegsiodi, and
inversely related to midwater movements to the NE and SW directions (Tabldr2b®ttom
waters, water flow to the SE was inversely related to air temperatdnsiad velocity and
direction. Waters moving in the NE direction were inversely related to the (@ tite at
Mann’s Harbor, and positively correlated with the Mann’s Harbor water tetapeidable 2-8).
Shallow water movements during the same period were much stronger, avexagiadg km/hr
(Table 2-8). Wind direction and wind velocity were significantly correlagh most compass
bearings of water movement, and the observed tide at Mann’s Harbor was etdmelatwater
movement direction and distance especially for the surface portion of thecolatan (Table 2-
8).

October average water movements at both the deep and shallow sites at theworth Ri
location were less strong than those observed in September, ranging from 135 to S&4hma/hr
deep site to 155 to 970 from the shallow site (Tables 2-8, 2-9). At the deeper site, NE wate
movements dominated the midwater and surface divisions of the water columnZ-Bbl&he
strongest correlation (r = 0.345) was water flow in the NW direction witteaperature
recorded at the EC-USCG station. Shallow water movements were ahtsatneith wind
velocity at the EC-USCG station, and most water movement directions weskatam with
wind direction as well (Table 2-9). The water temperature at Mann’s Hadsosignificantly
related to water movement and direction especially in the surface division cdtrecalumn,
and the observed Mann’s Harbor tide was correlated with northerly water mosefenie 2-

9).
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The January water movement data indicated the weakest movements fordscdh thie
North River location. The NE compass bearing was dominant, and surface flaavsnier
slightly stronger than bottom flows. At the 2.1 m contour, water movements weffeaigty
related to wind direction and wind velocity, and observed tides at Mann’s Harboan(Bable
2-8). The same correlations were observed for water movements at the 1.2 m coblew2-(Ta
9). Weather was relatively quiet during the January 2006 period; this may have eddount
the results observed by the ADCP units at that time.

Water movement during April at the North River deep site was strongerhibsa t
observed in January ranging from average movements of 153 to 857 m/hr (Table 2-8a As see
in previous months, water flows and direction were correlated with wind velocity and wind
direction, especially flows in the NW and SW directions. Water movements alscareclated
with Mann’s Harbor water temperatures, and movement to the NW was negeatirelhated
with predicted tide at Mann’s Harbor marina (Table 2-8).

CML. Net water movement at the CML was much lower than that observed from either
the Little River or the North River locations, and reflected protection frdlmeince of the open
Sound and Pasquotank River main channel flow. In October 2005, net distance of water
movement at the 2.1 m contour ranged between 125 and 305 m/hr at all depths with SE and NW
flows most prevalent for all bins (Table 2-10). Surface water movement wagcsigtly and
positively correlated with the tides at Mann’s Harbor marina, but midwatkbottom water
movements did not exhibit this strong trend observed at the surface. Wind velocity was
positively correlated to net movement of surface water. From late Dec&005 through mid-
January 2006 net water movement at the 2.1 m contour was lower than 79 m/hr at all depths and

direction of flow was to all compass points. In May, net water flow movementddroge 88
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to 424 m/hr at all depths; net movement was to the SE in the bottom and midwater divisions and
to the NW in the surface division (Table 2-10). Net distance for some compass pgints wa
positively related to wind direction and wind velocity recorded at the USCG&iGrst

At the shallow contour in September 2005 water movements at the surface wexe grea
than those observed at the deep contour; net movement was primarily to the SW and SE and wa
positively correlated with wind velocity and air temperature from the G&C weather station
(Table 2-11). Water movement at the bottom was dominantly in the SE directiongand wa
positively correlated with air temperature from the USCG-EC weathigors. Greatest distance
of water movement occurred at the surface in late September throughrQatapeg from 0.7
to 1.1 km/hr. Values decreased in October, November and December with dominant movement
in the SE direction, except in November-December bottom bins when movement was to all
compass directions. April values were < 59 m/hr at all depths, and water movemaentilvas
compass points. In May and June, net water movement increased and was orientéy forimar
the SE and NW, air temperature and wind velocity were positively corretatext water

movement distance (Table 2-11).

Sediments

The sediments at the CML showed high levels of organics (high LOI) present at the
diffuser, 5*E and 5*S sites (Table 2-12). During our study there was a disglacehone (of
eight) diffuser check valves from the diffuser pipe. Before we replaeechtitk valve, a hole
approximately 1 mhwas excavated by the discharge stream. It is possible that the subsequent
natural re-filling of this hole has resulting in an increase in organitenfaund at these three

sites. Excluding these three sites (July-December 2005), sand was the doedimaent

37



fraction surrounding the CML. Sediments at the Control location were sand stidiity

higher percentage of silt and clay. Both the Little River and North River setdinvere sand.

Discussion

We were interested in potential water quality changes causeaddstablished RO-WTP
discharging into a coastal watershed, and the possible risk to resident amhtigiosa in the
area. This study provided a baseline of information at an established RGyWIER two
locations prior to the construction of the proposed RO-WTP in Pasquotank and Currituck
counties, North Carolina.

Ratios of all conservative ions from the In-Plant samples were similanse bf the
ambient receiving waters at the CML. There is still concern about potentiahlb@tances to
resident and transient biota from the quantity of higher salinity waters fronQh&RP
discharge (Douglas et al. 1996; American Petroleum Institute 1998; Goodfekbv2@00;
NCDENR 2007). We may expect that with the relatively well-mixed wiéercharacteristics
of these shallow locations any minerals that precipitate out will quicklgldessvhen exposed
to the shifting, under-saturated ambient water mass. These expectaticasaeted with a
discharge rate of 0.2 MGD,; the area of influence will likely increaie avhigher discharge.
Mixing of the briny discharge waters with ambient waters may minipriablems for mobile
organisms but perhaps pose problems for sessile organisms that cannot avoid theplume. |
addition, because the source aquifers tend to be rich in calcium (Figure 2-2jotloé calcium
to sodium could be a potential source of toxicity, as observed by Goodfellow et al. (2000) wi
fathead minnows. At no time, however, did the ratio of calcium to sodium ever even approach

the ratio of 15:1 from any location sampled. Also of concern is the high concentration of
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ammonium (NH'-N) and nitrite + nitrate (N@-N) entering the Little River and the North River
locations, areas of relatively low concentrations of nitrogen (Camargo armdi M92; Alonso
and Camargo 2003). Nitrogen is usually the limiting nutrient in saline wateGdivhaughey
and Zottoli 1983) and as such, enrichment in these locations may lead to increased
eutrophication and possibly increased photosynthetic activity, including the gossitdlgal
blooms. There was no such activity observed at the CML during the study, which nesatde
to the ubiquitous presence of tannins and lignins in the river waters reducing lighapemet
and therefore limiting photosynthetic activity (Bricaud et al.1981; HaanddHedges 2004;
Gallegos 2005; Dobberfuhl 2007). The elevated nutrient concentrations weeé limthe
bottom waters within 5 m of the diffuser pipe. The risk of eutrophication may be more
significant in the waters at the Little River and North River locatiohgre/fewer tannins and
lignins are present and higher rates of discharge (up to 1.67 MGD) and a cormegiydadjer
plume are projected. However, these future discharge locations are higiggrreganes so it
is likely that any additional nutrients will rapidly mix into the ambieaters.

All locations showed no significant variation between concurrent surface and bottom
samples. Analysis of the In-Plant discharge sample showed consistgh#y leivels of the
major anions and cations as well as ammonia, (M. This signature was periodically
observed near the diffuser pipe, usually in the south direction, but it was diluted from the
Plant values and not evident beyond 5 m. The YSI handheld meter and the Hydrolab sonde were
unable to detect the plume directly; however, these meters allowed for both “shapshot
stationary site observations of oxygen within the systems as well as supfdoetiagter
chemistry data that was observed. The stationary sites gave a contetdrfimetation of the

data from both the YSI “snapshots” and the surface and bottom water samples.
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Because of the dynamic nature of the plume, the two Hydrolab data sondes placed
approximately 7 m from the diffuser were not able to detect the plume corgjdtentid allow
for temporal visualization of ambient water chemistry. The YSI mdteradl for a “snap shot”
visualization of the chemistry around the diffuser, with conductivity providing thietizeeable
illustration, though high variability in single readings indicated dyfarell-mixed combination
of discharge and ambient waters.

Sediments were consistent with earlier investigations of this arese(&i@l. 1979;
Eaton 1994 and 2001; Hyland et al. 2004), consisting mainly of sands with some organic matter.
The sediments did not vary over the six months of sediment sampling. Overall veatestcy
varied seasonally with higher salinities during the fall and winter monthdeareasing
salinities throughout spring. As observed with most coastal waters, sodium amdechlor
concentrations were about 10 times higher than their associated major cotrssétus!
locations over the course of the study.

The general water flow pattern for all locations indicates that watermens were
faster at or near the surface and were oriented following river flow, nzoniglated with wind
velocity recorded 10 m above ground at the Elizabeth City USCG station and/or with dbserve
tides recorded at Mann’s Harbor marina. This observed flow pattern may chiémge w
significant weather events, but we were not able to detect a storm suchiaartéudphelia
(Category |, September 15, 2005, passing off-shore of North Carolina) using oublavaila
equipment. Overall water velocities were slower at CML than at eithérttleeRiver or North
River discharge sites indicating that both locations are higher enetgynsywith potentially

higher turnover rates relative to discharge rates from the two new RG-WTP
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Conclusions
The Little River and North River RO-WTPs each have the potential to discnatge
eight-times more than the current discharge of the Camden Model Locatiodocdeented the
chemical signature and sphere of influence of the plume at the establishéedn@R&WTP to
attempt to predict what effect the two new plants may have on the receitgrg.wBased on
the information presented here we provide the following conclusions:

e The Little River and North River locations are similar to each other irstefrwater
quality and water chemistry.

e The CML and the Control locations are similar to each other in water quaditwater
chemistry.

e Salinities were significantly lower at the CML/Control locati@esnpared to the North
River location, but were statistically similar to the Little Rilaration.

e Salinity differences are likely due to proximity to the Atlantic Oceantatite existing
Camden RO-WTP.

e During the one-year study period ambient waters had lower salinities dunmger,
with increasing salinity during the winter months and decreasing again tthitoeig
spring.

¢ Dissolved oxygen concentrations were consistently good for organism hedéfines!
by the U.S. EPA standards.

e The water columns at all locations were well-mixed, and any mineraippating from
the RO-WTP discharge are likely to quickly re-dissolve as unsaturated wasses

move through.
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e RO-WTP discharge was more easily detected in bottom samples aftiserd#ind sites
within 5 m (100 rf) around the diffuser; surface water parameters approximated ambient
waters.

e With this apparent dilution within 5 m, the area of influence of the briny plume would be
at least 640 M

e Levels of calcium to sodium at the CML did not approach the toxicity range of 15:1
reported in the published literature on test organisms.

e Sediments at all locations were classified as primarily sand itiehdrganic matter

present, similar to earlier studies of these areas.
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Figure 2-1 Map of the 15 currently operating Water Treatment Plants (WTPSs)

in the coastal counties of North Carolina with the 12 black stars representing the
Reverse Osmosis-WTPs and the three gray stars representing ddrer wa
treatment methods. The two striped squares represent the two proposed RO-

WTPs.
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Figure 2-2. Average concentrations (ppm = mg/L) of major ions in water
samples collected from the Yorktown and Castle Hayne aquifers at the pump
houses in 2005, compared to Pasquotank River samples collected by the USGS

between 1958 and 1973.
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Figure 2-3. Map of study locations; Pasquotank River is the location of the
Camden Model Location (CML) and Control location. The mouths of the Little

River and North River are the other two sampling locations.
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Figure 2-4. Details of study locations, Camden Model Location (CML) and
Control locations on the Pasquotank River (A), across from the U.S. Coast
Guard station at Elizabeth City(USCG-EC), and the Little River (B) amthN
River (C) locations, including the shallow (S) and deep (D) sites. Figure 2-5

describes the arrangement of the sampling grid at the CML.
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Figure 2-5 Arrangement of sampling grid at Camden Model Location (CML).
N-S set perpendicular to shore and E-W axis approximated the 2.1-m contour,
with the diffuser pipe as the center site. 25m*N site was 1.3 m deep and the
25m*S site was 2.7 m deep. Stream flow was generally from “W” to “E.”

Total area was 2,500%m
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Figure 2-6. Average ammonium concentration {NN, ppm = mg/L) from
the In-Plant sample (far left) compared to all bottom (within 0.5 m of the
substrate) 13 sites at the Camden Model Location (CML) July 2005 — June

2006.
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Figure 2-7. Comparison the overall average data for the concentrations of
sodium (N4), chloride (Cl), Potassium (K), calcium (C&"), Magnesium
(Mg?"), and sulfate (S£3) ions from the In-Plant samples compared to the 13

sites at the Camden Model Location.
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Figure 2-8. Average salinity (ppt) measured by YSI model 85 at the four
different study locations from July 2005-June 2006. CML=Camden Model
Location, CON=Control, LR=Little River, and NR=North River. Asterisks

indicate missing data.
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Figure 2-9. Comparison of surface and bottom conductivities (uS/cm) at the
diffuser and the 5m*S site at the Camden Model Location (CML) showing that

the water column is usually well-mixed. Asterisk indicates missing data.
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Figure 2-10. Salinity (chemical analysis) along the N-S axis of#mden
Model Location (CML) and out into the Pasquotank River; 75, 150, 250, and

475 m from the 25m*N site May 2006. Asterisk indicates missing data.
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Figure 2-11. Hydrolab data sonde daily temperature (A) and conductivity (B)
data from CML, shallow (1.2 m) and deep (2.2 m), bracketing the diffuser, from
August 11 through November 21, 2005. Sondes were deployed approximately

0.5 m above the substrate.
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approximately 0.5 m above the substrate.
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values recorded by the Hydrolab data sonde, 0.5 m from the bottom at the 1.2 m
contour (A) and at the 2.2 m contour (B) at distances of 7 m from the Camden
RO-WTP discharge pipe, August 11 — November 21, 2005. Dashed line at 4.0
mg/L is the U.S. EPA minimum for fish health. Sondes were deployed

approximately 0.5 m above the substrate.

58



12

* Data not available
4/14-5/9/06

—

a

=

>

E

c

()

g —e— Mean

S 6 —+— Max

kel 4 --Min

4]

=

]

@ 4

K%

o

21
0

kOLo&&&@@@m@@@‘@@@@&&&&@@m@@
©O O ©O O O © © O O O O © O O O ©O O O O O © O O o o
©O O O O O © O O O O O O O O O O O O O O © o o o o
L S S S B S S A O O A O O O A A A
bl O &N ¥ © O O N ¥ © O O o N < © o
2§53 $§$g g8 ge888zITSE g8
™ < F F F & F & F < 0 nw 1w W v W

o)
2
®

Figure 2-14. Daily mean, maximum and minimum dissolved oxygen (DO)
(mg/L) values recorded by the Hydrolab data sonde deployed at the 2.2 m
contour of the Little River location April 31 — May 18, 2006. Dashed line
indicates U.S. EPA recommended minimum DO for fish health. Sondes were

deployed approximately 0.5 m above the substrate.
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Table 2-1. Twelve current and two proposed Reverse Osmosis Water TreRlanent
(RO-WTPs) in the state of North Carolina including the County in which time isla
located, operation phase, source aquifer, production and discharge rates (cubipeneters

day (CMD) and millions of gallons per day (MGD)), receiving body of water, amd if

preconstruction study was completed. "#"= Proposed RO-WTPs; “-“ = data nabéxvai
; Production Discharge ; Pre-
County Operation Aquifer(s) Discharge water construction
phase CMD MGD CMD MGD body study?
Infiltration
Brunswick Online Castle Hayne 583 0.15 227 0.06 lagoons (non- Yes
discharge)
New Hanover - - - - - - - -
Ocracoke Online Castle Hayne 1,961 0.52 1,037 0.27Pamlico Sound Yes
# Pasquotank Proposed Castle Hayne 18,927 5.00 26,321.67 Albemarle Sound Yes
Tyrrell Online Castle Hayne 1,628 0.43 379 0.10 ehtarle Sound Plume Study
# Curituck Proposed Yorktown 18,927 5.00 6,322 1.67Albemarle Sound Yes
Online Yorktown 3,785 1.00 1,181 0.32 Atlantic Otea Yes
Dare Online Yorktown - - - - Atlantic Ocean -
Online Mid Yorktown 3,785 1.00 2,536 0.67 PamlicouSd Yes
Online Upper 227 006 163 004  Pamlico Sound Yes
Yorktown
Online Yorktown 7,571 2.00 1,090 0.29 Pamlico Sound  Yes
. Pungo River .
Hyde Online Castle Hayne 1,635 0.43 5,451 1'44(Pamlico Sound) Pilot Study
Outfall ditch
Online Yorktown 1,090 0.29 310 0.08 leanding to Lake Pilot Study
Mattamusket
Camden Online Yorktown, 2,271 0.60 757 0.20 Pasquotank River Yes

Castle Hayne

Totals (current

dischargesto 19,078 5 11,413 3
Sounds)

(proposed 37,854 10.00 12,643 3.34
plants only)
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Table 2-2. Relationship of geologic and hydrographic units in the North Carolina

central coastal plain (NCCCP). Modified from NC Division of Water Resources

Ground Water Management Section 2005. Modified fromw.crwr.utexas.edu

North Carolina Central Coastal Plain Geolo

jic North Carolina Central Coastal

Units Plain Hydrologic Units
System Series Formation Aquifers and Confining Units
Quaternar quocene Undifferentiated Surficial Aquifer
Pleistocene
Yorktown Confining Unit
Pliocene Yorktown Yorktown Aguifer
Castle Hayne Confining Unit
Tertiar Middle Castle Hayne
y Eocene Formation Castle Hayne Aquifer
Beaufort Confining Unit
Upper Beaufort
Paleocene Formation Beaufort Aquifer
Peedee Confining Unit
Peedee Formation Peedee Aquifer
Black Creek Confining Unit
Black Creek
Formation Black Creek Aquifer
Cretaceous
Upper Cape Fear Confining Unit
Cape Fear Upper Cape Fear Aquifer
Formation

Lower Cape Fear Confining Unit

Lower Cape Fear Aquifer
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Table 2-3. Two-tailed Student’s t-tegt= 0.05, comparing ammonia concentrations from

the In-Plant samples compared to the average of the 13 water samplesithike®.5 m

of the bottom at the Camden Model Location (CML), Control (CON), Little Rive),(LR

and the North River locations, July 2005 — June 2006. Asterisk indicates statistical

significance.

Sites In-Plant CON LR NR
CML *<0.001 0.064 *0.038 *0.041
CON *<0.001 *0.009 *0.021
LR *<0.001 0.419
NR *<0.001
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Table 2-4. Two-tailed Student’s t-tegtz 0.05, comparing salinity (chemical analysis)
from the In-Plant samples to the average of the 13 water samples coN@biad.5 m of
the bottom at the Camden Model Location (CML), Control (CON), Little Rivey)(and
the North River locations, July 2005 — June 2006. Asterisk indicates statistical

significance.

Sites In Plant CON LR NR
CML *<0.001 0.938 0.069 *0.007
CON *<0.001 0.093 *0.012
LR *<0.001 0.198

NR *<0.001
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Table 2-5. Ratios (maximum, minimum and average) of calciufi)@asodium (N8
ions from all study locations: Camden Model Location (CML), Control (CONijleLRRiver

(LR), and North River (NR), between July 2005 and June 2006.

Location Maximum Minimum Average

CML 1:37 1:13 1:20
CON 1:27 1:14 1:20
LR 1:35 1:17 1:24
NR 1:34 1:.21 1:25
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Table 2-6. Significant (g 0.05) Pearson correlation coefficients of the net distance of

water movement (m/hr) by net movement direction and vertical position (surfac

midwater, and bottom) recorded by the Little River Deep (2.1 m) ADCP profilatheswe

recorded at the Elizabeth City Coast Guard Station (EC), and the tide datards M

Harbor (MH) marina for dates indicated. N = number of water movement obsesviat

the direction indicated. Bottom = bins 1-5 (0.31-0.71 m); Midwater = bins 6-11 (0.81-1.31

m); Surface = bins 12-16 (1.41-1.81 m).

Average Air Tide Tide Water
Dates and movement  temp Wind wind Precip. pred. Obs. temp
Direction N  (m/hr) EC vellEC dir. EC EC MH MH MH
11/11 -
12/02/05
Surface
NE 109 820.0 -0.277 -0.273 -0.420
SE 89 855.7 -0.217
SW 96 752.4 -0.224 -0.510 -0.282
NW 91 788.4 -0.226 -0.215 -0.308 -0.282
Midwater
NE 60 219.0
SE 124 386.5 0.205  0.237 -0.261  0.199 -0.273
SW 52 214.6 -0.314
w 1 623.7
NW 148 3114
Bottom
NE 79 209.4 0.228 -0.236
E 7 469.4
SE 101 344.4 0.337 -0.785 -0.238  0.286 -0.264
SW 68 271.3 -0.422
w 1 593.7
NW 129 290.3
5/23 - 6/22/06
Surface
NE 157 1,084.0
SE 148 1,131.0
SW 179 1,197.0
NW 156 1,263.0
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Table 2-6, continued

Average Air Tide Tide Water
Dates and movement  temp wind  Wind Precip. pred. Obs. temp
Direction N  (m/hr) EC vel.EC dir. EC EC MH MH MH
Midwater
N 5 1,048.0
NE 93 1,504.0
E 9 1,092.0
SE 148 1,765.0
S 16 1,008.0
SW 99 1,405.0
w 4 628.2  0.999
NW 266 421.3
Bottom
NE 156 330.4 0.346
SE 149 332.5
SW 195 321.1 0.312
NW 140 277.7 0.367 0.419
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Table 2-7. Significant (g 0.05) Pearson correlation coefficients of the net distance of

water movement (m/hr) by net movement direction and vertical position (suafac

bottom) recorded by the Little River Shallow (1.2 m) ADCP profiler, weatearded at

the Elizabeth City Coast Guard Station (EC), and the tide data at Mann’s #bpr

marina for dates indicated. N = number of water movement observations in thiemlirect

indicated. Bottom = bins 1-5 (0.31-0.71 m); Surface = bins 6-11 (0.81-1.41 m).

Average Tide Tide Water
Dates and movement Air wind  Wind Precip. pred. Obs. temp
Direction N  (m/hr) tempEC vel.EC dir. EC EC MH MH MH
11/11 - 12/12/05
Surface
NE 122 970.0 -0.480 -0.545
E 2 954.4
SE 137 1,212.0 -0.280 0.190 -0.352
SW 123 1,042.0 0.653 -0.228
NW 142 928.0 -0.471 -0.173 -0.194 -0.514
Bottom
NE 108 317.3 0.233 0.264 -0.266
E 3 557.6
SE 134 509.1 -0.310 0.172 0.224 0.646 -0.200 -0.367
SW 125 643.0 -0.496 0.274 0.287 -0.487
w 2 341.8
NW 154 371.3 0.403 0.170 -0.200
2/24 -
3/31/06
Surface
NE 226 947.7 0.168  0.357
SE 279 808.0 0.310 0420 0.212 -0.181 0.287
SW 212 668.7 0.208 0.356 -0.227 -0.174 0.163
NW 120 762.8 0.253 -0.191
Bottom
NE 254 317.6 0.341 0.296 0.224 0.277
E 20 411.4 0.781
SE 261 442.1 0.315  0.317
SW 127 387.8
w 6 366.9
NW 169 336.4
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Table 2-8. Significant (g 0.05) Pearson correlation coefficients of the net distance of
water movement (m/hr) by net movement direction and vertical position (surfac
midwater, and bottom) recorded by the North River Deep (2.1 m) ADCP profiler, weathe
recorded at the Elizabeth City Coast Guard Station (EC), and the tide N&ards

Harbor (MH) marina for dates indicated. N = number of water movement obsesviat

the direction indicated. Bottom = bins 1-5 (0.31-0.71 m); Midwater = bins 6-11 (0.81-1.31

m); Surface = bins 12-16 (1.41-1.81 m).

Average Air Tide Tide Water
Dates and moveme temp wind  Wind Precip. pred. Obs. temp
Direction N nt (m/hr) EC vel.EC dir. EC EC MH MH MH
September 2005
Surface
NE 35 774.1
SE 57 627.5 0.317
SW 63 824.0
NW 46 790.4
Midwater
NE 29 1,030.0 -0.440
SE 28 761.7
SW 78 1,065.0 -0.286
NW 66 1,022.0 0.353
Bottom
NE 41 959.1 -0.318 0.456
SE 42 687.6 -0.427 -0.524 -0.313
S 1 559.2
Sw 89 768.5 -0.249  0.684 -0.266
NW 28 755.0
October 2005
Surface
NE 91 554.4
SE a7 439.1
SW 139 535.4
NW 102 507.7 0.453 0.271
Midwater
N 2 191.2
NE 194 187.8 -0.195 0.244 0.155
SE 42 135.3
SW 75 151.5
NW 56 206.2 0.345 0.278
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Table 2-8, continued.

Average Air Tide Tide Water
Dates and movement temp wind  Wind Precip. pred. Obs. temp
Direction N (m/hr) EC vel.EC dir. EC EC MH MH MH
Bottom
NE 174 177.8 -0.268 -0.162
SE 57 148.5
SW 48 141.4
NW 90 199.2  0.300 0.330
January
2006
Surface
NE 226 182.7 -0.260 0.285 -0.203
SE 111 184.7 -0.474 -0.295
SW 68 2434 -0.423 0.751 0.509 0.612
NW 103 187.7 0.660 0.420 0.458 0.246
Midwater
NE 181 119.4 0.377 0.252
SE 68 69.5
SW 95 179.9 -0.392 0.735 0.427 0.617
NW 146 195.6 0.583 0.408 0.471 0.257
Bottom
NE 149 114.3 0.353 0.164 0.258 0.201
SE 138 91.5
SwW 92 1739 -0.358 0.703 0.479 0.533
NW 129 219.0 0.515 0.334 0.453 0.281
April 2006
Surface
N 1 856.8
NE 268 311.4  0.277 0.354 0.208 0.663 0.235 0.150
SE 148 219.5 0.399 0.261 -0.170
SwW 287 687.8 -0.161  0.607 0.509 0.551 -0.235  -0.235
NW 92 383.2
Midwater
NE 279 234.6  0.272 0.348 0.122 0.697 0.227 0.253
SE 225 162.4  0.140 0.312 0.145
Sw 179 239.0 0.235 0.225
NW 113 239.6 0.405 0.303 0.314
Bottom
NE 224 222.7 0.239 0.272 0.305 0.286
SE 240 164.0 0.263 0.282 0.616 0.211
SW 143 153.3 0.186 0.318 0.183 0.212
NW 189 280.6 0.200 0.198 -0.196
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Table 2-9. Significant (g 0.05) Pearson correlation coefficients of the net distance of

water movement (m/hr) by net movement direction and vertical position (suafiac

bottom) recorded by the North River Shallow (1.2 m) ADCP profiler, weatherdedt ait

the Elizabeth City Coast Guard Station (EC), and the tide data at Mann’s d#bpor

marina for dates indicated. N = number of water movement observations in thiemlirect

indicated. Bottom = bins 1-5 (0.31-0.71 m); Surface = bins 6-11 (0.81-1.41 m).

Average  Air Tide Tide Water
Dates and movement temp  Wind  Wind Precip. pred. Obs. temp
Direction N (m/hr) EC vel.EC dir. EC EC MH MH MH
9/27 - 10/21/05
Surface
NE 228 1,023.0 0.205
SE 273 1,228.0 0.262  0.247 0.199
SW 66 968.2 0.369 0.315 0.467
NW 86 981.7 0.307 0.221 0.351
Bottom
NE 119 971.6 0.697  0.263
SE 130 1,215.0 -0.178 0.528 0.385 0.495 -0.284
SW 312 1,045.0 0.185 0.413
NW 92 8711 0.420 0.487 0.249
10/21 - 11/11/05
Surface
NE 186 8444 0.291 0.563 0.473 0.225 0.298
SE 134 970.4 0.621  0.437 0.312 0.295
SW 99 802.1 0402 0525 0.275 0.239 0.216
NW 61 512.3 0.389 0.387 0411 0.271
Bottom
N 47 243.3 0.653  0.353 0.412 0.412
NE 110 2483 0.520 0.430 0.368 0.217
S 10 260.5
SE 58 154.7 0.504 0.585 0.354 0.362
SW 169 279.1 0.240 0.619 0.249 0.382 0.267
NW 86 258.9 0.595 0.476 0.706
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Table 2-9, continued.

Average  Air Tide
Dates and movement temp wind  Wind Precip. pred. Obs. Water
Direction N (m/hr) EC vel.EC dir. EC EC MH temp MH
Dec - Jan 2006
Surface
NE 271 246.5 0.494 0.214 0.311 -0.184
SE 172 601.1 -0.249 0.901 0.354 0.259
SW 131 393.2 0.598 0.225
NW 94 225.8 0.233 0.426 0.288 0.248
Bottom
NE 272 2499  0.227 0.574 0.201
SE 68 798.2 0.364
SwW 199 262.6 0.665 0.305 0.291 0.243
NW 129 249.5 0.475 0.382
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Table 2-10. Significant (g 0.05) Pearson correlation coefficients of the net distance of
water movement (m/hr) by net movement direction and vertical position (surfac
midwater, and bottom) recorded by the Camden Model Location Deep (2.1 m) ADCP
profiler, weather recorded at the Elizabeth City Coast Guard StationdB&dCdhe tide data

at Mann’s Harbor (MH) marina for dates indicated. N = number of water movement
observations in the direction indicated. Bottom = bins 1-5 (0.31-0.71 m); Midwater = bins

6-11 (0.81-1.31 m); Surface = bins 12-16 (1.41-1.81 m)..

Average  Air Tide Tide
Dates and movement temp  Wind wind Precip. pred. Obs. Water
Direction N (m/hr) EC velEC dir. EC EC MH MH temp MH
10/21 -
10/27/05
Surface
NE 24 208.1 0.557 0.639
SE 55 304.8 0.585 0.391 0.485
SW 16 194.7 0.548 0.689 -0.502
NW 37 209.6
Midwater
NE 27 129.7 0.251
SE 47 241.0 0.332
SW 16 142.6 0.549 -0.690 0.533
NW 45 197.9
Bottom
NE 33 125.0
SE 39 180.5 0.339 -0.375
SW 14 169.0
NW 49 188.7 0.304
12/20/05 -
1/15/06
Surface
NE 156 74.7 0.167 0.393 0.336
SE 158 79.0 0.171
SW 130 69.5
NW 166 79.1 0.153 0.219 0.224
Midwater
NE 163 48.2
SE 146 51.9
SW 129 47.1
NW 172 55.4
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Table 2-10, continued.

Average Tide Water
Dates and movement Airtemp Wind Wind Precip. Tide Obs. temp
Direction N (m/hr) EC vel.EC dir. EC EC pred. MH MH MH
Bottom
NE 158 51.7
SE 174 57.3
SW 123 58.9 0.189
NW 155 58.4 0.170
2/24/2006
Surface
SE 4 801.2 -0.981 -0.995
SW 3 592.9
Midwater
SE 7 235.0 -0.953 -0.973
Bottom
NE 2 101.6
SE 218.4 0.974
NW 1 60.2
5/10 - 6/1/06
Surface
NE 135 334.5 No data -0.178
SE 122 423.6 0.373 0.331 0.351 No data
SW 96 371.9 0.383 0.311 -0.277  No data -0.274
NW 190 419.9 0.338 No data
Midwater
NE 37 92.0 0.355 No data
SE 290 292.5 0.274 0.276 0.305 No data -0.147
SW 82 88.5 No data
NW 134 151.8 0.219 0.431 No data
Bottom
NE 66 94.1 No data
SE 274 252.7 0.247 0.371 0.328 -0.154  No data €0.15
SW 71 103.7 0.290 No data
NW 132 134.2 0.208 0.370 No data
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2-11. Significant (p< 0.05) Pearson correlation coefficients of the net distance of water

movement (m/hr) by net movement direction and vertical position (surface aachpott

recorded by the Camden Model Location Shallow (1.2 m) ADCP profiler, weather

recorded at the Elizabeth City Coast Guard Station (EC), and the tide datards M

Harbor (MH) marina for dates indicated. N = number of water movement obsesviat

the direction indicated. Bottom = bins 1-5 (0.31-0.71 m); Surface = bins 6-11 (0.81-1.41

m).
Average  Air Tide Tide Water

Dates and movement temp wind  Wind Precip. pred. Obs. temp
Direction N  (m/hr) EC vel.EC dir. EC EC MH MH MH
9/27 -10/21/05

Surface

NE 68 755.8 0.448  0.337

SE 188 991.9 0.477 0.472 0.248

SW 211 1,065.0 0.295  0.453 -0.178

NW 107 1,014.0 0.527  0.450 0.373
Bottom

NE 93 308.7

SE 199 375.0 0.168 -0.189
SW 131 322.5 0.219

NW 151 416.5 0.254 0.537 0.232

10/21 - 11/11/05

Surface

NE 42 132.9

SE 294 208.3 0.235 0.154 0.130

SW 82 118.6 0.299 0.308 -0.267 0.269
NW 93 172.8 0.318 0.244
Bottom

NE 77 120.2

SE 230 174.7 0.323 0.235 0.196 0.211

SW 92 116.7 0.308
NW 112 152.5

11/11 - 12/20/05

Surface

NE 52 432.9

SE 181 259.8 0.341  0.237 0.264

SW 68 186.3 0.568

NW 85 327.5 -0.328 0.734
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Table 2-11, continued.

Average Air Wind Tide Tide  Water
movement temp Wind  dir. pred. Obs. temp

Dates and Direction N (m/hr) EC vel.EC EC Precip. EC MH MH MH

Bottom

NE 159 57.1

SE 172 56.4 -0.610

SwW 163 51.5

NW 181 57.6 -0.187

4/1 - 5/6/06

Surface

NE 163 48.2

SE 146 51.9

SwW 129 57.1

NW 172 55.4

Bottom

NE 158 51.7

SE 174 57.3

SwW 123 58.9 0.189

NW 155 58.4 0.170

5/9 - 6/22/06

Surface

NE 205 111.4 0.219

SE 445 2242 0.247 0.303 0.310 -0.174

SwW 80 84.0

NW 284 159.0 0.248 0.427 0.666

Bottom

NE 230 105.7

SE 333 204.2 0.277 0.277 0.238 -0.173 -0.191

SW 138 111.6

NW 313 155.6 0.283 0.283
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Table 2-12. The average sediment composition of gravel, sand, silt, clay and

organic matter (LOI, Loss on Ignition) found at Camden Model Location

(CML), Control, Little River and North River study locations. Numbers for

Little River and North River are averaged over both study depths. All

numbers are given as percentages. Gravel (coarse fraction) consisted of a

combination of shells, sand clumps and organic matter; the * indicates shells

only. The ** indicates that the coarse fraction contained sand clumps only.

Location Site Gravel Sand Silt  Clay LOI
CML  Diffuser 0.00 72.04 7.28 20.68 28.53
5m*E 3.10 80.82 4.10 12.60 20.40
15m*e *0.10 9526 130 3.34 1.28
25m*E 0.65 96.20 0.92 2.36 1.07
5m*N *0.75 96.64 0.78 1.98 0.73
1I5m*N 0.72 92.28 2.63 4.48 1.83
25m*N  0.92 85.22 6.38 7.48 3.84
5m*S 1.48 57.02 6.06 15.44 43.30
15m*S 0.98 95.04 0.86 3.12 3.05
25m*S  0.66 91.25 3.65 4.55 2.32
5mW 273 94.80 0.76 2.26 0.74
15 m*W  2.52 90.68 2.08 4.72 3.66
25m*W  0.24 86.58 6.38 6.80 2.92
Control 3.90 80.13 750 9.12 4.58
North River **0.30 9450 1.23 4.00 1.64
Little River *0.21 94.01 232 349 2.11
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CHAPTER 3: SEASONAL CHANGES IN BENTHIC COMMUNITY STRUCTUR
WITH RESPONSES TO A REVERSE OSMOSIS WATER TREATMENT PLANTA

NORTH CAROLINA ESTUARY

By
Katharine E. Kleber
Interdisciplinary Program in Biological Sciences
Department of Biology

East Carolina University, Greenville, NC 27858

Abstract

Population growth leads to increased demands for potable water resourceshin Nor
Carolina these needs are being addressed through the development of Rewesse Os
Water Treatment Plants (RO-WTPs), which discharge briny concentrasée] into
adjacent surface waters. The city of Camden RO-WTP, downstream of EligZitye NC,
provided the model to assess the effects of this concentrate on macrointestebra
Additional locations included a control location 0.5 km downstream of the Camden Model
Location (CML), and two proposed RO-plant discharge locations at the mouths of the
Little and North rivers in North Carolina. A total of 21 macroinvertebrateispavere
found at the four sampling locationseptocheirus plumulosy&mphipoda) and
Marenzelleria viridis(Polychaetea) were the most abundant species collected at all
locations and became model organisms at the CML to investigate the efféetdahty

discharge on macroinvertebrate distribution around the diffuser pipe. The efbeictyof



discharge on the benthic organisms dissipated beyond 5 m. Neither location nor date
proved significant when all species were included in the analysis. Beothimunities at
these locations were those expected in brackish estuaries of North Carolina, and the
diversity found at our study locations was similar. This study establidieseine of data
for future research at these locations and establishes a method for furéiséigation of

briny concentrate discharge into coastal surface waters.

Introduction

During the 1990s, North Carolina's population increased by 21.7% ranking it ninth
in the United States for population growth (United States Census 2007). Between 2000 and
2006, the population increased an additional 10.1% in 20 North Carolina coastal counties,
many of which have limited access to fresh surface waters (Waedr2604; United
States Census 2007). Many of these coastal counties currently are usiagitna S
Aquifer as the primary source of potable (safe to drink) water (NCDENR 20103
aquifer is sensitive to precipitation, prone to over-wash of seawater, saltvatsion
from aquifer withdrawl, and contamination from septic systems (NCDENR)2010

Much of eastern North Carolina has access to the estuarine surface waters of t
Albemarle and Pamlico sounds. Salinity within estuaries can vary from freghpgt), to
brackish (0.5-5 ppt), to almost full-strength seawater (32-35 ppt) (Giese et al. 1849; M
and Gosselink 2007). The waters in the Sounds are not conducive to potable water
processing because of the tannins and lignins, which are byproducts of decaying
vegetation, mainlyraxodiumsp. (Bricaud et al. 1981; Hernes and Hedges 2004; Gallegos

2005; Dobberfuhl 2007). These organic compounds create the characteristic dark-brown

78



color and give these waters the colloquial name “blackwaters”. It is possitrieate

potable water using coastal blackwater sources, but these waters wduldiieed the
aesthetic standards for total dissolved solids (TDS) (<500 mg/L, U.S. EPA 2006). The
total removal of theses organics would require ultra filtration, which is costogre@iat

this time (Hightower 2003). The high TDS levels in potable water may causermpsobl
such as scaling or corrosion of pipes and fixtures, and may also contribute “obfdetiona
tastes” (Younos 2005a). The distillation of ocean water (high TDS) is another option, but
becomes more expensive with distance inland with the costs and logisticstassath

the transport of ocean waters to inland destinations (Younos 2005b). Because of these
limitations, the most cost effective alternative is the development of gratedwesources
(Hightower 2003).

Hightower (2003) proposed that desalination of brackish ground water should be
more cost effectivéhan finding and developing new freshwater sources. In North
Carolina, Reverse Osmosis Water Treatment Plants (RO-WTPSs) prodabtepaater
from brackish groundwater, resulting in the discharge of a briny concentratenipt
disposal include open water/sea disposal (Ahmed et al. 2001), deep well injectmin (Nic
and Chowdhury 2005), salt production (Ravizky and Nadav 2007) and land disposal
(Muhamed et al. 2005). Of these options, the most common disposal method is to
discharge it into adjacent surface waters (Ahmed et al. 2001).

One primary consideration in disposing of the concentrate into surface 8aters
how quickly the discharge water mixes with the ambient surface waters.oWegh2003)
suggested that discharge into adjacent surface waters is "often envirdhynbemign,"

although no previous studies have investigated the effects of this discharge on
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macroinvertebrates. The Cornell Mixing (CORMIX) model is the primarcprestruction
model used to investigate the rate at which the RO plume will dissipate withec#ieimg
waters (CORMIX 2009).

The National Pollution Discharge Elimination System (NPDES), a model
developed by the EPA, suggests that briny concentrate such as that produced GyRO-W
not be discharged into sensitive areas such as estuaries (NPDES 2009). ahn&' &k
Act of 1972 mandated that ecological integrity be determined and maintairned in t
Nation’s waters. Regulation of total maximum daily loads (TMDLS) is oneofia
monitoring the pollutants entering a water body, and is one potential method of negulati
the brine entering receiving waters. With the longitudinal variations oftyalinestuaries,
the best option for monitoring the effects of discharge brine is not TMDLSs.

Concerns include ion toxicity (Carmargo and Ward 1992; Douglas et al. 1996), and
toxicity of ammonia, nitrite, and nitrate (Alonso and Camargo 2003) all of which can
interfere with osmotic regulation in many macroinvertebrate speciesndt only the
individual ions that can be a threat, but the ratio of ions to each other. Goodfellow et al.
(2000) determined that a high ratio of calcium to sodium (15:1) caused mortatiead
minnows,Pimephales promelasikely due to changes in the ability to osmoregulate.

Eaton (1994) conducted a study of the benthic macroinvertebrates in Currituck
Sound, North Carolina, (Figure 3-1). Biocriteria for monitoring the benthic
macroinvertebrates of Currituck Sound were developed using his 1994 data as a model,
which was later validated by additional data collections (Eaton 2001). Eaton (1994) was
able to cluster macroinvertebrates based primarily on salinity, substichsaibmerged

aguatic vegetation (SAV).
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Salinity and substrate composition are common divisions for investigating@speci
richness, diversity, and biomass (Gunter 1961; Kinne 1966; Tenore 1972; Williams and
Williams 1998; Chadwick and Faminella 2001). Strayer and Malcom (2007) studied SAV
in the Hudson River estuary and determined that macroinvertebrate density was not
influenced by the position of the beds along the river but community composition was
strongly influenced by position along the river (salinity gradient). Someesthdive
chosen to divide the collection sites by salinity ranges and then inveshtigatepulations
present within each division (Ysebaret et al. 1993; leno and Bastida 1998; Ysebhret et
1998). Others have found that the communities have divided themselves along salinity
and/or sediment characteristics. Ysebaret et al. (1998) found that diversagsketwith
distance upstream (closer to freshwater tidal, <0.5 ppt). Total density didyndbwea
biomass was higher in the polyhaline waters (18-30 ppt). They were able to dsstingui
three salinity ranges: oligohaline, mesohaline and polyhaline. Ysebaret2&iCd) found
that hydrodynamics (depth and current velocity) was a primary factor imrdeiteg
macrobenthos assemblages, with salinity being a second gradient and sediment
characteristics (mud content) explaining much of the remaining varialfitysa et al.
(2006) also found that sediment characteristics and salinity explained theyadjtre
distribution observed in the macrobenthos community of the Lima estuary in Peru.

Many of these studies were conducted over a wide variety of salinitiesessd ar
ranging from a single estuary complex (i.e.; Hyland et al. 2004, Pamlico bathatle
sounds, NC) to multiple estuaries (i.e.; Llansoé et al. 2002, including data from the
Delaware Bay to the Pamlico Sound). These studies investigated diversipeared s

richness of benthic communities present in different habitats. Shannon’s index afydivers
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is often used in diversity studies (Weisberg et al. 1997; Preston 2002; Hyland et al. 2004)
Hill's diversity numbeilN1, which is a modification of Shannon's index of biotic diversity
(Ludwig and Reynolds 1988) that indicates the number of very abundant speacies, all
direct comparison of the number of species present at each locationNigjI(kudwig

and Reynolds 1988).

Investigating estuarine diversity further leads us to some of the fundamental
descriptive variables of ecology and conservation biology: the measures ofta{zhand
gamma diversity. Alpha diversity is defined as the species richn#éss & naturally
delineated habitat patch. Gamma diversity is the total species richreeks gé
geographic area, and beta diversity is the change (turnover) of specpasstan over
relatively small distance: adjacent, but recognizably different hal{Babwn and
Lomolino 1998). Often these are calculated as inter-related variables. Josth@907)
proposed that alpha and beta be partitioned to decouple the dependant relationship.

The main objective of my study was to investigate and predict the response of local
macroinvertebrate communities to RO-WTP briny discharge in shallonetoagters; we
used Albemarle Sound, North Carolina as the model for the study. The limited movement
capability of most benthic macroinvertebrates allows investigation inteffiaets of
chronic exposure of the benthic fauna to local stresses, such as brine disposal€Tiagli
et al. 2005). Biota provide time-integrated information rather than a “snappsbeided
by physical and chemical variables normally monitored. My study estabéidbeeseline of
data so that we may observe the response of local macroinvertebrate comnwRiGes

WTP briny discharge. Based on previous studies illustrated above, it is exjhatte
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salinity will be a dominant factor influencing the macroinvertebratenconities at the

study locations.

Study L ocations

Albemarle Sound is predominately oligohaline to mesohaline (Hyland et al. 2004,
Lin et al. 2007) but exposed to meteorological influences due to its physical avientat
with prevailing wind and weather patterns (Figure 3-1). Lin et al. (2007) olostvate
salinity in Albemarle Sound varies by season, with wind-driven circulatiderpat
contributing to higher salinities throughout the Sound in the summer.

We chose four locations in Albemarle Sound to determine the effects of briny
concentrate discharged into ambient surface waters (Figure 3-1). TheTRGeWthe
town of Camden (Camden Model Location, CML) has been operational since 2002 and
served as our model of a currently operating RO-WTP. The Camden fadlitiyeha
capacity to create 2,271 CMD (0.6 MGD) of potable water and the ability to disaharge
to 757 CMD (0.2 MGD) of briny concentrate into the Chantilly Bay in the Pasquotank
River opposite the US Coast Guard Station at Elizabeth City (Figure 3-2, ARGhe
WTP operates 17-18 hours/day thereby introducing a regular pulse of brineaversus
constant stream (24 hours) into the ambient surface waters. A Control location was
established 0.5 km downstream of the CML in the same embayment (Chantilly @a Fi
3-2, A) of the river to create a site similar to the CML, but without the dirdaeimée of
the RO-WTP.

The two other study locations were at the areas of proposed RO-WTP disclharge fo

the counties of Pasquotank and Currituck: at the mouth of the Little River (Pasquotank
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County) (Figure 3-2, B) and the North River (Currituck County) (Figure 3-2, C).
Construction guidelines for these two RO-WTPs states that there is the pateedich

facility to produce up to 18,900 CMD (5.0 MGD) of potable water while discharging up to
6,322 CMD (1.67 MGD). Adding these two facilities to the list of RO-WT plants
represents a doubling of briny discharge volume to North Carolina coasted (able 3-

1).

We established 18 study sites among the four study locations. The CML consisted
of 13 sampling sites to investigate the effects of the briny concentrate oestient
macroinvertebrates. These 13 sites included a center site at the diffesalopip a “N-S”
axis, perpendicular to the shoreline and a “E-W” axis parallel to the shere i
approximating the 2.1-m contour with the diffuser site located at the centang tkle
axes, sites were spaced 5 m, 15 m, and 25 m from the diffuser (Figure 3-3). The Control
site was at a depth of 2.1 m. Both the Little River and North River had two sitgsatesdi
shallow (1.2 m) and deep (2.1 m) to bracket the depth-range of the planned discharges

(Figure 3-2, B and C).

Methods
General
We collected benthic samples monthly from July 2005 through June 2006 at each
location. We used a Standard Ponar with a footprint of 026 eollect
macroinvertebrates as well as evidence of submerged aquatic vegetatn {8ith the
poor visibility in the ambient blackwaters of Albemarle Sound, visual searche&¥or S

were ineffective. Evaluation of the presence/absence of SAV in the Lite &d North
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River locations occurred in August 2005 using side-scan sonar. The effectile aear
at the mouths of the Little River and North River were approximately 920 m frora
the shoreline and laterally approximately 920 m to either side of the proposesgidgite.
SAV was easily observed in the visual plots as bright diffuse objects agdarstemed
background. We found no SAV within the study locations so we do not address SAV
coverage further in this manuscript.

Benthic samples were emptied over a p@idstainless steel washing sieve and
field-processed using ambient surface water to remove fine sedimentheldl woody
debris and organisms retained by the sieve were preserved in the laborgit Q%

ethanol. All macroinvertebrates were identified to lowest possible taxdaraimerated.

Environmental

Water chemistry was collected using a YSI model 85 handheld multiprobe meter.
Measurements were within 0.5 m of the bottom and parameters of interest included wate
temperature (°C), dissolved oxygen (mg/L), percent saturation of oxygen (%), temgera
corrected conductivityS) and salinity (ppt). Water samples also were taken within 0.5 m
of the bottom, and were returned to the laboratory for analysis of anion and cation
concentrations of the major constituents (chloride, sulfate, calcium, magnesiassium,
and sodium). Analytical methods were described in Chapter 2. Briefly, wendetd the
total nitrate + nitrite (N@-NO,-N) and Orthophosphate (FOP) following American
Public Health Association (1992) procedures. Ammonia,{N¥j concentrations were
determined by the phenolhypochlorite method (Solorzano 1969), with all data reported in
mg/L (ppm).
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We also determined anion (chloride and sulfate) and cation (calcium, magnesi
potassium, and sodium) concentrations from filtered samples, which were compared to
standards. The standards used mimicked the proportions and encompassed the ranges
expected in the ambient environment. Any sample with concentrations outside thefrange
the standards was diluted and re-analyzed. Analytical duplicates alhe&edyiesults
within 10% of one another and usually within 3%.

The salinity data from the anion and cation data were compared to the YSI model
85 data using a Student’s t-test. Salinity also was compared amongriedatdetermine
if the locations differed significantly. In addition, the complete array otlata was used
to model mineral saturation for each location using PHREEQCI (U.S. GeologrvalyS
2010). PHREEQCI is a graphical user interface for PHREEQC (Version®y; a |
temperature aqueous geochemical program based on ion-association (Parkhupgtedmd A
1999). This allowed for forecasting of mineral precipitation from the brirghdige
entering the surface waters at our study locations.

. The major conservative anions (&hd SQ) closely followed/mirrored those of
the major cations (Mg, Na', C&* and K). The main sources of chloride and sulfate
present in these samples was seawater (T. Woods, East Carolina Unipersibyal
communication) and as such could be predicted based on ratio of the major conservative

ions present in seawater and the concentration of sodium.

Camden Model Location (CML)
The two most abundant benthic species present at all locati@stecheirus

plumulosusandMarenzelleria viridis -were used to model the response of organisms at
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the CML to the briny concentrate. Species count data were natural-lggi@mgformed
(In(n+1)) to account for skewness of the data. Transformed data skewne8s5%as
compared to 1.345 for non-transformed data. SPSS v. 17.0.2 (Levesque and SPSS 2007)
was used to created plots of the two species encompassing all sample datesraaked
a framework for further investigation using SPSS and analysis of variahNgg\(A).
Scatter plots of the transformed species numbers were plotted against the esiabnm
variables. Because of a high degree of auto-correlation among the rdearstirenmental
variables, such as dissolved oxygen, temperature and percent saturation of @gggen, f
analysis was conducted to investigate the ability of the combined data tadiestiebe the
data.

One-way ANOVAs were conducted using the transformed (In(x+1)) species data
against the physical variablesai$tancefrom the diffuser (5, 15, and 25 m; Figure 3-3),
directionfrom the diffuser (E, N, S, or W), and the combined variable of

distance*direction(i.e.; 5Sm*E) from the diffuser.

Sediments

We took monthly sediment cores July through December 2005 from all locations.
Clear coring tubes were 30.5 cm long and 7.6 cm diameter. We used a 5-cm subsample
from the top of each core to analyze for surface grain size distribution andcorgatent
(Loss on Ignition (LOI)). One-way ANOVA was used to investigate the plessi
relationship between sediment composition at the sites around the diffuser pie ah&

the distribution oL. plumulosusandM. viridis.
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Date and Location

We assessed different assemblages of macroinvertebrates at tlemtdiffeations
over the course of the sampling year (date of sample) by using tworessed ANOSIM
(analysis of similarity; Primer v.6, Clarke and Gorley 2006), which testsfferehces
between groups of community samples (defiagutiori) using permutation and
randomization methods on resemblance matrix. The ANOSIM analysis was conducte
with no replicates, which is defined by two factors with zero or one replicateadhrof
the factor level combinations to investigate the hypothesis that all four lochtidribe
same species assemblages present at each location over the samplingAledata were
natural log (log) transformed (In(n+1)), and a triangular matrix was achieved by analyzing
between samples and creating a Bray-Curtis Similarity matrigbiaiet et al. 1998;
Weisberg et al. 1997; Long and Seltz 2009).

In addition we were able to produce a dendrogram of similar macroinvertebrate
assemblages using hierarchical agglomerative clustering (Clagk&arley 2006.). This
form of cluster analysis uses a bottom-up approach for clustering sintdaoyleaking the
maximum similarity of the individual nodes to create the algorithm fautaing the
distance between clusters. A SIMPROF (similarity profile) wasconcurrently to test
each node of the dendrogram and highlight branches with no remaining structtke (Cla

and Gorley 2006).
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Diversity
Hill's diversity numbemO, represented b§, is the total number of species
observed in the samples. Hill’'s second diversity nunibg&rrepresents the number of
very abundant species and is calculated using the equation
N1=¢d",
whereH' is Shannon’s index (Ludwig and Reynolds 1988), calculated with the equation
H'=-X(pi(In p),
and
pi = ni/N,

wheren; = number of individuals in th&'ispecies$ andN = total number of individuals
in the sample. Hill'&N1takes into account the number of individuals and the number of
species present at each location, but does not account for the changes in individusal specie
presence. Shannon’s index alone gives a decimal numbaynbgrting this index into
Hill's N1 diversity number (a whole number), we can more easily compare the number of
species to the number of very abundant species. The calculabidrhofds some bias
because the total number of species in the environment is likely to be ¢naatére total
number of species observed. As the number of individuals increase, there is las®mweig
rare species, ardl will have a lower value. We calculated these two diversity numbers
for all locations by sampling month and location.

Alpha (), beta ) and gammay| diversity are inter-related and often expressed

by the use of the equation:

7= o*p.
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Jost (2007) proposed that this is not an accurate method of illustrating the three
measures of diversity, as they are dependent on each other. Based onicis apskthe
fact that the assemblage weights were not equal, we followed his equatzotide alpha
as a further modification of Shannon's diversity index:

"D = exp[- Wi (P INp)+-W2Y (P2lnpi)+ ... +-Win X (Pinlnpin)],
where D represents the numbers equivalent for that measure of diverstegp; is
defined above, ang = statistical weight of communify(n/N). Gamma diversity is
represented by Hil’'&l1 (described above as the number of very abundant species) and
beta diversity is:
Ds=D,/D,,

where gamma and alpha are described above. Beta will be smallest when onaitpm
dominates and largest when all communities are represented equally. Astiamalddi
measure of diversity, Jost (2007) suggested the use of MacArthur's homogensityemea
(M=1/Dg), which is an estimate of the proportion of total diversity found within the average
community or sample and explains the proportion of the total diversity that is found on the
average community or sample (Jost 2007). This measure will be one if and dnilyef al
samples are the same and will be 1/S, where S is defined above, when all corarataitie

unique.

Results
General
We collected 21 species from the four study locations from July 2005 through June

2006 (Table 3-2)L. plumulosugAmphipoda) M. viridis (Polycheata) anRangia cuneata
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(Bivalvia) were the most abundant species at all locations. Four species origg€ML
were the false dark mus3dlstilopsis leucohpaetanematode worms (Phylum: Nematoda),
blue crabCallinectes sapidysand Harris' (white tipped) mudcr&hithropanopeus

harrisii. Two species unique to the North River location included the Syllid family of
polychaete worms and the isopgdotea montosaThere were no unique species found at
the Little River location.

A total of 15,528 individual organisms were identified over all locations and dates:
over 9,000 individuals from CML, 800 from Control, over 4,500 from the Little River, and
900 from the North River. Amphipods were dominant when all four locations were pooled,
and represented 54% of the total organisms collected; polychaete worms made up 34%
(Figure 3-4, A). There were differences in the number of individuals coll&ctedthe
four study locations, with CML, Control and Little River having similar peiages of
amphipods, polychaetes and "other" (Figure 3-4, B-D). The North River location had

considerably more polychaete worms and fewer amphipods (Figure 3-4, E).

Environmental

In general, salinities, based both on the YSI data, were higher at the LyiieaRd
North River locations throughout the year (Figure 3-5, Table 3-3). Meanisalwire
found to be similar from the CML and Control locations (2-tailed Student's tte€s05,p
=0.938, Table 3-4). Salinity was significantly higher at the North Rivetitocthan
CML and Control locationgy(= 0.007, angb =0.012 respectively). Salinities at the CML

and Control locations were not significantly different from the Little Rigeation p =
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0.069, ang = 0.093 respectively), and the Little River salinities were not sigmifig
different from those of the North Rivep £ 0.198).

The environmental variables measured with the YSI (Table 3-3) and plottedtagains
the (transformed) number of individuals of each species indicated that the réiatwwas
not statistically significanty(> 0.10 for all variables). Specifically, when the transformed
data were plotted against the salinity, it yielded ar B.122 forL. plumulosusaind R
=0.028 forM. viridis (Figure 3-6), indicating that the relationship between the salinity and
the distribution of macroinvertebrates around the diffuse pipe was weak. This wea
predictability and the high degree of auto-correlation (i.e.; dissolved oxygen with
temperature and percent saturation) of the environmental variables, made the
inappropriate for use as covariates in models. Factoring these variablespmnent
factors allowed us to summarize the environmental variables and describaahgityan
the macroinvertebrate data. The first factor consisted of auto-correlbutety sath
temperature. The second factor consisted of percent saturation of oxygen anddlissolve
oxygen. These two component factors plotted against the transformed dataldkswd gi
weak relationship. Factor 1 for plumulosusiad an B=0.13 and foM. viridis, R*=0.002.
Factor 2 yielded an®0.007 forL. plumulosusand R =0.083 forM. viridis; therefore,
both factors were considered weak predictors suggesting that the environmeaitddé va
would not likely be the best predictors of variation in the macroinvertebratdulign

around the diffuser pipe.
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Camden Model Location (CML)

Box and whisker plots for each species indicated that direction and distance from
the diffuser were related to the number of individuals present (Figure 3-7, Aand B
ANOVA results indicated that wheatistancefrom the diffuser was the only variable,
plumulosusabundance was not statistically differgmt(0.125) from the diffuser site and 5
m away. All measures are reported as two-tgledlue witho = 0.05 (Table 3-5).

Beyond thalistanceof 5 m, abundances of both species were significantly grgeter (
0.05) than the diffuser site. The same pattern was not observétl foridis; abundance
remained statistically highep € 0.05) from that of the diffuser at the 5 m and 15 m
distance but was statically similar from the diffuser site at 250w 0.103) (Table 3-5).

For all otherdistancesthere was a significant difference for abundances of both species
when compared to those at the diffuser (Table 3-5).

With directionfrom the diffuser as the only variable,plumulosusbundance in
the westdirection (p = 0.057) was the only direction statistically similar to abundance at
the diffuser, and this was not a strong relationsMpviridis abundance was statistically
similar to that at the diffuser only in the sodihection(p = 0.109) (Table 3-5); all other
directions had significantly highemp(< 0.05, Table 3-5) densities for both species with
distance from the diffuser.

When both distance and direction were combimistgnce*directiof), some
differences in abundance were observed with the two species. For both spesigss the
5m*E (p = 0.345L. plumulosusandp = 0.057 M. viridis) and the 25m*Sp(= 0.848 L.
plumulosusandp = 0.573 M. viridis) were statistically similar in abundance to the diffuser
site (Table 3-5). In addition, far. plumulosughe 5m*S sitefg = 0.053) was statistically
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similar to the diffuser site. Fadd. viridis, the 25m*N p = 0.191) and the 15m*® €
0.065) sites were the only sites statistically similar to the diffsise(Table 3-5 and Figure

3-8).

Sediments

The sediments taken monthly from July through December 2005 showed little
variation over those six months so sediment sampling was suspended after D&&€¥aber
At some point during late summer one of the eight diffuser check valves became
disengaged from the diffuser pipe. Before we replaced the check valve, a hol
approximately 1 mhwas excavated by the discharge stream. It is possible that the
subsequent natural re-filling of this hole led to the increase in organia wlagErved at
these three sites. Excluding these three sites (July-December 200&) @WL, sand was
the dominant sediment fraction at all locations (Table 3-6). No significatibredhip was
found between the sediment composition and the distribution of eitpérmulosusr M.

viridis (p > 0.05).

Date and Location

The two-way crossed ANOSIM with no replicates indicated differencepacies
and density (number) across locations (Spearman’s Rho = 0.042, Figure 3-9, A) but not
date (Spearman’s Rho = 0.390, Figure 3-9, B). Using the hierarchical agdleenera
clustering we visualized the differences by location (Figure 3-10). Thre &@\IL and the
Control location clustered together with greater than 70% similarity based speties

observed at these two locations. The North River and Little River locations Wererdi
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from the CML/Control group, although they had a 55% similarity to the CML and Control
locations. Three outliers — the North River November 2005, and March 2006; and Control

March 2006 — were less than 50% similar to all other dates and locations.

Diversity

The overall number of species (HilN§®) was consistently higher for the CML at all
sampling dates than at any other location (Figure 3-11, A). The number ospecie
collected from the CML ranged from six in April 2006 to a high of 17 species in May 2006.
Fewer numbers of species were found at the other three locations, with aofieatiging
from a low of four species in September 2005 to a high of 11 species in June 2006 at the
Control location. Numbers of macroinvertebrates similar to those found at the Control
location were also observed from the Little River and North River locatioms bf four
and three species, respectively, were collected in November 2005 and the riughiesis
of species were 11 from the Little River in June 2006 and nine species from the North
River in August 2005 (Figure 3-11, A).

Differences observed between the four locations disappeared when we edlculat
Hill's N1 (number of very abundant species) (Figure 3-11, B). The highest values for the
number of very abundant species were seen at the CML, Control and North River locations
in June 2006, but the greatest number of very abundant species was collected in Decembe
2005 at the Little River location. Also in December, the lowest number of very abundant
species was observed at the CML and the Control locations. March collectidesl yie
lowest number of very abundant species at the Little River and the North Rivesriecat

(Figure 3-11, B).
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A beta diversity of 1.45 indicated that the macroinvertebrate communities wer
similar across the four study locations, a finding supported by a MacArthur’s hoeityge
of 0.72. MacArthur's homogeneity indicates the proportion of the total diversity found in

the average community and will equal one when these samples are identical.

Discussion

Observed assemblages in my study were similar to that predicted iy stardies
for oligohaline and mesohaline sandy environments (Tenore 1972; Diaz and Schaffne
1990; Eaton 1994; Rakocinski et al. 1997; Eaton 2001; Hyland et al. 2004). However, the
unexpected observation of Nematode worm (phylum, Nemertea) fragmentCaditha
generally low salinity environment, was contrary to the taxonomic alzegsiin as an
estuarine/marine species (Hyland et al. 2004) (Table 3-2).

Many studies have indicated that salinity is a controlling factor for many
macroinvertebrate species (Gunter 1961; Kinne 1966; Tenor 1972; Ysebaret et al. 1993;
leno and Bastida 1998; Williams and Williams 1998; Ysebaret et al. 1998; €haaivd
Faminella 2001; Ysebaret et al. 2003)). In my study, micro-scale galtrt 15, and 25
m from the diffuser measured with a YSI model 85 multiprobe, or by direct measrem
of ions, was not a good predictor of differences for the two-model species abundance
relative to that at the diffuser. On a larger landscape-scale, we obsereeshdits
between the different locations, with salinity being significantly lowéh@CML and
Control locations compared to the North River location. Perhaps because of these

differences in salinity, we also observed differences in the numbers andsgpesient and
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the abundance based on location. However, according to the MacArthur's homogeneity
number, the species assemblages were very similar across the studpdocat

Using the two most numerous species as a model, we best observed the plume
effect on the macroinvertebrate community immediately adjacent to tteadie pipe.

This effect was most obvious near the diffuser in the east and west directiboshf
species, likely a proximity effect of the physical construct of the diffpiger such that
concentrate water entered the ambient water along the east-wedEf@ds observed
farther from the diffuser may have been due to the plume not mixing well atftreedi
and then settling to the bottom further out prior to mixture with ambient waterse The
results may allow the future use of these two species to investigate fsestrelated to
chronic exposure by RO briny concentrates (Tagliapletra et al. 2005)nglahthe
discharge may have contributed to this effect. The RO-WTP operates 17-18dwpurs/
thereby introducing a regular pulse of brine versus a constant stream (24iftous}
ambient surface waters.

The east-west direction corresponded to a problem with the diffuser, which was
missing one of the eight check valves at the time of our study. Prior to the chexk val
replacement, a hole approximately i was excavated by the discharge stream. lItis
possible that the subsequent natural re-filling by stream flow and settlorganic matter
into the hole led to the increase in organic matter found at these three siteslirigxcl
these three sites, the dominant Piper soil texture classification (Jagniber 2005) for
the CML was sand. The Control location sediments classified as sandy loam with a
slightly higher percentage of silt and clay. Both the Little River and Navier Rediments

were classified as sand.
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We did observe a seasonal variation to the distribution of macroinvertebrate
populations observed in other research (leno and Bastida 1998, Chadwick and Feminella
2001), but these trends were not statistically different by date or location &udwr s
location. The CML and the Control locations were more similar to each other (¥7&86)
the North River and Little River locations based on both salinity and hierarchical
agglomerative (bottom-up) clustering.

Hill's NO (number of species) was consistently higher at the CML than at any of the
other locations. This is likely due to the increased sampling effort (13 diteg) @ML
enhancing the probability of collecting the more rare species. Mill(sumber of very
abundant species) was similar over all four locations, supporting the idea of@ttrea
sampling effort leading to higher values 0. Other studies (leno and Bastida 1998,
Preston 2002, and Hyland et al. 2004) have used Shannon'skifdalofie or in
conjunction with other similarity indices; however, by using Hill's two indwesvere
able to make clear comparisons among the study locations in terms of rel&tke) (w

numbers of species.

Conclusion
In summary, there was an effect of the briny concentrate from the diffiypseon
two abundant species of macroinvertebrates, but the effect dissipated aftdig @ML
plant has a maximum discharge of 0.200 MGD (757.1 CMD) while the proposed plants
have a maximum capacity to discharge 1.67 MGD (6,322 CMD). This is a potential eight-
fold increase over CML. With all species combined, date had no significant effeet, w

location was significantly different: adjacent locations (CML and Contrefpwimilar but
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the two future discharge sites were significantly different fronCtlw/Control group and
each other. These results indicate that the Little River and the Northlétggons are

unique in and of themselves. The communities and species may be similar among the
locations, but each study location is unique and requires individual evaluation for a period

of time post-construction.
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Figure 3-15. Map of study locations, shown by the black stars, and the location
of Currituck Sound. Pasquotank River is the placement of the Camden Model
Location (CML) and Control location; Little River and North River are the

other two sampling locations, which are future sites for briny discharge.
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Figure 3-16. Details of study locations: Camden Model Location (CML) and
Control locations on the Pasquotank River (A), across from the U.S. Coast
Guard station at Elizabeth City (USCG-EC), and the Little River (@)MNorth
River (C) locations, including the shallow (S) and deep (D) sites. Figure 3-3

describes the arrangement of the sampling grid at the CML.
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Figure 3-17. Arrangement of sampling grid at Camden Model Location {CML
N-S and E-W axis were set with the diffuser pipe as the center site and the
central E-W axis approximated the 2.1 m contour. 25m*N site was 1.3 m deep
and the 25m*S site was 2.7 m deep. Stream flow was generally from “W” to

“E.” Total area was 2,500
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Figure 3-18. Pie charts showing the percentage of polychaetes, amphipods, and
other macroinvertebrates (isopods, mystid shrimp, bivalves, insects, nematodes
and decapods) at each sampling location A = Overall composition (n = 15,528);
B = Camden Model Location (CML, n = 9,250); C = Control location (n = 799);

D = Little River location (n = 4,574); E = North River location (n = 905).
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Figure 3-19. Average salinity (ppt) measured by YSI model 85 takea &iuh
different study locations from July 2005-June 2006. CML=Camden Model
Location, CON=Control, LR=Little River, and NR=North River. Asterisk

indicates missing data.
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Figure 3-20. Plot of salinity (Nappm = mg/L) versus natural log (loge) of the
number of individuals (In(n+1)) fdreptocheirus plumuloswendMarenzellira

viridis from July 2005-June 2006.
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Figure 3-21. Box and whisker plot showing differences in the abundance of
Leptocheirus plumuloswsdMarenzellira viridisin the differendirectionsand

at the differentlistancedrom the diffuser pipe.
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Figure 3-22. A graphical representation of the statistical findings of
distance*directiorat the Camden Model Location (CML) fbeptocheirus
plumulosugA) andMarenzelliraviridis (B); "0" indicates numbers of
individuals (In(n+1)) significantly similar to the diffuser site; "+" indesa

significant increase in numbers from the diffuser.
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Figure 3-23. ANOSIM-cluster analysis indicating no significant dsffiees for
date (A, Spearman’s Rho=0.057) and moderately significant differences for

location (B, Spearman’s Rho=0.107).
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Figure 3-24. Hierarchical agglomerative cluster tree developed from the
ANOSIM analysis of location, including all individuals of all species and all
dates, showing a clear grouping pattern of the CML and Control (CON) (1), the
North River (NR) (2) and Little River (LR) (3, 4). Data were natlogl

(In(n+1)) transformed. Highlighted branches are those with no remaining
structure as determined by SIMPROF (similarity profile) tgstiheach node of

the dendrogram.
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Table 3-13. Current and proposed water treatment plants (WTP) in the state of North
Carolina including County in which the plant is located, operation phase, source
aquifer, production and discharge rates (cubic meters per day (CMD) arochsnilf
gallons per day (MGD)), receiving body of water and if a preconstructioy stasl

completed. "*" = present study; “**” = Non-Reverse Osmosis WTP.

. Production Discharge . Pre-
County Operation Aquifer(s) Discharge water construction
phase CMD MGD CMD MGD body study?
Infiltration
Brunswick Online Castle Hayne 583 0.15 227 0.06 lagoons (non- Yes
discharge)
New Hanover - - - - - - - -
Ocracoke Online Castle Hayne 1,961 0.52 1,037 0.27Pamlico Sound Yes
# Pasquotank Proposed Castle Hayne 18,927 5.00 26,321.67 Albemarle Sound Yes
Tyrrell Online Castle Hayne 1,628 0.43 379 0.10 eMiarle Sound Plume Study
# Curituck Proposed Yorktown 18,927 5.00 6,322 1.67Albemarle Sound Yes
Online Yorktown 3,785 1.00 1,181 0.32 Atlantic Otea Yes
Dare Online Yorktown - - - - Atlantic Ocean -
Online Mid Yorktown 3,785 1.00 2,536 0.67 PamlicouSd Yes
Online Upper 227 0.06 163 0.04 Pamlico Sound Yes
Yorktown
Online Yorktown 7,571 2.00 1,090 0.29 Pamlico Sound Yes
. Pungo River .
Hyde Online Castle Hayne 1,635 0.43 5,451 1'44(Pamlico Sound) Pilot Study
Outfall ditch
Online Yorktown 1,090 0.29 310 0.08 leanding to Lake Pilot Study
Mattamusket
Camden Online Yorktown, 2,271 0.60 757 0.20 Pasquotank River Yes

Castle Hayne

Totals (current

dischargesto 19,078 5 11,413 3
Sounds)

(proposed 37,854 10.00 12,643 3.34
plants only)
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Table 3-14. Presence, absence, classification and number of macroinvettetaxdound

from the four study locations in Albemarle Souund, North Carolina from July 2005 through

June 2006. "+" = present; "-" = absent from samples.
Camden
Model Little North
Group Species Location Control River River Classification
Polychaeta Marenzelleria viridis 1,750 183 1,195 538 Estuarine/marine
Hobsonia florida + + + + Estuarine/marine
Polydora ligni + - + + Estuarine/marine
Drilonereis longa + + + + Estuarine/marine
Family: Syllid - - - + Marine/estuarine
AmphipodalLeptocheirus plumulosus 4,022 373 715 97 Estuarine
Monoculodes edwardsi + - + + Estuarine
Parahaustoriusp. - - + + Estuarine
Gammaridae + + - + Estuarine
Corophiumsp. + + + - Estuarine
Isopoda  Cyanthura polita + + + + Estuarine
Chiridotea almyra + + - + Estuarine
Edotea montosa - - - + Estuarine/marine
Mysidae  Mysidopdid almyra + + + + Estuarine/marine
Bivalvia  Rangia cuneat@>1cm) + + + + Estuarine
Rangia cuneaté<lcm) + + + +
Mytilopsis leucophaeta + - - - Estuarine/marine
Insecta chironomid larvae + + + + Estuarine/marine
Trichoptera larvae + + + - Fresh/estuarine
Nemertean fragment + - - -
Decapoda Rhithropanopeus harrisii =~ + - - - Estuarine/marine
Callinectes sapidus + - - - Estuarine/marine
Total number of species 19 13 14 16
Number of unique species 3 0 0 2
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Table 3-15. Water quality variables temperature (°C), dissolved oxygen é&nd/L
percent saturation), temperature-corrected conductiv@y, @nd salinity (ppt) taken
with a YSI-85 hand-held meter. Data shown are only from measurements decorde

from just above the bottom at all sites, and for the entire month at the Camden Model

Location.
% DO  Conductivity Salinity Temperature
Saturation (mg/L) (uS) (ppt) ©
JUL, 2005 Average 100.1 7.67 1,798.6 0.85 28.68
Maximum  107.0 8.17 2,200.0 1.10 28.90
Minimum 92.6 7.14 1,556.0 0.80 28.50
AUG, 2005 Average 67.3 5.06 2,153.7 1.08 29.95
Maximum 84.3 6.35 2,669.0 1.40 30.20
Minimum 62.3 4.70 1,999.0 1.00 29.70
SEP, 2005 Average 71.6 5.83 2,688.6 1.37 25.02
Maximum 78.2 6.22 3,043.0 1.60 25.50
Minimum 62.3 5.22 2,529.0 1.30 24.40
OCT, 2005 Average 57.0 4.98 4,008.4 2.08 21.40
Maximum 64.8 5.59 5,090.0 2.40 21.40
Minimum 48.1 4.35 3,662.0 1.90 21.40
NOV, 2005 Average 49.3 4.77 9,343.1 5.27 15.48
Maximum 69.4 6.65 10,700.0 6.10 15.90
Minimum 43.1 4.14 8,620.0 4.80 15.10
DEC, 2005 Average 69.1 7.82 8,636.9 4.88 7.25
Maximum 74.4 8.83 10,510.0 6.10 8.60
Minimum 60.8 5.25 8,140.0 4.60 6.80
MAR, 2006 Average 74.6 8.42 4,174.4 2.18 9.71
Maximum 93.2 10.52 4,568.0 2.40 10.10
Minimum 62.9 7.30 3,918.0 2.00 9.20
APR, 2006 Average 92.0 8.84 4,680.5 2.51 16.08
Maximum 95.5 9.04 4,794.0 2.60 16.50
Minimum 88.5 8.66 4,629.0 2.50 15.30
MAY, 2006 Average 82.6 7.08 4,211.7 2.23 22.82
Maximum 86.1 8.17 4,714.0 2.40 23.10
Minimum 77.2 6.37 4,115.0 2.20 22.40
JUN, 2006 Average 44.5 3.61 2,503.6 1.30 25.91
Maximum 48.6 3.93 2,775.0 1.40 26.10
Minimum 36.6 2.96 2,255.0 1.20 25.60
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Table 3-16. Statistical results comparing the salinity of the In-Plamlea

just prior to discharge and the salinity of the receiving waters at the study

locations determined by two-tailed Student's t-tes0.05: Camden Model

Location (CML), Control (CON), Little River (LR) and North River (NR).

All values are Student’s two-tailed p-value0.05. Asterisk indicates

statistical significance.

Sites In Plant CON LR NR
CML *<0.001 0.938 0.069 *0.007
CON *<0.001 0.093 *0.012
LR *<0.001 0.198
NR *<0.001
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Table 3-17. Statistical results for the variabledisfance directionand
distance*directioreffects forLeptocheirus plumuloswendMarenzellira viridisat

the Camden Model Location. Result were determined using a two-tailed Student
test,0=0.05. A single asterisk is used to indicate the varidistancé direction

i.e.; Bm*E. An asterisk associated with the results indicates a value sigthyfica

different from the value at the diffuser.

Parent variable

Variable L. plumulosus M. viridis

Distance 5m *0.125 *0.043
(collapsed over all 15m *<0.0001  *0.003
directions) 25m *0.006 *0.103
Direction E *0.003 *0.020
(collapsed over all N *0.001 *0.009
distances) wW 0.057 *0.019
S *0.005 0.109
Distance*Direction 5m*E 0.345 0.057
15m*E *0.000 *0.007
25m*E *<0.0001 *0.018
5m*N *0.006 *0.003
15m*N *<0.0001 *0.000
25m*N *0.005 0.191
5m*W 0.609 0.392
15m*W *<0.0001 *<0.0001
25m*W *0.000 *0.022
5m*S 0.053 *0.016
15m*S *0.000 0.065
25m*S 0.848 0.573
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Table 3-18. The average sediment composition (%) of gravel, sand, silt, clay
and organic matter (LOI, Loss on Ignition) found at Camden Model

Location (CML), Control, Little River and North River study locations.
Numbers for Little River and North River were averaged over both study
depths. Gravel consisted of a combination of shells and organic matter; the
single asterisk indicates shells only. The double asterisk indicates that the

coarse fraction contained sand clumps only.

Location  Site Gravel Sand Silt Clay LOI

CML Diffuser 0.00 72.04 7.28 20.68 28.53
Sm*E  3.10 80.82 4.10 12.60 20.40
15m*E *0.10 95.26 130 3.34 1.28
25m*E 0.65 96.20 092 2.36 1.07
Sm*N  *0.75 96.64 0.78 198 0.73
1I5m*N  0.72 92.28 2.63 4.48 1.83
25m*N  0.92 8522 6.38 7.48 3.84
o5m*S 1.48 57.02 6.06 15.44 43.30
15m*S 0.98 95.04 086 3.12 3.05
25m*S  0.66 91.25 3.65 455 232
Sm*W  2.73 9480 0.76 226 0.74
15 m*W  2.52 90.68 2.08 4.72 3.66
25m*W  0.24 86.58 6.38 6.80 2.92

Control - 3.90 80.13 750 9.12 458
North River - *0.30 9450 1.23 4.00 1.64
Little River - *0.21 9401 232 349 2.11
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CHAPTER 4: SEASONAL PELAGIC COMMUNITY STRUCTURE IN NORTH
CAROLINA COASTAL WATERS IN RESPONSE TO A REVERSE OSMOSIS WAH

TREATMENT PLANT

By
Katharine E. Kleber
Interdisciplinary Program in Biological Sciences
Department of Biology

East Carolina University, Greenville, NC 27858

Abstract

Demands for potable water resources in eastern North Carolina are beeggaddr
through the development of Reverse Osmosis Water Treatment Plants (R§);WTP
discharging briny concentrate (waste) into coastal surface wdters study locations
were sampled during daylight hours in Albemarle Sound to investigate the patéettd
of RO-WTP brine on macrozooplankton and nekton at an established RO-WTP and three
other locations. Thirteen taxa of macrozooplankton were collected. Theshtaved
temporal differences but no spatial differences. Thirty-five species ameldre
collected and Atlantic menhadeBrévoortia tyrannuswas the dominant species collected
from all locations. A moderately significant difference (Spearmams=R0.237) of the
nekton community was seen by location and a significant temporal differgreari@@an's
Rho = 0.669). The MacArthur's homogeneity value for nekton indicated that the

communities are similar; the value for macrozooplankton was lower but not low enough to
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consider the communities distinctly different. There were greatgra@idifferences
observed than differences based solely on location for both the macrozooplankton and the
nekton. There was no evidence that the RO-WTP has a significant impact otheither

macrozooplankton or nekton of the area.

Introduction

Albemarle Sound and Pamlico Sound are dominant features of eastern North
Carolina. The Sounds are part of the second largest estuarine system in the dtaged St
They are similar to each other in the fact that they are a combination of drawere
valleys and bar-built estuaries and dominated by wind-driven tides (Guakel879), but
different in the sources of inputs to them. Albemarle Sound typically has friragepsy
which are comprised of cypreskafkodiumsp.) trees and permanently flooded conditions.
Albemarle Sound’s closest direct connection to the Atlantic Ocean is Oregoatliie
connection between Albemarle Sound and Pamlico Sound. Freshwater flow from the
Roanoke and Chowan rivers dominate, usually creating low salinities (less than 10 ppt)
throughout the sound (Bowden and Hobbie 1977; Guise et al. 1979; Lin et al. 2007).
Pamlico Sound also has some fringe swamps and freshwater inputs such as trlitar-P
and Neuse-Trent rivers, but it has direct connections to the Atlantic Ocean thevagh s
inlets, predominantly Hatteras and Ocracoke inlets. These connections altoghfer
salinities in Pamlico Sound and more influence from lunar tides (Bowden and Hobbie
1977; Guise et al. 1979; Lin et al. 2007).

Typical saltmarsh plants are not present in such low salinities, but submerged

aquatic vegetation (SAV) such Bstamogetorsp. often occurs along the shallow,
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protected margins. Losses of SAV have been associated with decreadeamd fis
waterfowl habitat in Pamlico and Currituck sounds (Stanley 1992). Many juvisies f
and invertebrates are associated with SAV (Eaton 1994, 2001; Strayer and Malcom 2007).
Coastal estuaries and wetlands serve as nursery areas and as soaozkaraf habitat for
juvenile and adult fishes and invertebrates (Johnson 1989; Jude and Pappas 1992; Stanley
1992; Wilcox and Meeker 1992).

The surface waters of Albemarle Sound are suitable for the fish and inviersebra
that inhabit the area, but not suitable as a source of potable (safe to drink) vagdes. T
because of the brackish nature of the water also the presence of tanrigsiasdnatural
dyes) from the decay of the cypress trees in the area (Hernes and H¥iigeSdlegos
2005; Dobberfuhl 2007). Because these tannins and lignin are difficult and expensive to
remove, the product water is aesthetically unappealing. The local commundties a
addressing these growing water needs by using Reverse Osmosis-Watereht Plants
(RO-WTPs) to desalinate the brackish groundwaters. The briny conedhtataitemains
after processing through a RO-WTP is often discharged into near-byesuidiéers
(Ahmed et al. 2001), though there are other disposal methods available such as open
water/sea disposal (Ahmed et al. 2001), deep well injection (Nicot and Chowdhury 2005),
salt production (Ravizky and Nadav 2007) and land disposal (Muhamed et al. 2005) among
others.

Previous studies of the effects of the briny concentrate have focused on the mixing
rate of the brine into the ambient surface waters and have used the CORMIX model to
assess this (Rulifson et al. 2006, CORMIX 2009). To date, there have been no published

studies as to the effect that this brine may have on the local resident arehtraglston.
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In Chapter 3 (this document) it was observed that the briny concentrate fromstargex
RO-WTP had an effect on macroinvertebrates surrounding the diffuser pipe. This
hypothesis was tested by comparing the density differences of twosspeeijgtocheirus
plumulosugAmphipoda) andarenzelleria viridis(Polychaetea) — at the diffuser and sites
5, 15 and 25 m from the diffuser. The effect of the briny concentrate appearspatéissi
beyond 5 m from the diffuser (Chapter 3).

Salinity is commonly assumed to define species diversity, richness and iomas
(Gunter 1961; Kinne 1966); this assumption has been supported by many (Tenore 1972,
Nordby and Zedler 1991; Williams and Williams 1998; Able et al. 2001; Chadwick and
Faminella 2001; Preston and Shackleford 2002). Norby and Zedler (1991) found that
permanent estuarine residents expressed the widest salinity tolerahceskine nursery
species second in regard to salinity tolerance. Contrary to the majorityd@ss
Greenwood (2007) found “no firm evidence” for division of Tampa Bay and Charlotte
Harbor, Florida into salinity zones based on the nekton found in these estuaries.

One concern with the addition of briny effluent is that there is no pre-treatment of
the RO-WTP effluent water prior to discharge into the local surface wathesRO-WTPs
of interest in our study are using briny groundwater as source waters aadutiag
effluent water is at a constant temperature (typically about 11°CYefbhe, discharge is
cooler than ambient surface waters in the summer and warmer in the winter ypossibl
creating an intermittent thermal refuge; CML actively pumps effluent I'Bthours per
day. Also, there are potential changes (both acute and chronic) that may acctiver

influx of higher salinity water into the lower salinity waters of Alberm&bund.
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Also of concern are the potential toxicity effects of unusual ion ratithgein
discharge brine compared to the receiving waters. Concerns not only include ¢dg toxi
(Camargo and Ward 1992; Douglas et al. 1996; Younos 2005), but also toxicity of
ammonia, nitrite, and nitrate (Alonso and Camargo 2003) all of which can interfere with
osmotic regulation in many species of fish and macroinvertebrates. Itaalgdhe
individual ions that can be a threat, but the ratio of ions to each other that can interrupt
normal osmotic functions. A high ratio of calcium to sodium (15:1) caused montality i
fathead minnowsPimephales promelatikely due to changes in the ability of these fish to
osmoregulate (Goodfellow et al. 2000).

In the present study, we investigated the effects of RO-WTP brilngeffon the
macrozooplankton and nekton species assemblages in Albemarle Sound. If there is an
effect of the briny discharge from the established RO-WTP (Camden Modatian,

CML), we would expect to observe a difference in community composition between the
CML and the Control locations, with the CML communities being similar to a mbne sa
location such as the Little or North River locations. It is expected thatetiffes in the
macroplankton and nekton communities between the study locations will be dirktty re
to salinity, as observed in previous studies. It is expected that the CML and Control
communities will be more similar to each other, and the Little River and trhib River
communities similar to each other and significantly different from fd& @nd Control

locations based on salinity.
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Study L ocations

We choose four study locations in the Albemarle Sound to determine effects of
briny concentrate discharged into ambient surface waters (Figure 448 RQ-WTP for
the town of Camden, NC (Camden Model Location, henceforth referred to as “CML")
opposite the US Coast Guard Station at Elizabeth City, NC (Figure 4-2, A)dras be
operational since 2002. This RO-WTP has the capacity to create 2,271 CMD (0.6 MGD)
of potable water and up to 757 CMD (0.2 MGD) of briny concentrate discharged into the
Pasquotank River. A Control location, established 0.5 km downstream of the CML in the
same embayment of the river creates a site similar to the CML, but willeoditr&ct
influence of the RO-WTP. Two other study locations centered at the areas of gropose
RO-WTP discharge in the counties of Pasquotank and Currituck. Each proposed plant has
the potential to create 18,900 CMD (5.0 MGD) of potable water and 6,322 CMD (1.67
MGD) of brine. These two study locations were at the mouth of the Little River

(Pasquotank County) and the North River (Currituck County) (Figure 4-2, B and C).

Methods
Sampling for both macroplankton and nekton occurred monthly from July 2005
through June 2006 at Camden, Control, North River and Little River. Salinity (ppt)
measured with a YSI model 85 hand-held meter was compared to water samples taken
concurrently with biological samples and analyzed for chemical composith@ap(€r 2).
Salinity measurements from both measurements were statisticaligr{Chapter 2).
Excel and a two-tailed Student’s t-test5 0.05, H = no difference) were used for

comparisons of the different locations.
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Macroplankton

Macroplankton samples were collected using paired 0.5-m diameter conical
plankton nets of 50Qm nitex mesh with a 5:1 tail-to-mouth ratio and solid collection cups
at the cod end. A bongo frame held the nets, which were towed behind a boat with an
outboard motor at 1200 rpm for one minute during daylight hours (established North
Carolina Division of Marine Fisheries, NCDMF protocol). Both plankton nets were
equipped with a General Oceanics flowmeter to enable calculations ofdeggeism
density. Standard water quality parameters were measured and recaydezigach
sample including water temperature (°C), salinity, temperature cedreonductivity @S),
and dissolved oxygen (mg/L and % saturation) using a YSI model 85 hand-held meter.
Plankton samples were concentrated into the collection cups, preserved in buffered 10%
formalin containing Rose Bengal (a biological stain) and returned to theataby for

identification to lowest possible taxon.

Nekton

For larger nekton, we used a small-meshed otter trawl (NC Division of Marine
Fisheries’ (NCDMF) Program 150), with a 3.0 m head rope, provided by the NCDMF. We
towed the trawl behind a boat with an outboard motor for one-minute at 1200 rpm during
daylight hours (established NCDMF protocol). Trawls were adjacent to thedmpling
locations, and we recorded standard water quality parameters prior to epth Saish
and invertebrates were identified to species, enumerated, and returneéd them

laboratory for further analysis.
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In addition to the trawl, we used a second capture method for large nekton. Two
experimental gillnets were set overnight perpendicular to shore encomphssgagnple
locations at Camden, Control, North River and Little River. Each experimermeai gilas
38 m long constructed of 5 7.6-m long panels with monofilament webbing of mesh sizes
2.5-, 5-, 7.5-, 10-, and 12.5-cm stretch. Gillnets were deployed in the late afternoon and
retrieved the following morning. Water quality parameters listed preyiouesie
measured at the surface and bottom before gilinet deployment and aigealetr We
enumerated fish and invertebrates by species and then returned them to #terlabmr
further analysis. Once in the laboratory, they were measured (neargahchmeighed
(nearest gram).

Hill's diversity numbersNO, andN1 (Ludwig and Reynolds 1988) were calculated
for all dates and locationsS, the total number of species observed in the samples,
represents Hill's diversity numbex¥0. Hill's second diversity numbeN1, represents the
number of very abundant species and is calculated by the use of the equation

N1=d"

whereH' is Shannon’s index (Ludwig and Reynolds 1988), calculated by the equation

H"=-2(pi(In p)),
wherep; = ni/n; n; = number of individuals in th&'ispecies$) andn = total number of
individuals in the sample. Shannon’s index alone gives a decimal number; the edliation
converts the decimal to a whole number, allowing comparison of the number of very
abundant species to the number of species present in the sample. The calcu\dtion of
holds some bias because the total number of species in the environment is likely to be

greater than the total number of species observed; uncertainty incredisesamber of
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species increases and the distribution of individuals becomes equal.NHidisersity
number tends to ignore rare species. As the number of individuals increase tlssre is le
weight on rare species, and valuedafwill be lower. We calculated both diversity
numbers for macroplankton and nekton for all locations by sampling month.

The number of individuals were natural-log dogansformed (In(n+1)) to account
for the skewness of the data. ANOSIM (PRIMER v. 6; Clarke and Gorley 2006) was used
to investigate the relationship between location and date with respect tathE) In(
transformed data for all locations.

Investigating the estuarine continuum further, leads us to some of the fundamental
descriptive variables of ecology and conservation biology: the measures ofta{zhand
gamma diversity. The definition of alpha diversity is the species richnésgs @ naturally
delineated habitat patch, gamma diversity is the total species ricifreetsrge geographic
area, and beta diversity is as the change (turnover) of species compositiceiatively
small distance; adjacent, but recognizably different habitats (Browhandlino 1998).
Often, these relationships are expressed by the equation:

y=a*p.

Jost (2007) proposed that this is not an accurate method of illustrating the three
measures of diversity, as they are dependent on each other. Based onicis apskthe
fact that the assemblage weights were not equal, we followed his egfeataotrue alpha
as a further modification of Shannon's diversity index:

"D, = exp[-wiY (PuInpi)+-W2Y (Pialnpio)+. .. +-Win X (Pinlnpin)],
where D represents the numbers equivalent of that measure of diversitypwhelefined

above, anay; = statistical weight of communify(n/N). Gamma diversity is represented
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by Hill's N1 (described above as the number of very abundant species) and beta diversity
is:

Ds=D,/D,,
where gamma and alpha are described above. Beta will be smallest when onaitpm
dominates and largest when all communities are represented equally.additeonal
measure of diversity, Jost (2007) suggested the use of MacArthur's homogensityemea
(M=1/Dg), which is an estimate of the proportion of total diversity found within the average
community or sample and explains the proportion of the total diversity that is found on the
average community or sample (Jost 2007). This measure will be unity if and ohthéf al
samples are the same, and will be 1/S, where S is defined above, when all coesraumiti

unique.

Results

Macroplankton

Average daytime macroplankton abundance and species composition were low at
all sample locations with 270 individuals representing 13 taxa collected betweeAQAD5
and June 2006 (Table 4-1). Fish eggs made up 2.1% of the total catch of individuals,
though they were not collected at the Control location. Three taxa — Harris' rbud cra
(Rhitoropaneopeus harrigizoea (first larval stage), grass shriralaemonetesp.), and
the Cladocer&eptodorasp. — made up over 84% of the total catchptodorasp. were
only collected from the CML and Control locations. Polychaetes and polychaete larvae
made up 5.5% of the total catch, though they were not collected from the North River (NR)

location. Amphipods, found at all locations, comprised 2.7% of the total (Figure 4-3, A-E).
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All other taxa collected were rare, comprising less than 1% each and ohatatknoid
copepods (NR and Little River, LR), medusa (NR), larval fish (Control andfiéR)eggs
(CML, LR and NR), arthropod-fish lice (all except CML), Harris's mudcralgatope
(Control and NR), cyclopoid copepods (CML and LR), clam (LR), isopod (NR), mysid
shrimp (NR and LR), mussel (LR), and penaeid shrimp (NR).

Analysis of similarity (ANOSIM) indicated a significant differee in plankton
abundance by date (Spearman's Rho=0.725) (Figure 4-4, A), but not by location
(Spearman's Rho=-0.064) (Figure 4-4, B). While the HNlDsnumber of species, (Figure
4-5, A.) exhibited some differences in number of taxa by location (higher numise@of t
from the North River location), we observed larger differences in the number @sspec
caught over the sampling year, with more species caught in the summerwand aut
samples. When we calculatdd, the number of very abundant species (Figure 4-5, B.),
we observed similar numbers of individuals across dates and location, even though the
ANOSIM results by date were significant by species.

A beta diversity of 2.07 indicated that the macroplankton communities were
somewhat dissimilar across the four study locations. This is supported lyAatiMer's

homogeneity of 0.51.

Nekton

We collected a total of 5,355 individual fish representing 35 species from the four
study locations over the course of the study (Table 4-2). Two species made up 71.2% of
the total catch: Atlantic menhaddarévoortia tyrannusand spotl{eiostomus xanthuriis

Blue crab Callinectes sapidysand silver perchRairdiella chrysoura comprised 10.5%
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of the catch while Atlantic croakelMfcropogonias undulatysounded out the top five
species (Figure 4-6, A). There was not equal representation of these fous apaaig

one location, and all species abundance had a seasonal component. Atlantic menhaden
made up 76% of the overall catch from Little River, 62% at Control and about 30% of the
catch from both the CML and North River.

There were 719 individuals representing 17 species sampled at the CML, with the
four most common species being Atlantic menhaden, spot, blue crab, and white perch
(Morone americanp(Figure 4-6, B). The CML had the highest numbers of white perch.
The abundance peak for these five species was in October 2005 with the exception of white
perch, which had a numeric peak in August 2005. There were two unique species found at
the CML: golden shineiNotemigonus crysoleucaand green sunfisih.épomis cyanellys
which are both classified as freshwater species (Table 4-2).

We sampled 21 species, 898 individuals, at the Control location with the four most
common species being the same as the CML (Figure 4-6, C). The date-distrdfyteak
catch was different than that observed at the CML.: blue crab in August 2005, white perc
and Atlantic menhaden in October 2005, and spot in May 2006. At the Control location,
there were four unique species found: yellow peRdrda flavescenschain pickerel
(Esox nigey, common carpQyprinus carpi¢p and pumpkinseed sunfish. (gibbosi$, all
classified as freshwater species (Table 4-2).

From the Little River location, there were 22 species represented by 2,628
individuals, with the top four species being Atlantic menhaden, spot, blue crab, and silver
perch (Figure 4-6, D). Though caught here, white perch ranked seventh in descending

order of fish abundance. Peak catches for blue crab were in August 2005, focAtlanti
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menhaden and silver perch in October 2005, and spot in June 2006. There were no unique
species found at the Little River location.

The North River location had 1,109 individuals representing 26 species. The four
most numerous species were Atlantic menhaden, spot, silver perch, and bluegtnad (Fi
4-6, E). In terms of abundance, white perch ranked eighth at this location. Caioh of s
and Atlantic croaker peaked in August 2005, while the other species at this location had
peak numbers in March 2006. One species — bay anchAoefga mitchill) — was
uniquely missing from this location. There were also six unique species réptebg one
individual or one date-observation at this location: spotted sea@gnogcion nebulosys
brown shrimp Farfantepenaeus aztequsvhite bassNI. chrysop} Atlantic silverside
(Menidia menidi, Atlantic sturgeonAcipenser oxyrinchus oxyrincHusnd red drum
(Sciaenops ocellatiis

Analysis of similarity (ANOSIM) indicated a significance fortfiy date
(Spearman's Rho=0.669) (Figure 4-7, A), and a moderate significance hyrocat
(Spearman's Rho=0.237) (Figure 4-7, B). HN® number of species (Figure 4-8, A.) and
the seasonal pattern of decreasing catch from November 2005 through February 2006
supported the ANOSIM conclusion of a significant difference by date. N1, numberyof ver
abundant species (Figure 4-8, B.), indicated a higher number of very abundant species
present at the North River location from September 2005 through March 2006, which
supports the ANOSIM findings of moderate significance by location.

In general, salinities were higher at the Little River and North Rogations
throughout the year (Figure 4-9). Mean salinities and conductivities weastichdy

similar between the CML and Control locations (two-tailed Student’s tetes.05;p =
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0.938; Table 4-3). Salinity and conductivity were significantly higher at thénRover
location compared to the CML and Control locatioms 0.007 ang = 0.012,
respectively). The CML and Control locations were not significantly @iffefrom the
Little River location p = 0.069 ang = 0.093, respectively), and the Little River location
was not significantly different from the North River£ 0.198).

A beta diversity of 1.38 indicated that the nekton communities were simita@sacr

the four study locations. This was supported by a MacArthur’'s homogeneity of 0.75.

Discussion

The results of our study indicated no observed statistical effect from tlye brin
discharge on the macrozooplankton and nekton communities from the CML and Control
locations.

Based on calculated diversity indices, the observed macrozooplankton and nekton
communities were similar among all locations. Division of the communitiealioytg, as
suggested by many (Tenore 1972; Nordby and Zedler 1991; Williams and Williams 1998;
Able et al. 2001; Chadwick and Faminella 2001; Preston and Shackleford 2002) was not
supported by our results, though salinity was significantly different betleeations. The
differences in the salinities were apparently not significant enough taahasféect on the
observed macrozooplankton and nekton communities at these locations. The
macrozooplankton and nekton collected during this study are all speciestiically
be observed in oligohaline to mesohaline estuaries.

A seasonal variation in the number of species of both macrozooplankton and nekton

was observed, with higher numbers of species observed in summer and lower numbers
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observed in the winter. The low numbers of individual macrozooplankton was supported
by historically low zooplankton numbers in Albemarle Sound relative to other systems
(Rulifson and Manooch 1990; Rulifson et al. 1993) though these previous studies used
smaller mesh in order to sample smaller zooplankton.

Macrozooplankton move vertically within the water column on a diel cycle to avoid
predation by planktivorous fish (Zaret and Suffern 1976; Williams et al. 1996), and tend to
be more abundant at night. Our sampling protocol called for daylight samples of
macrozooplankton and this protocol likely had an effect of further reducing the abserve
zooplankton abundance. In spite of this sampling limitation, we did see speciestsmgrega
that correlated with salinityLeptodorasp. were collected only at the CML and Control
locations, relatively oligohaline areas, while ctenophore medusa and penaeia \skre
collected only from the North River location, a more mesohaline area.

The observation of larval fish and fish eggs in our samples supports the possibility
that these locations may be spawning and/or nursery habitats. There wevatmrseof
more brackish/brackish-marine associated fish species present atlthRiler and North
River locations, and more freshwater-associated species present at tren@@hntrol
locations, but these differences were only moderately significant.

There is no strong evidence to support the hypothesis that the study locations are
significantly different based on salinity. There is also no observed efféat briny
discharge on either macrozooplankton or nekton sampled over the one-year of study

presented here.
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Conclusions
The objective of this study was to investigate the effects of a currentigtioge
RO-WTP (Camden Model Location, CML) on the macrozooplankton and nekton in the
area and to compare these data against three other study locations. Based on the
information presented here we provide the following conclusions:
e Species of macrozooplankton and nekton were not significantly different between
the CML and the Control location, indicating that there is no significanttgtatis
effect of the briny effluent from the CML.
e Larval fish were only collected from the Control and North River locations,
indicating that these two locations may be nursery habitats.
e Fish eggs were collected from the CML, the Little River, and the Nortlr Rive
locations, supporting the idea that these areas may be spawning or nursery. habitat
e Ctenophore medusa and penaeid shrimp, saltwater-associated macrozooplankton,
were collected only from the North River location.
e Leptodorasp., a freshwater associated species, was collected only from the CML
and Control locations.
e Salinity was significantly different between the Pasquotank Riveri¢émsa(CML
and Control) and the North River location.
e From the data collected, there is no indication that nekton and macrozooplankton

will be affected by the briny discharge.
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Figure 4-1. Map of study locations, shown by the black stars, and the location
of Currituck Sound. Pasquotank River is the placement of the Camden Model
Location (CML) and Control location; Little River and North River are the

other two sampling locations, which are the future sites for briny discharges.
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Figure 4-2. Details of study locations: Camden Model Location (CML) and @ontr
locations on the Pasquotank River (A), across from the U.S. Coast Guard station at
Elizabeth City (USCG-EC), and the Little River (B) and North River (Cations,

including the shallow (S) and deep (D) sites.
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Figure 4-3. Percentage pie-graphs of the four most numerous macrozooplanktanfspacie
the study locations: grass shrinipa(aeomonetesp.), Harris's mudcralRbitoropaneopeus
harrisii) zoeal eptodorasp., amphipodsammarussp.), and other, including calanoid and
cyclopoid copepods, medusa, fish, arthropod-fish lice, Harris's mudcrab megalopesafsd,
mysid shrimp, mussel, and penaeid shrimp. A. Overall, B. Camden Model Lodcai), (C.

Control, D. Little River, and E. North River.
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Figure 4-4. ANOSIM analysis for zooplankton taxa data indicating signific
differences for date (A, Spearman’s Rho = 0.724) and no significant diffefences

location (B, Spearman’s Rho =-0.064, line is not visible under the data).
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Figure 4-5. Hill'sNO (A., number of species) amdl (B., number of very abundant
species) of zooplankton sampled over the sampling dates, 2005-2006. CML=Camden

Model Location.
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Figure 4-6. Percentage pie-graphs of the four most numerous nekton speciéefrom t
study locations. A. Overall, B. Camden Model Location (CML), C. Control, DeLittl

River, and E. North River.
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Figure 4-7. ANOSIM analysis of fish species data indicating signifiddferences

for date (A, Spearman’s Rho = 0.669) and moderately significant differences for

location (B, Spearman’s Rho = 0.237).
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Figure 4-8. Hill'sNO (A., number of species) amdl (B., number of very abundant
species) of fish sampled over the sampling dates, 2005-2006. Camden=Camden

Model Location.
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Figure 4-9. Average salinity (ppt) from YSI model 85 taken at the four different
study locations from July 2005-June 2006. CML=Camden Model Location,
CON=Control, LR=Little River, and NR=North River. Asterisks indicategimg

data.
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Table 4-1. Common and scientific names of macroplankton caught at all four sampling
locations from July 2005-June 2006. CML=Camden Model Location, CON=Control,
LR=Little River, and NR=North River locations. "+"= species pres)it; species not

present. *Mudcrab zoea and megalopa were counted as one taxa.

Common name Scientific name CML CON LR NR
Grass shrimp Palaemonetesp. + + + +
Mudcrab zoea Rhitoropaneopeus harrisii* + + + +
Mudcrab megalopa Rhitoropaneopeus harrisii* 0 + 0 +
Calinoid copepod Order Calanoida 0 0 + +
Cyclopoid copepod Order Cyclopoida + 0 + 0
Medusa Phylum Chnidaria 0 0 0 +
Mussel Class Bivalvia 0 0 + 0
Clam Class Bivalvia 0 0 + 0
Fish Anchoasp.; Syngnathusp.; unknown 0 + 0 +
Amphapod Gammarussp. + + + +
Isopod Order Isopoda 0 0 0 +
Arthropod-fish lice Argulussp. 0 + + +
Branchiopoda, Cladocera Leptodorasp. + + 0 0
Fish eggs Unidentified + 0 + +
Penaeid shrimp Litopenaeusp. 0 0 0 +
Mysid shrimp Mysidopsissp. 0 0 + +
Polychaete and larvae Class Polychaeta + + + 0
Number of taxa 7 7 11 11
Number of unique taxa 0 0 2 3

152



Table 4-2. Common and scientific names of nekton caught at all four samplingriedadim

July 2005-June 2006. CML is the Camden Model Location, CON is the Control, LR is the

Little River and NR is the North River locations. "+"= species preseht;species not

present. Associations are indicated by B=brackish, F=fresh, M=marine, andlnaloas.

Location

Common name Scientific name CML CON LR NR  Assooiati
Blue crab Callinectes sapidus B
Silver perch Bairdiella chrysoura B
Hogchoker Trinectes maculates F-B
Spot Leiostomus xanthurus B
White perch Morone americana F-B
Atlantic croaker Micropogonias undulatus B-M
Striped bass Morone saxatilis D
Southern flounder Paralichthys lethostigma B
Striped mullet Mugil cephalus B-M
Atlantic menhaden Brevoortia tyrannus B-M
Gizzard shad Dorosoma cepedianum F-B
Atlantic needlefish Strongylura marina F-B
Longnose gar Lepisosteus osseus F-B
White catfish Ameiurus catus F-B

Ladyfish

Yellow perch
Chain pickerel
Bay anchovy
Spotted seatrout
Weakfish (grey trout)
Golden shiner
Bowfin

Bluefish

Black drum
Alewife

Brown shrimp
Hickory shad
American shad
White bass
Common carp
Green sunfish
Atlantic sturgeon
Red drum
Atlantic silverside
Pumpkinseed sunfish

Elops saurus

Perca flavescens

Esox niger

Anchoa mitchilli
Cynoscion nebulosus
Cynoscion regalis
Notemigonus crysoleucas
Amia calva

Pomatomus saltatrix
Pogonias cromis

Alosa pseudoharengus
Farfantepenaeus aztecus
Alosa mediocris

Alosa sapidissima
Morone chrysops
Cyprinus carpio

Lepomis cyanellus
Acipenser oxyrinchus oxyrinchus
Sciaenops ocellatus
Menidia menidia
Lepomis gibbosus

Total individuals
Total species
Number of unique species
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Table 4-3. Statistical results comparing the salinity of the In-Plamplsgust

prior to discharge and the salinity of the receiving waters at the stuatyolos

determined by two-tailed Student's t-testf).05: Camden Model Location

(CML), Control (CON), Little River (LR) and North River (NR). All valuaga

Student’s two-tailed p-value=0.05. Asterisk indicates statistical significance.

Sites In Plant CON LR NR
CML *<0.001 0.938 0.069 *0.007
CON *<0.001 0.093 *0.012
LR *<0.001 0.198
NR *<0.001
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
By
Katharine E. Kleber
Interdisciplinary Program in Biological Sciences
Department of Biology

East Carolina University, Greenville, NC 27858

Eastern North Carolina is addressing increasing populations demands withiprodtic
potable water using Reverse Osmosis Water Treatment Plants (R@:WA By-product of
these RO-WTPs is concentrated brine discharged into local surfage.watglier "pre-
construction studies” reported in the literature have focused on eitherdties efffthe
withdrawal of groundwater to the surrounding users, or a plume study to determinedtg rapi
of concentrate mixing into the ambient waters (R.M. Towill Corporation 1998; Wilkam@to
and Associates, Inc. 1999). There are no previous, published investigations intoctiseoéffe
this brine on resident and transient biota.

The main goal of this study was to gain information on the impact and interaction of
briny concentrate discharge with the surrounding environment including residerdrasidrit
biota. Objectives included a) investigating the possible differences in théceahem
characteristics of the receiving waters; b) assessing these patiffdnlences to abundance and
distribution of benthic macroinvertebrates in relationship to the discharge; s3iagsthe
effects of the discharge on the local macroplankton and nekton community; and d) gssessin
possible differences in community diversity between the existing RB-#é well as the two

proposed locations.
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Our approach was to investigate possible changes on the receiving wdtpossible
changes to the resident and transient biota by: 1) documenting currentamatiéons at an
established RO-WTP, 2) documenting the ambient water quality and chemiztiey @ntrol
location, and two locations of future RO-WTP discharge; and 3) documenting the biota
inhabiting the study areas, establishing a baseline of species data. Weeaxbthiadtudy prior
to construction of two RO-WTPs in the North Carolina counties of Pasquotank (lLiittle RR)
and Currituck (North River, NR). We also used the existing RO-WTP in Camden Gauaty
model of a currently operating plant (Camden Model Location, CML), and estabéisbentrol
location 0.5 km downstream (Figure 5-1). We collected data regarding the prewaitarg
chemistry and flow patterns at each location. We collected macroinvéeteban set sites at
and around the diffuser pipe at the CML (Figure 5-2) and at the other study locatiersdsoN
collected macroplankton and nekton from these same locations. Along with the monthly biotic
sampling, we collected concurrent water chemistry parameters pétatare (°C), temperature-
corrected conductivityuS), salinity (ppt), dissolved oxygen (mg/L), and percent saturation of
oxygen (%) measured by a YSI model 85 handheld meter to get an instantaneous “snapshot” of
the water chemistry. For time-series data, we further investigatest shemistry through
placement of two Hydrolab sondes deployed at 1.2 m and 2.2 m at the CML from July to
December 2005, and at the Little River and North River locations in April and2PRfy. The
sondes recorded temperature, dissolved oxygen, percent saturation, salinity, capductivi
chlorophylla (ug/L), pH, and total dissolved solids (g/L). We downloaded data monthly then
redeployed the sondes.

Using only the water chemistry data, differences were observed biypfobased on

salinity. The CML and Control locations were statistically simiiaoftailed Student’s t-test,
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= 0.05;p = 0.938) to each other and to the Little River locatpa 0.069 ang = 0.093,
respectively). However; the North River site was significantlyedsfit from the CML[{ =
0.007) and Control locationp € 0.012), but not significantly different in salinity and
conductivity from the Little River locatiorp(= 0.198) (Chapter 2).

Investigating the estuarine continuum based on the biota was our next step. Wd sample
monthly three faunal types: benthic macroinvertebrates, macroplankton and nektectid@ol
effort of benthic macroinvertebrates was much higher at the CML but equal for the other
locations; the collection effort of the other faunal types was equal. Theeddts in effort were
noticeable when looking at the differences in number of species found overall, but thes
differences were primarily the presence of rare species. @tdcubf Hill's N1 diversity index
(number of very abundant species) removed the weight on the rare species aatbdltistr
similarities in the macroinvertebrate communities at each location @HgptWhen we
examined the individual faunal types, we observed significant differencesebfpdall three
faunal types and moderately significant differences for the macroinkegsl{Spearman’'s Rho
= 0.107) and nekton (Spearman’s Rho = 0.237) based on location (Chapter 3 and Chapter 4,
respectively). Only two species of macroinvertebrates were pressuificient numbers at all
locations to use as indicators to determine the effects of the brine enteraygtdra at the CML
and then predict briny discharge effects at the future RO-WTP disdoaeg®ns. The briny
discharge from the CML clearly had an effect on these two species, bul wetdibserve these
effects beyond 5 m from the diffuser pipe (Chapter 3).

Investigating the estuarine continuum further, led us to several of the fumi@dhme
descriptive variables of ecology and conservation biology: the measures ofta{zhand

gamma diversity. The definition of alpha diversity is the species richntgs & naturally
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delineated habitat patch, gamma diversity is the total species riafreetage geographic area,
and beta diversity is as the change (turnover) of species composition overlyetatiak
distance; adjacent, but recognizably different habitats (Brown and Lomolino 1998{2Q1b&t
suggested that the traditional equatyon} * o is not an accurate measure of these levels of
diversity as they are interdependent. Jost (2007) also suggestd the use of MacArthur
homogeneity measure, which indicates the proportion of the total diversity found in thgeave
community and will equal unity when these samples are identical and 1/S (®nepths
number of species found from all locations) when each community is unique.

Following the suggested modifications to each diversity variable (Jost 2D the
determination that the communities are similar for all faunal types stubad.
macroinvertebrates, a beta diversity of 1.45 indicated that the commuretieswwilar across
the four study locations. This was supported by a MacArthur’'s homogeneity of 0.72a A be
diversity of 2.07 indicated that the macroplankton communities were somewhat ldisasross
the four study locations. This was supported by a MacArthur’'s homogeneity of 0.51a A bet
diversity of 1.38 indicated that the nekton communities were similar across theufiyr st
locations. This was supported by a MacArthur’'s homogeneity of 0.75.

Overall, the communities sampled from the four locations were typical oligetial
mesohaline estuarine biota. Each faunal type sampled showed seasonal changassiti@om
and numbers over the course of the one-year of study. Though there were signffieamtogis
between the CML-Control locations and the North River locations based on salimigywse
essentially no difference in faunal communities between locations basednity.sdlhe effects
of the CML briny discharge on the two macroinvertebrate species investigare not observed

beyond 5 m from the diffuser pipe in all axial directions sampled.
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Overall Conclusions

The main goal of this study was to gain information on the impact and interaction of
briny concentrate discharge with the surrounding environment including residerdrasidrit
biota. Objectives included a) investigating the possible differences in thecahem
characteristics of the receiving waters; b) assessing these palifflriences to abundance and
distribution of benthic macroinvertebrates in relationship to the discharge; s3iagsthe
effects of the discharge on the local macroplankton and nekton community; and d) gssessin
possible differences in community diversity between the existing RP-4$ well as the two
proposed locations.

e The physical and chemical conditions around the Camden Model Location (@BIL) a
the two proposed discharge sites are comparable to similar habitats @gibrsaf North
Carolina.

e The water columns from all locations, except CML, were well mixed.

e |on concentrations from the CML were higher and more variable at the bottomgsampl
taken from the surface were less variable and similar to ion concentratiomértakehe
Control location. Indicating that the discharge plume was concentrated priimainie
lower half of the water column.

e The observed differences between surface and bottom samples at the CML were not
statistically significant.

e |on ratios found in the In-Plant samples were similar to those found in normakseawa

e Itis unlikely that the addition of this briny discharge will have an atfeztsurface water

classification based on ion ratios.
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There were low ambient levels of ammonium @IH N) and nitrate + nitrite (NO- N)

at all study locations, except from the bottom samples at CML within 5 m of theetiff
pipe.

Phosphorus (P§ — P) was below the level of detection at all locations except for the
CML, diffuser bottom samples and In-Plant samples.

The CML RO-WTP is introducing significanp € 0.001) amounts of ammonium based

on measurements of In-Plant samples.

All water samples from all locations had“C&la" ratios much less (average 1:20) than

the 15:1 ratio found to cause high mortality rates in test organisms reported by other
investigators.

The proposed RO-WTP discharge locations are situated in high energy locationsr Chapt
2, which will be important in the mixing of the briny concentrate into ambient waters
Sediments from all locations were primarily sand-sized and generallgicedt< 2%

organic matter.

Sediment composition did not change over the six-month period.

The proposed locations of the RO-WTPs are comparable other the CML and the Control
locations for distribution of faunal types and communities.

Diversity between locations was similar for the three faunal typescted — benthic
macroinvertebrates, macrozooplankton, and nekton.

We saw reduced density of two benthic macroinvertebrate species near the giffese

and an increase in their densities beyond a distance of 5 m from the diffuser pipe at the

CML.
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The briny discharge is unlikely to create a thermal refuge during theshanhd coldest
times of the year, because of the anoxic nature of groundwater and they i@fciting

with the ambient waters.

No effects of briny discharge were observed for the abundance of macrozooplartkton a
nekton during the period of study.

It is unknown if blue crabJallinectes sapidyswill be attracted to the new areas of
discharge.

Differences in distribution and abundance were related more to ocean influeémee at t
North River site and not to effects of briny discharge.

0 We collected four unique species of benthic macroinvertebrates from the CML,
and two unique species from the North River location.

o0 We collected fish eggs from the CML, Little River, and North River locations
indicating possible spawning habitat.

o Larval fish were collected only from the Control and North River locations,
indicating that these two locations may be nursery habitats.

0 We collected three unique species of macroplankton from the North River
location, two from the Little River location and one from both the CML and
Control locations.

0 We sampled six unique species of nekton from the North River location, and two

each from the CML and Control locations.
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Recommendations
Continue data collection related to the discharge of brine into oligohaline antdaties
estuarine waters.
Create measurable indicators of biotic integrity for the oligohaline reaxft&bemarle
Sound.
Continue sampling of post-construction locations (Little River and North River) to
investigate the plume effects on the benthic macroinvertebrates.
Continue sampling of post-construction locations (Little River and North River) to
investigate the effects of increased volume of brine on the macrozooplanktosidedtre
and transient nekton.

Combine surface water and groundwater regulations in North Carolina.
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North Carolina

Atlantic

Figure 5-1. Map of study locations: Camden Model Location and Control location
(Pasquotank River), the mouth of the Little River (Pasquotank County), and the
mouth of the North River (Currituck County), which are the future sites for briny

discharge.
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Figure 5-2. Arrangement of sampling grid at Camden Model Location (CML$
and E-W axis were set with the diffuser pipe as the center site and the EeWiral
axis approximated the 2.1 m contour. 25m*N site was 1.3 m deep and the 25m*S site

was 2.7 m deep. Stream flow was generally from “W” to “E.” Total area2véa®)

m-.
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