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Preface TTie Newport River Estuarine System
 NRES! is a relatively small, shallow, coastal
phtins estuary located near the center of the
North Carolina coast south of Cape Lookout. Its
nauonal and intemauonal reputation as a site for
marine research is thc result of the close proxim-
ity of four major reteach organizations. These
are the National Marine Fisheries Service
 NMFS! Labcraaary, the Ncrth Garolina Division
of Marine Fi~dicries, the Duke University Marine
Latrciratory  DUML!, and the University of
North Carolina Institute of Marine Sciences.
Many scientists are engaged in research at these
facilities, and most of them make some use of
the NRES, if only to supply organisms or sane-
tcr for laboratory experiments,

TTiis report is a summary of what is known
about the Newport System, Carina County,
North Carolina, based upon publicaticm cover-
ing 125 years of scientific inquiry, The report is
a technical publication designed to provide back-
ground information to scientists, students and in-
terested laymen and to provide the technical ba-
sis for understanding the impacts of human is:-
tivities in and around this esmary. Much infor-
mation used in this report comes from unpub-
lished ~ such as doctoral and masters de-
gree dissefUNons and tcchnical reports io gov-
ertimcnt agencies, Few scientific journals are
in~ in publishing detailed site specific ob-
servations becalm few mientists find such mate-
rial useful in their research. Furthermore, most
scientists workmg in the NRES or any other area
are interested in gencrahzing their research find-
ings in an effort to answer larger questions. Thus
much of the data reported in journals tends to be
condense However, unabridged daia is often
invaluable when site specific questions or prob-
lems arise, The effort is made here to preserve
this infornuttion.

TTiere are several problems with referencing
unpubhshed source~ not the least of which is the
availability of thee as primary li~ ~
This is especially a pmblem with one widely
used source for inforttuttion here, the annual re-
ports of' the National Marine Fisheries Service
Laboraaxy. Beaufort, N,C, �961-1982!. These
papers were written as pnsm reports of ongo-
ing rerusuch and were not designed to be primary
Ii rtttttre ~ tlley carry the caveat on their
title page 'For Administit6ve Usc Only." Al-
though many of the papers in these reports have
been published elsewhere, there are cd where
this is not so or where interesting details have
been ohscuted by summarizing the miginal data.
In an effort to avoid the loss of valuable informa-
tion, these data have been included bere wbete
necessary, even though the original reference

may be diFicult to find. Readers will have to
make their own judgment as to ~ or not
such data are useful.

The report presented here relies primarily
upon work published up throttgh 19&0, Several
rare recent publir~ have been added where
they have been brought to the attention of the au-
thor. As a result of this project, a detailed bibli-
ography of over 1,400 references dating 1&60 to
1980 has been assemMed and is available from
the Natural History Resource Center of the Duke
University Marine Mmratixy.
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SLImmary &
Recomrn�e-

ndatioo

Thc Newport River Estuarine Syslctti
 NRES!, a small shallow cotstai pLain estuary, is
~ in central eastern North Catohna Just
south of Cape LookouL The system is triparnte
cratsisting of the Newport River estuary proper
Back SouagNorth River estuary to the east and
Bogue Sound  a htgoon! to tbc west. All share a
otxnmon opening to thc sea, Beaufort Inlet. AI-

y small, tbc systcrn has received
ctntuxhaaliie Mention ~ of morc than 100

tific tesearch. This resetuch is pri-
mwily tbc poduct of wort done at four marine
ac~ btboratories: Thc Nations Marine Fish-
eries Service, the N.C. Division of Marine Ftishcr-
ies, Duke University Marine Latxuatcry and thc
Univcnity of Nonh Carotuut Institute of ~
Scieaxu. No single rematch pmjcct has at-
tempted to describe either the physical/chemical
cnvironnvutt or the biology of the entue system-
But nuher thc numerous pmjccts have been selai-
faled by subject matter. tilne and/or space within
the system. Much of thc reset has used the
NRES as a place to conduct rescmh and has not
addtessR thc specific character of the system.

This report synthesizes what is known of the
physical and chemical nature of thc NRES. In the
process of preparing this paper an ex iensive biblio-
graphyy of approximately 1,400 papers was as-
semble From those se.lcctcd, approximately
1,400 that dealt with the physical/chemical envi-
ronrnem or the field biology of organisms ta eco-
logical systems of thc NRES. A cotnputerized
bibliography of thcsc rcfcrenccs is available from
thc Natuisd History Resource Center of the Duke
University Marine Lakicsatory. Of thc approxim-
atelyy &00 references 116 have been used here to
discuss thc physical and chemical characleriza-
tion of the NRES,

The NRES is a relatively smail estuary with
a total area of approximately 163 km' �3 tni'!
draining a land area of 595 km'�30 mi'!. Geol-
ogically tbc system cansise of an unctntsoiidatcd
mixture of sand, silt and day with oyster reefs
providing the only natural hard substrate, Thc
NRES is very shdhw with an average depth of 1
m �3 ft!, a maximum depth in natural channels
of approx,imately 6m �0 ft! and a depth in
~ clauuiels ~ m12 rn �0 ft!. The atiddic
and upper portions of the cauuuine system are
relatively flat with depths of 1 to 2 tn  W ft! at
low tide. In the upper rcacbca irl thc rivcss and
streants, water depths of up to 4 m �2 ft! are en-
ctamtesed. Numerous mafabcs and mtertidal
shoals are common ui thc lower estuary and along
the edges of the upper estuary. I:tetaiksd and m-
curate mappmg of thc ~ and aerial extent
of tbe marine habitats, especially tlte salt marslm,
intertidal shoaLs and opcll water has not been

d ~ Historicai aerial photography �940-pres-
ent! should bc used to ~ dctadcd maPs and
quantify changes in tbe systcin that ttlay be natu-
ntl and tnan-made. Suchmapping tbouldinclude

land usc in thc past 100 years that
might have an impact upon the natural system'

Hydrography of thc NRES is ctaitrolkd by
~i~urtutl tides of approxintately 1 m � ft!
height Tbc time and height of the tides decrcitse
as thc llde wave moves upstream from thc mouth
to the headwater of the system. Currents are
~ in the channels near tbe utlet, dccretise in
the shaflow central scctiae and increttsc again in
the narrow riverine headwaters. It has been csti-
rnated that approxknatciy 43 pcrceru of thc total
high tide vol@rue of the water rnovcs in and out of
the esttuuy with each tide. Tbc systctn is marly
vertiicaHy homogenous and weil mixed except in
thc riverine headwaters where fresh ~ water
frequently overiics mtne saline bouom water.
Residence time of the water depends upon the
rate of fresh water inflow coupled with wind- and
tide-induced mixing. For water entering at the
narrows, the average flushing time tluougb the.
estuary to Beaufort Inlet has been estimated to be
approximately 12 ddal cydes or six days. Dis-
~ies exist in cstinuucs of total volume and
intertidal volume of thc NRES. An accurate de-
scriptxai of water volume and mixing dynatnics,
under different wind and tidal regimes, is needed
to adequately dcsxibc natu' biological proc-
esses and human impacts, ln addition, the history
of dredging activities in theNRES has notbeen
written and a detailed investigation of how dredg-
ing may have influenced the physical and cberni-
cal chars~ties of thc NRES has nut been
done. These remain primary research needs for
our understanding of how thc estutay fttnctiats,

Water temperatures in thc NRES vary with
air temperattne on a scandal basis reaching a
mean minimum temperatute of appwsxcim;Qety 5
C �0F! in late Janauy and early Febsuary and a
mean rnaximmn of apfuoximatdy 30 C &6 F! in
buc July and carly August During the spring and
faII rapid shifts of 5 C to 10 C  & F to 1& F! can
occur. Patterns in daily, muumuu and annual wa-
ter temperatute in the NRES «re weII known and

no additional study,
Salinity is highly ~ in the, upper estu-

ary where it is frequently 0 ppt folkrwing hcavy
rains ru wet periods and mtue San 36 ppt during
thoughts. Rapid chanNcs of 20 ppt in tate hour
are possible. In the lower estuary, salinities ate
higher and less variable, approaching mrwater
sahruties �4 ppt!. At any one. place, tides corn-
monly caum changes of 3 to 5 ppt. Sahnities in
Bogue Sound are higher and less variabh than
those in the Newport River Estuary. Salinitics ate



influence by local rainfall and!ate of evapora-
and me!qrirationin surrounding marshcs.

Armual rainfall is equally distributed throughout
the year with no pronoiuxed wet tx dry season.
However lower lcmixuaturcs mlucc evaptaation
and transpiratiori, so that salinities are, generally
knver in thc winter/spring compared with the
sumncr/faII. Thc impxt tnt ol salinity in deter-
mining the biological nature of the various parts
of the NRES is obvious. Any hydrographic cudy
should mclude tkmriptions of salinity. Spccifi-
caIIy needed is a dca~tion of how watashcd
development and thc preaixice of the dmdged
channeL through Bcauftxt inlet influence tempo.
tal and spatial patte!roof salinity throughout the
NRES, In addition, a cream disdmge monitta-
ing station should bc placed in the headwaters of
the Newport River,

Dissolved oxygen is ~y at or rear
saturation due, to tidal and wind mixing. Some
Low oxygen values occur in ho!tarn water or pro-
!ected embayments during thc summer. Dis-
solvedd oxygen shouldbe a conccrnin assessing
further watershed development. especially in ar-
eas of restricted circulation during summer.
However, no additional studies of dissolved oxy-
gen are nccdcd except as may relate to specific
questions.

The pH of NRES waters is generally 8 to 8 2
except in the low sahnity sections where pH var-
ies between 6 and 7. No additional cudies of pH
aic needed to u~d pH values in the NRES.

Light penetration in lhc NRES is low, gener-
ally between I to 2m �-6 ft!. It is greatly influ-
~ aced by wind-generated wave rcsusfensions of
silts and by phytoplankton. ~ periods are
in Late fall and carly winter, Minimum values are
corn!!Kin in thc shallow upper estuarine areas
with inc!cking transparency upstream into fresh
water and in the Lower estuary near the inlet. At
any onc place the water is usually much charm at
high tide than at Low tide. Due to deepening
channels or i!x~tsing suspended sediments, W
acascs in light penetntticxi influence primary ~
thiction and thus should be an irnpartant part of
asm!uung environmental impacts of any new ac-
tivities within the NRES and its adjaccru d!aiisage
basin.

Bottom sediments in the NRES are gene!ally
sand and shell Iragments in the lower csmary and
varyirg mixtures of silt, clay and sand in the ~
pcr cstua!y. Organic content is inversely related
to mean grain size. Morc protected areas gener-
ally have fmer tadinients, Scdimenta0on rates
tac similar to Other EaSt COaSt extultrieS with ratCS
of 3 to 4 rnm/ycar �.12- 0,16 in/yr!. Sedimenta-
tion rates are higher in eclgrass beds and marshcs.
Dredging dranlL8hcally its&mes rates of sedi-

mentation in areas nearby. Additional suxlies of
scdimcnts of the Newport River and North River
are not needed except as they are related to spe-
cific local questions. A detailed study of the sedi-
ments on Bogue Sound is AM.

Extensive investigations of trace metals have.
resulted in a wealth of data for distribution and
cycling of the elemems in water, sediments and
tagimisms. These data are the results of studies
by thc National Marine Fisheries Labcxatory that
have been aimed at underrsta!sfing thc bchavitx' of
trace metals in aII estuaries. These studies wLLI
cmitinuc to provide data on trace metal cycles in
lhe NRES.

Inorganic plant nutricnts  N and P! are gen-
erally Low in abmvhnc. But the system has mod-
erate productivity so that recycling is probably
imporumt and rapid. Major inputs of nutrients are.
river, rainfall and nmoff horn adjacent land. As
with most c!iMsrics, thc NRES is slightly nitrogen
litnitcd in terms of primary p!oductivity. An as-
sessment of the impacts of additional nutrient
Loading of the NRES is needed. Such an assess-
ment should describe how development may
have changed nutricnts in the past as well as look-
ing toward the effects of increased development
in the future, Recent publications irom a National
Science Foundation project at the Duke Univer-
sity Marine Wboratory promise to answer a num-
ber of questions cceccrning nutrient cycling in
the NRES.

In summary the major gaps in our knowledge
of thc physical nature of the NRES are �! the
lack of detailed habitat mapping with a historical
perspective and �! an extrmnely limitedunder-
standing of the hydrography of the system, espe-
cially with regards to wind and ode effects on wa-
ter movcmcnts, This knowledge is particuhir!y
needed to assess impacts of land development,
population growth and industrial expansion in the
watershed,
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History of
Scientific
Research

The foHowing brief account of the history of
scientific research in thc NRES is ex~ fiom
an unpublished manuscript by Dr. and Mrs. IX.
Gray, both deed. It was written with the
help of tl»ir daughter Sally Gray.

TT» history of published research in the
NRES began mtae than a ccnuay ago with a
short publicatkm by William Stiinpsoa �860!
entitled "A Trip to Beaufat, N,C." He described
coHectians of mollusks and decitpoih that be and
Thexx Joie Gill yttbned during March of that
year. These two aclctltists were llltlneracd ln
adding ta the coHccuons of tbe S tnithsonian In-
stitution fiam a regian of thc coast known to bc
strongly influenced by the Gulf Stream. In the
1870s, a series of five publicarions written by
two madicd docms serving at FL Macan de-
scribed the tern~ and aquatic fatma of the
NRES area  Coues 187la,b; Yarrow 1877;
Coucs and Yarmw 1878a,b!. Also during the
1870s, twa famous ichthyologists, David Statr
Jordan and Charles K Gilbert, worked in the
area and published two papers on the fishes of
Beau fart Harbor  Jordan and Gilbert 1879; Jor-
dan 1886!.

Probably ~ of the geographical loca-
tion and accembility of marine habitats, the Ma-
rine 4iboratary of Johns Hopkins University was
established in Beaufort in the summer of 1880.
Tl» i»w laboratory led to a dramatic incr' in
the autnber of publications based upon raemh
done in tbe NRES. Betweeri 1880 and 1886.
WNiam Keith Brooks, his associates and stu-
dents warked aut of a large rented house located
at what was then the extreme eastern end of
Bcaufart, Thc results of thee: investigations ap-
peared in "Studies from the Biological Labora-
tory of the Johns Hopkins University" and in the
Johns Hopkins University Circular. AH the pa-
pers were published iti 1887 under the title
"Notes on the Fauna of Beaufort, N.C." Al-
though the laboratory did nat remain continuo-
uslyy at Beaufort after 1886, scientists from
Johns Hopkins continued ta work in this area
un@i the mid-twentieth century,

In addition to d» intctest created by d» ba-
sic resimch activities in d» NRES, the imptn-
tance af fisheriim resaunces in Cartcre County
aided m thc estiiblihmcnt of a laboratory by the
US. Rrh Cariutussion. Based upon infcnnatian
frasn thc N.C. Gcmoh~& Survey  a state organi-
zation that dimcted scienti5c projects on d»
coast!, in 1899 Narth Carohna fisheries were
twice as ttnpcirtant m number af people em-
ployed and value of products as aH other South
Atlantic states combined. ~ County was
tt» most imporlant county iri thc state. Bcctuz»
of this catrnnereial imp@lance, state g~

Joseph Austin Holmes asked the U.S. Fish
Commission, headed by Gee ge M. Bowers, to
establish a mean> station. In 1899 a U.S. Fish-
eries Labcratory was authcstzcd, the second such
~sy in the United States. Henry Van Pe-
ters Wilsan was appointed as directtx, Wilson, a
Johns Hopkins rcicntist who was tea:hing at the
University of Narth Camlina, had worked in
Bcaufat in 1886 and was familiar with the area.
In Wilson's own words:

"Same nine mHcs from Beaufort Inlet the
omstline makes a sharp right~gled bend,
with Cape Loakout at the angle. Frtln the
end of the cape a narrow lineof shoals ex
tends much farther out. Tbc cape and its
submerged ctaitinuatian form a wall, as it
were, reaching seaward far Sftceh miles.
Cape LtxAxrut itself is ro shaped as to cm
brace a bay, a quiet and bciurtiful theet af
water, Lookout Bight. Tl» coast configura
tion thus farms a remarkaLde naturid trap
into which fish, migrating northward, fall.
It is doubtful whedm a better place can be
found anywhere oti our coast for thc carry
ing out of observauons an oceanic species
and an bay and river species duririg the oce
anic period of their life."

The first scientists associated with the newly
authcrizcd ~ry warked &am a rented
building in the summer of 1899. From Jolms
Hapkins carne such weH-known scienusts as
WiHiam K. Bmoks, William C. Cokcr, Gilinan
A. Drew, Caswell Grave and D,S. Johnson. In
addition, Robert E. Coker from the Galdsbaro
public schools, John Irving Hainaker fiom Trin-
ity CoHege in Durham and E,B, Wilson fiam
Columbia University joined the group. In 1901,
Wintertan C, Curtis from the Uiuversity of Mis-
souri and Thomas Hunt Morgan from Biyn
Mawr College wcte also present,

In May of 1900, tl» U,S. Conyess author-
ized cotueuctian of a buihfing to bouse the Fish-
eries Latcrauay. This was completed in 1902
an Pivcrs Island t»ross the bay fiom BcauforL
~ Gravc was then m charge of the hcility.
The U5. Fisheries Labmusry was estaMishcd to
provirk scientific data used in devekipmcut of
ctanmcrcial fisheries. The most impatant lines
af early research wete ctaicetr»d with oyster and
diamondback tctrapin culture. Rabcst E. Cokcr,
who later founded the University of North Caro-
hna Lithoestory in Maiehcad City, served as cus-
todian af thc Fishaies Laboraaxy &am 1902
through 1904. He received his Ph.D. degree from
Johns Hapkins University in 1906 and worked
with tI» U5. Bureau of Fisheries until 1923

$1



when hc joined the faculty of the University af
North Carolina in Chapel Hill as professor
of zoology.

A second labartuory located in Marchctd
City houses the Narth Carolina Divisian of Ma-
rine FishcrieL %heir programs began in 1915
with the establishment of thc North Carolire
Fisheries Canmission Board. In 1927, the Divi-
sion af Camtttercial Fishcrics was established,
and in 1964 the research and development ac-
tion was %article James T. Brown and ~
G. McCoy werc the fhst biologists in this sec-
nan. Research at the Division of Marine Fisher-
ies is ccntcred around studies that suppart the
development and rcgulatian of commercial and
sports fisheries speci% to North Carolina.

The Duke University Marine Labaratory
was founded in 1938 in Bcaufart, N.C.. by
Arthur Sperry Pearse, a zoologist at Duke Uni-
versity. Pearse, a professor at. Duke since 1926,
had tnvelcd extensively and worked an marine
aqtarusms in a number of locations worldwide.
Hc began his research in North Carolina at the
US Fishcrics Lal.'ioratory in Beaufort and was sa
impressed by thc location that he decided to es-
tablish a Iabartuory for thc training of students in
marine biology. Pearse convinced the university
to purchase the vacant land on Pivers Ishnd to
thc south of the U5. Fisheries Labcsatary and to
canstruct a Iabtlttaty for the training of students
and for basic marine research. He felt that such
eaining and basic relarch would complement
the mme practical fishcrics investigations carried
aut at the 5sheries laboratory.

In 1944, Robert E. Cakcr of the University
af North Guohna in Chapel Hi0 began to work
with thc North Carolina Department of Conser-
vation and Development  formerly the Gca!agj-
cal Survey and now the Department af Natural
Rcsaitlces and Community Development! to de-
velop the Institute of Fisheries Research. This
Iabcitetory began apcratxais in 1947 in Marchead
City at the site of a famer Marine Carps tectian
base. The aim of the original labxatay was to
promote the development of North Carolina ma-
rine fisheries through the application of basic sci-
ence and economics to Sshcrie> questions. 'Ibe
laboratory, now named thc Institute of Marine
Sciences of thc University of Nanh Carolina, has
become mare broadly based in its research a;-
tivitics with programs of basic and appliedre-
search as weil as tet tching.

In addition to the fol marine rcscarch labo-
ratories in Ihc area, there arc two facilities de-
voted to public cducatiim in marine affairs. 'Ibc
N.C. Maritime Museum in Beaufort has exten-
sive displays af local marianne history and the
staff sponsa field trips for laymen and student

groups to nctuby estuarine habitats. lac N.C.
Aquarium at Pine Knoll Shores has extensive
displays of live marine organisms and sponsors a
number of public education activibcs ttuoughout
thc year.
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Back SounL They suggest a continuous west-
ward migration of the irdct. Recent changes in
the inlet �949-1971! include an addition of 2,4
km �.5 mi! of land to the western end of Shack-
Lcford Banks «nd a 0. 16 km �.1 mi! it~ of
thc eastern tip of Bogue Banks. Annual dredging
and comi ructitxr of rock jetties has stabilized the
positian of Beaufor Inlet. Other major ruan-
made changes in channels and shoals over the
past hundred years have included: �! increaing
the size and depth of rhe main ships channel into
the Masthead City state port and turning basin
 Dredged ~s werc deposiied on the naumd
charirnels and marshcs at Ihe northeastern cnd of
Bogue Banks, This restricts the. flow of water in
and out of Bogue Sound!; �! dredging of Tay-
Iors Creek and Beaufort Harbcr @his changes
the elevation of lhe adjacent shoal with thc addi-
tion of dredged materiah!; �! dredging of the
Inrrricoastal Waterway, thus nearing a channel
that connects the Newport River Estuary with thc
Ncuse River Estuary to thc north and Bogue
Sound with the White Oak River Estuary to thc
west; �! constructing of the Marched City-
Beaufort Causeway in 1927.  This restricts thc
flow of water in and out of the Newport River
Estuary to two narrow channels.!

The NRES is a shallow body of water aver-
aging approximately 1 rn � ft! in depth at mean
low water with a few deeper channels  Figurc 2!.
Klavans �983! published cross-sectional dia-
grams of the lower part of the NRES thar provide
vertically cxallgrmacti pictures of depth profdcs
along seven transccrs  Figure 3!. Most of thc
navigarional channels are maintained by dredg-
ing, and only a fcw are maintaired by natund
txxrtaing of the tidal currents. Freque.ncy of
dredgmg is site-specific with some places requir-
ing dredging every year, Others may ordy be
dredged occasioiudly,

Close to the. inlet the position and size of the
unmainuuncd channels and the adjaccru shoals
varies dramaticaliy from year to year as the
strtnrg idal currents move the sand. Away from
the itlct, the ~ channels are more stable,
but even here a strtrng fpde cx hurri' wdl of-
tcsi result m a mpid shift in positivist. As would
be expected. thc stmngest Mal flows and thc
~ mass movement of water foUows rhe
channels  for exarnplc, see Kw~ 1983!,

Thc huhymctry af the Newport River cstu-
ey  Figure 2! is relatively simple. Thc lower es-
tuary, identified as that area from Beaufort Inlet
to a line drawn between the mouth of Core <Reek
and Ciab Point, const of a complex of natu'

aud man-made channels running through a + up
of rnarshcs and islands  Figure 3; Transccls A
D!. The main ship channel leads rhrough thc in
let to the N,C, Suue Port at Morehead Gty and
has a project depth of 122 m �0 ft!, Beginning
just south of rhc Newport River bridge antirtm
ning northward is a segment of the Intrar~stal
Waterway with a pmjcct depth of 3,7 m �2 ft!,
The waterway passes between ihe Ncwport
rnaishes and Phillips Island, continuing north anti
west into Cae Creek and conrsming with the
Ncuse River via a canal. Occasional dredging is
done at places in the waterway to maintain thc
project depth. A second navigarionrd channel
with a project depth of 4' rn �5 ft! begins just
south of Radio Island and crnitin~ into
Beaufort Harbar where it splits into two
birmches. One branch passes up Taykxs Creek
and out into thc North River. Thc other pages
north through Gallants Channel under the
Bcaulort bridge, and iejoins the ~y just
northeast of Phillips Island.

There are several natural channels in the
hwcr estuary. One of these brae Jes off the wa-
terway just north of the Newport River bridge
and passes between Crab Point and the Newport
rnarshes, This Crab Point thoroughfare has a
depth of up to 6m �0 ft! but shoals io 1 m � ft!
as it enters the main body of thc open estuary. A
second natural channel passes from the Newport
River bridge to the east of Phillips Island and
continues north across thc Gallants Channel ex-
tension of the Inuaccrastal Waterway branch to
Beaufort. This channel is over 6 m �0 ft! deep
in places. A third natural channel begins as an
extension of Gallants Channel and runs along the
eastern side of thc estuary, turns to the west arid
crosses the warervmy and then shoals trr ].2 m �
ft! as it enters the nein body of the open estuary.
This channel reaches depths of 3 to 5 rn �0-15
f't!.

The upper portirrn of the Newport Rior es-
tuary consists of an open, smooth-bottom shsl-
hw area. Its deepest potion, approiiriattjy 2 m
�.6 ft!, is in the middle. Progretsing up thc es-
tuary to the west, the depths become shadower.
At thc western cnd of this portion there ate sev-
eral oyster reefs. Thc largest, Cross Rock, ex-
tends from the north shore of the estuary three
guartm of the way txxoss toward the south
share. Cross Rock is cxposcd at low tide but
mostly covered at norrmd high ide. Tire water
west of Cross Rode is cxnerncly shallow, aver-
aging less than 30 cm � ft! in depth at low ode.
Then much of ihc area is exposed as a large uru-
foim mudflaL The rivcr~inatcd poiiorr
the estuary begins at thc point where the estuary
suddenly narrows  appropriately named the Na
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Figure 3A,
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rows! to approximately 20 m �5 ft! width and
dccpcM to 2 to 4 m �.6-13.1 ft!. This channel
extends in a mcttndtsing fashion through marsh
and faast becoming rntsc and mtnc riverine in
nature until, rear the town of N~ it bc-
ames a smail coastal pbins river.

Tbc interidal and subtidM portions of Bo-
gue Sound are shown in Rgurc 4, At thc eastern
cnd af the sound is the state part with maintained
depth af approximately 12 m �0 ft!. The lntra-
coasttd Waterway with a project depth of 3.7 m
�2 ft! runs west from thc port along thc nonh
shore of thc sound  Figurc 3; Tranxa E!. The

remainder of thc area is shaDow averaging 1 m
� ft! deep with some shalknvcr sand shoals and
a fcw deeper "hakes" that may be 3 to 4 m  9-12
ft! dccp. The, sound is restricasd at its eastern cnd
by maishes and dredge- spail ~

The Back Sound and North River part of thc
NRES  Rgurc 5! utatsists m its krwer section af
a Msies of branching tidaUy scoured channel 5
ta 7 m �5-20 ft! deep  Figurc 3; Transccts FW!.
Ae position of many of these channels is caa-
stantly shifting, particularly in thc area between
Bird Shoal and Shacklcford Banks, Two large
marsh areas, hMdh Marsh and thc North River
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rnarshes. restrict Ihc waier surface area in
lower portly of this Iea. Tle eastern boundary
of this pan of the NRES cannot be fixed in space
or time sinsa waters of Bacir Sound and the
Sonits Ne freejy ceainected with those of Ctne
Sound AIOeugh it has not been studied
n of ~ exchange across this boundary is

probably deptsident llpoll the tides acting
~ tither with actions in wind speed and dirac

~NothR rnisa~~bodyof
smail. undredged chan-nels in ns krwer ponron, ln the upper part of the

Ninth River, there is no rruun channel and the
water is very shsBow, averaging 1 rn � fr! deep
south of the U$70 causeway and bridge and less

than 30cm  l ft! deep north of «bridge ~
estuary ends in a number of smail tidal creeio

«surrounding Swamp fomsL
for a short bridge, «upper min P
North River is rtbnost completely ts ~ y
VS 70 causeway The rnrpact of thrs cause~y
has not been investigated.

The hydrography of the NKS is in M'

tides of approxinurtely l m � ft! heigh" ~~
cent study by Kh~s  l9g3! of «'tn
has provided a detruled picture of the tid
tidal currents of the system. Jn adding', vol~
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of water movement, tidal exchange mtes and
tidal currents have boca studied in the Newport
River estuary  Brett 1963, Cronin 1979, Culliney
1969, Henler 1974, Hyle 1976, Jennings et aL
1970, Mohgnmad 1961, Pinschmidt 1963! and
to a lesser extent in Bogue Sound  Brett 1963!,

Hyle  l976! showed that sea bed drifters re-
leaaed in the Bcaufurt Inst Can be CatTied intO
Bogue and Back Soumhas well as the main
body of the Newport River estuary. thus can-
Qrming the observed ndal low of water into and
out of these areas apparent to everyone who has
had experience on theae waters. In addititat, it iS
ctattmtm knowledge thtu the patterns and vol-
tanea Of water QOw within fhc Shaiiuw sounds is
Ianfatatdly inftuetXgd by wind spCCd and direC-
tion. Far mstarax, during prolonged strong
tusrthcastts}y winds, water wN move Bom the
Pamhco Sound daough Core Sound to Back
SOund and then Out the Beaufntt Inlet  Tltayer
1969, Gutseil 1930!. No doubt strong south-
wCStCrly witu}s will reverSe thiS IIOw. Similar

flow patterns probably occur in Bogue Sound
also, especially with winds joel thc cast  un-
usual! or the west Thcte have been no tluantita-
ove studtes of these wmd-mduced flows,

Physically and hydhgatphicaily, the New-
port River estuary, considered here as a part of
the NRES, can itself be subdivided into two dis-
tinct parta. 'IIte main body Of the estuary extends
from thC Bcauftrl Itdet tO thC NarruwS  Figure 2!
and is toughly 15 km  9 3 nu! in length and 4 to
5 km �W3.1 mi! in width in its brotdest seg-
ment  Mohammad 1961!. 11tis main section has
an area of 26 km' Ip tm !  Hyle 1976!. Jen-
nings ct aI. �970! stud that this pattion of thc es-
tutay had an average low tide depth of about I m
� fl! and a tidal range of OJl m �k ft!. Hyle
�976! calculated a mean high water depth of I 2
tn 0.9 f t! and a high tide volume bctwccn the
Beaufmt and Mon9ead City causeway and the
Narrows of 31 x I  An' �0.5 x 10' ytP!, Low
water volume was calculated to bc 17 x 10m'
�2.2 x 19' yd'!, giving a tidal volume of 14 x
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I  An' �8.3 x 10' yd'! which is 45 percent of the
total high tide volume. Based upon these, calcu-
lations. nearly one half of the volume of the main
part of the estuary moves in and out with each
tide.

The second part of the estuary, that which
continues above the Nanows, differs signifi-
cantly from the main body of the estuary. This
section consists of a ntuTow rectangular channel
which meander though a combination of low
sahnity salunarsh  Spartina cynosuroides! and
pine fcaest for approxinuudy 27 km �6,8 mi!.
The exts.t point at which the estutuy ends and the
river begins varies, depending upon how far up-
sueam the tidal flow of sca water extends. The
tidal flow of water up and down the kiwer por-
tion of this section of the estuary is very suong.
Cronin �979! estimated that I x 1 An' �.3 x 10'
yd'! of water moves through this narrow channel
with each half tidal cycle,

Mohammad �961! calculated that the entire
Newport River estuary fiotn Beau. fort inlei to the
town of Newport contained 73 x 1 An'  95.4 x
1 y' ytP! of water at low tide and had an intertidal
volume of 29 x 1 An' �7.9 x IV' yd'!. This
would equal a high tide volume of 102 x IPm'
�33 x I  y' yd'!. Subuecting Hyle's �976! esti ~
mate of the high tide volume of that segment of
the estuary from the causeway to thc Narrows
�1 x I y'm', 40.5 x IV' yd'! from Mohainmad's
�961! volume of the total Newport estuary �02
x I An'; 133 x 10' yd'! results in an estimate that
the portion of the Newport River estuary lying
between the Beaufort Inlet and the causeway
combined with that above the Nturows has a
high tide volume of approximately 71 x 1 An'
 92.5 x 1 y' yd'!. This volume is not possible
given the sizes and depths of these two seginents,
Since neither Hyle �976! nor Mohammad
�961! show the steps in their calculations, it is
not clear which is the more appropriate set of fig-

Estimates of the total volume of the NRES
csn be made using tbe areas from Table l. As-
suming an average depth of I m �28 ft! at low
tide then the estimated volume of the Newport
River estuary, Bogue Sound and Back Sound/
North River estuary pmtions of the area would
bc 31 x 1 An' �05 x 1 y' yd'!, 77 x I An'�01
x I y' yd'!, and 60 x 1 An' �8.4 x 10' ytP!, re-
spectively. '%us the total volume of thc NRES
would bc 168 x 1 An' �20 x 10' y+.

Heuler �974! measured the volume of wa-
ter entering the Newport River esmary north of
the Beaufort/Morehead City causeway on a flood
tide on August 21, 1973. He measured the flow
using synoptic current meter uansects across four
channels: the channel under the Newport River

bridge, thc channel under the Beaufort bridge,
the channel under the Pivers Island bridge and
the channel between Beaufort and Pivcts Island,
Adding the flow under the Newport River
bridge and the Beaufort bridge gave the torsi
flood flde volume of 42 x I An'�4.9 x 1 y
yd'!. This volume is ttuee times that of Hyle
�976!, who calculated a voluine of 14 x 1 An'
�8.3 x I y' yd'! between the causeway and the
Narrows, and 1,4 times that of Moharrurutd
�961!, who esumated a tidal volume of 29 x
l An' �7.9 x 10t' ytP! for the cnLre estuary
from 6» mlet to Newport. Hettier's �974! data
aihwedhim to calculate the percentage of the
total flow passing thiottgh each of the four chan-
nels; 87 pcrccru under the Newport River
bridge and 13 percent undo' the Beaufort bridge.
The 13 percent was made up of 6 percent flow-
ing between Pivers Island and Beattfort, with 7
percent Ilowing under the Pivets Island bridge.

According to Klavans �983!, the tides in
the NRKS begin as a scmidiumal  twice a day!
tide arriving at Bcaufort InlcL Because the tides
are mainly lunar, each ~ve wave occurs
approximately 25 minutes later. The tidal wave
travels as a progressive damped wave at an av-
erage speed of approximately 2 knots �.02 m/
sec! as it pnngresses up the ~. Away from
the inlet the tide bconmtm mixed, mainly sem-
idiuinal, meaning that there is a shght difference
between the height of successive high cr low
stands of water. Moving inland away from the
inlet the height of the tide wave decreases. In
the Newport River estuary. this attenuation is
Iow, avemging 0.1 ft/mi �,9 cm/km!, because
thc wave is partially reflected off the northern
shore. Attenuarion in Bogue and Back sounds is
much greattu, averaging 0.4 ft/mi �.6 cm/km!,
becau~ there is no reflectio. Due to frictional
drag, the maximum flood artd ebb tide currents
precede the. titnes of high and low water. At the
inlet, maxitnum flood currents ocxur 1.4 hours
before high water, and maximutn ebb currents
occur 1,8 hours befae low water. Three miles
upsueam in thc rniddle of thc Newport River es-
tuary maximum flood currents precede high wa-
ter by 3.1 hours, and maximum ebb currents
pnmary hw water by 2.8 hours.

In addition to the very dettuied studies pub-
lished by Klavans �983!, more simplified infor-
uututai on thc tides in several parts of the system
is availabh from two annual pubhcatitats of the
Nationttl Ocean Survey, National Oceamc and
Atm~ Adrninisuation, U5. Department
of Commerce: Tide Tab/erfor the East Coast of
Worth ant Sourh America and Tidal Currertr
TaMcs for rhe At/antic Coast ojJVorrh America.
Fcr the most part, the data in these volumes are



restricted to kx~ near thc inlets. According
to these tables, thc mean tide range at pi vers Is-
land is 0.91 m 0,0 ft!, and thc spring tide is I.I
rn �.6 ft!, Maximum current vclocites in tl»
chanrels near Beaufort inlet range from 50 to
100 crn/scc  I-2 knots!. Accartbng ta Moham-
mad �961!, tl» tide tables far 1960 indicated a
mean and spring tide mngc of 0,76 m �.5 ft! and
0.91 m �.0 ft!, respectively. This suggests that
thc ndaI ranges have inaeued over thc past two
dcea5es, perhal» as ~ result of ir»rima' in thc
depth and width of the channel through tie inICL

As dialed by Klavans � 983!, thc times
far high and Iow tides are delayed in proportion
to thc ~ away hum tbe inlet with hc wave
moving at an average ~ OF apprnxinlatcly 2
knots �,02 m/scc!. In tie most extiene case,
Mohanunad�961! found that near Newport the
time of low tide was delayed 3 hours and tie
time of high tide 2.5 hours Som the tides near
de inICL At a sts0an located I km �.62 mi! up-
stream limn thc Narrows, Cullincy �969! re-
ported that the tides vere one to two hours bucr
than those predicted for overs Island. Brett
�963! reported that It» tides in the center of Bo-
gue Sound occurred approximately tluee hours
later than the tides at the Beaufort InleL Con-
hnuous records of tides arc made by the National
Ocean Survey tide station at 8e Duke University
Marine laboratory, and the records are available
hem tie NOS oQ rcc in Rockville, Maryland. In
addition, for tie past 22 years the U5, Army
Corps of Engineers has kept a record every eight
hours of tide height and current direction at the
Cote Creek bridge.

Freshwater Aow can be an important con-
tributo to current vclocites above the moulh of
de Marrows. However, where thc estuary wid-
ens below the Narrows, tidal and wind drive cur-
rents are responsible for most of tie mass water
movements, In addition to the tidal cuiient ve-
hcitics reported in t» U.S, Department of Corn-
merec Tidal Cunent Tables, there have been
several ~ styorts that include nsmsun~
ments af tidal cumcnts. Near Bcaufat Inlet,
KIavans   1983! reported rncan maximum Aoad
speeds of 1.0 m/scc �28 ft/sec! and mean maxi-
mum cbb speeds of 0.91 m/scc �.98 fl/sec!.
Speeds then tkccnmscd at statior» krcatcd up the
estuary 5nm the inlet. and the flood or cbb speed
dqrendcd upon station locative,

Molurnunad �961! mcr tsured surface cur-
rent speed mrd direction on tie cbb and Good tide
at 13 krcrrtiatis bcnvcen Beauft»t Inlet and New-
port  Figure 6!. Stmngcst currents were Found in
tbe middle af the mam ship channel near
Beaufort Inlet and in the Intntcaastal Waterway
bctwCm Beauftat Inlet and Care Creek  I. IO.35

rn/scc; 3.6-1.14 f Vscc!. Currents wittun the Nar
rows were somewhat weaker �38-0.21 m/scc:
I.254.69 fl/sec! and the currents in the shallow
open estuary were the weakest measured �37-
0.06 m/sec; 1.21-0.20 ft/scc!, Surface current
velocities were slightly higher on the ebb as
compared to the Good tide. Due to the interfer-
ence of wind-generated currents, Mohammad
�961! did nat metuxue tidal currents when wind
velocities exceeded 16 km/hr �0 mi/hr!,

Cuilu»y �969! in an app»ndix to hs thesis
hatS Current vekreity data fram fOur ks~mS be-
tween Pivers Island and the Nariowr He meas-
ured velocities hourly far one complete tidal
cycle during Four seasrm. ~ um current ve-
krcities ranged irom 0.84 to 1.65 km/hr �,23-
0.45 m/sec; 0.75-1,48 ft/scc!, considerably less
than those observed by Mohamrnad �961!,
However, Culliney's stations were located out of
thc main axis of tie channels and would be ex-
pected to have lower current velocities.
Cuiiincy �969! also noted that at his station Io.
catcd in the middle of 0» estuary the winds
strongly influenced thc velocity  direction and
speed! of the surface currents.

Tidal currents have been discussed m great
detail by Cronin �979! for the Narrows  Table
2!. He repored currents that might bc conside-
redd "typical- for estuarine waters: stronger
Aows downstream and longer cbb Aow times
near the surface. Flood tidal currents were
stronger and longer lasting near the bouom. He
averaged thc currents at 0.5 m �,64 fi! depths
over a number of tidal cycles in an effort to cal-
culate the residual nontidal current  tie nct speed
and diStanCe navelcd! and the dCpth Of no net
motion  depth at which aII the water flowing
dOwnStream past a pOint an thc Cbb wauld flOw
upstream an the Aood!. After thc second dsy of
his first study  Table 2!, there was massive fresh-
water runoff following hcavy rains. TTris runoff
resulted in a large downstream residual current
 nct Aow! and a large average disp~t per
udal cyck, Difference between surhce and
bottom illustrate the still present, but mostly
overpowered, bonom Good tide water move-
meaL TIe IaSt Study  a4, Table 2! Shows condi-
tions that are probably mc»e typic for the estu-
ary. At this nmc the average residual cunent
downstream was an the surface and upstream
was an tie bottom with a "depth of no nct mo-
tile" in between. Maximum tidal currents aver-
aged aplxoximaaly 0.50 m/scc �,64 II/scc! ex-
cept during the perio of heavy runaff when cur-
rent velocities measured greater than 0.50 m/sec
on the ebb tide and less than 0.50 m/scc an thc
flood tide,
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Figtrrc 6.
Surface tidal
cwvcnls  m/scc! orr
ebb and flood tides
in rhc Wewporr
River estuary  from
Mohamrnad, l96/!,

'Ibe data on currents in Bogue Sound are
fewer than fta' the Newport River estuary.
Klavans �983! had two stations in the Intracoas-
el Waterway in Bogue Sound. At the Atlaruic
Beach bridge, maximum flood speed was 0.73
m/sec �.39 ft/sec! and maximum ebb speed was
0.74 m/sec � 43 ft/sec!. South of Sugarioaf Is-
land maximum speeds vrere 088 rn/sec �.90 ft/
sec! and 0,83 m/sec �.72 ft/~!, respectively.
Brett �963! nqxrte$ maximum tidal current ve-
locities in the eastern end of Bogue Sound of 1.1
mph �,50 m/sec; 1.64 ft/sec! and maximum ve-
locities of 0.46 mph �20 m/tee; 0.66 ft/sec! in

the rniddle section of the sound.
In the Back Sound and North River portion

of the NRES, Klavans �983! had two stations.
in the channel ltetween Middle Marsh and Carrot
Island, he reported a maximum flood speed of
0.44 m/sec �.44 ft/sec! and a maximum ebb
speed of 0.66 m/sec �.16 fl/sec!. In a cbannd
between S~ard and Midd}e Marsh, the
speeds were 0.71 m/sec �.33 ft/sec! flood and
0.54 rn/sec �.77 ft/tec! ebb. Fenseca et aL
�983! reported an average max irnurn tidal ve-
locity of 0.45 m/sec �.48 ft/sec! at a site near
Middle Marsh,
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Ihc NRES is usuaVy weV-mixed verticallyby drc winds and bdal currents, Occasionally,slight dCnsity gnKlientS CXiSt in thC ShallOw OPcn
periods of ca]m winds androfheavy nunfaV . Ivfore frequent]y, alight densiryStrattfteattcn Can bC found irt the deeper channC]sduc to maV differences m tempcrauue andiorsa]inity between surface and bottom waters, Onlyin thC prtrteetcd and deep hcadwatera, sta:h aS theestuary above the Narrows, does strong densitystnttification occur very often. I]te h9KS canthus be dttssincd as a typical venicaVy homoge-neouS Catuary.

Sevcra] estimates of exchange nues and
ta] rruxing have been made for the New-port River estuary. ]tgohamnuad �961! esti-

mated mr ca&rage ratio of'28 percent, wuh thisnttio def toed as thC ptoporticst of water ~
~ dtamg mch thhti cyde that does not +-turn on the fomowmg Rcod tide, He assumed
comp]ete rnixhtg of waters withm the estrrary and
no rettmt into the m]et of water dat ex]tcd on theebb tide. IItcse two asttunr]res are undoubtedlyfa]se. ]40tutnunad's exchange nttios shotdd be

as a thrxaetictt] maximum. Jennings

ct a]. �970! estimated f]ushing times. i c- thc
time nec4w~atry for materia] entering the system
via the Newport River ro pass through the estu-
ary. These Rushing rate ca]cu]abons were based
upon estinuucs of river Row rates, tida] vo]ume
and huhymetry of'the Catutuy, The repnrt rued a
modified tidal prism method hn showed no ca]
culations and gave no references I'cr the medtod-
Their f]us]ung turtes varied from 4.5 days  8 7
bda] Cycles! during a pcriOd Of Csbrnated tugh
ri vcr flow  ]1,2 m'lsec, ] 7.8x]P' ft'hida] cyc]e!
ro 9.6 days �8.4 tidal cycles! during cstm
periods of ]ow fiow �.4 m'/scc. 0 6x]0' ft'ttidacycle! wirh a mean of 6.4 days ]M tida]
cyc]cs!. Jennings ct a], �9'70! a]so suggested dua
dere was some exchange of water with the Ne-
use River esbuuy via thc Core Geek Gtna] hut
they did not t]uantify it.

Ihc mom ccan]dcte estimates of Rus]ung
nueS have been made by Hy]e  ]976! 1]e uasd

priSm rnethOd Of Ketehum �95]! pint
t ghighbd,] od ~mhdp
as a function of ~
thC NarrOws to dte Bcauf~Mc~ C Y
causeway  Figtue 2!. He then thvidcd
ary uuo Scvcn Segments uxing the nda ~
~ Exchange nuios for each segment werc



Figttre 7.
Exchange ratios
tsnd flLrhing times
 rtt! for segments of
tije newport River
estttttry  from Ayle,
1976!.

Testtpttrllute
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calculated by r;-PJ P +V/, where r, is the ex-
change ratio, P, is the intertidal volume, and V
Is the low tide vnlutnc Of thC "n"rh ~gmenL
Hyle apparently used the same technique as Mo-
hammad �961!, except that Hyle divided the es-
tuary intO Seven segmentS. MOhttmturd Consid-
ered the whole estuary as tate segment.

The results of Hyle's �976! CalCulatiOnS
 Figtne 7! show flushing times increasing down-
Strtam aS the vOhme Of the SegmentS bXOmeS
greater. Total flushing time was estitnalted to be
12.06 tidal cydes of 626 days, using 1.925 tidal
cycleatday as a conversion factor. This flushing
time is very close to the mean of 12.3 tidal cycles
Catitnatcd by JenningS Ct al. � 970!,

These estimates assume that none of the

water ebbing out of the krwer segment re-
arms on the next fiood tide and rhat complete

mixing occurs within a segment. Thus within
each segment these exchange rates shouM be
considered thmretical maximum rates.

Mixing and exchange rates for Bogue Sound
and for the Back Sound!'North River area have
not been estimate Hyle's �976! sea bed drifter
data snd I~rian'S �983! dye mOventent dara
show that water from the Newptxt River estuary
is probrbly mixed into the two other pets af the
system with every tidal cyde. The rare of this
mtxmg and how Et ts lnfluencrd by winds re-
mains to be investigated.

The water temperature data available for the
NRES is voluminous. The National Marine
Fisheries Service  NMFS! and the Duke Univer-



y ~ Labarlrofy  DUML! maintain reC-
A'f ate nm pcmtrnem ihcBemftstchrm-

M ~ Umvcrsity of North Csrolms Insritute
 IMS! keeps recards of wsref

m Bogue Sound And most af thc
that have been dOne in Ihe area re-

p ~peratules, The Carheat Compete annuslrecard of water tempenrtuna  Caker 1923! Cauld
serve as 8 predictts' of thc srmuaI cycle of tern
Sauruules today.

The maru CxrertSivC Sct af tempenrture Arais thru af thc NhCPil hrbolruary This data ~
rry ol'aonunu-m~gS htXn fr vc Statianx In the Newpart

ra thC Late 1960S and l970S  J,.ihs. m Jaepatratian!.
Water tcmperatum in thc NRES vancs

Starally with ~ in aif temperature Sm
system is very shaUow, it hss a rela-u~y aqte Surface IO volufIIC ratio,

CuuplCd with the rapid tidal anti wind mixing
water temperatures can change veryfaprdly m fcspxmse IO changeS in ruf rempcnrune

Frgure 8  Kirby-Smith 1982! is a plot of maxi
mum and mrnimum druly wale tc ~~ for
8 three-year penad taken at Piverx ISland. Thc
At riluStratc drree types af tempafrrl varisb
m water temperatureS, On 8 Ar1y baSrs there rs
uausIIy 8 I C to 3 C drftcfenCe between rluuu-
murn and minimum temperature associated with
the udes. In the winter  January-FChruafy!,
maximum rempu8tuna usuaLLy COincide with
high tide  ocearuc water!; minimum, with Iow
tidCS  C!uuarmc warcf!. ThC reverse is true dur-
ing the Summer  July-August!, A QXOnd tCfnpa-
ral cycle iS evident in Figure 7 SS a One to hva
week "saw tooth" pattern. These weekly vari-
ations are the result of ~ ~ boars
that during thc sprmg Snd fail can result in a 10
C change in water temperature over 8 tew days.
In thc raring Snd fall, thc parsurg frantS CauSe an
approxururte 5 C change over periods of one
week. If thc Ata ShOwn in Figure 8 were pkeed
aS h wCCkly or mtarthly merm water Icmptsa-
urea, then rhe curves would be rsnoodssd and
wauld Shaw a vCry reguhtf pattern Of ~
changes with minimum biweekly mean tcmptsa-
ttaes near 5 C in January and Fclauary and
llasrrllam bi weekly rnCarl ten~% nCaf 29

C in July and Artgust.
The Serrstmal pattern m mean Weejdy water

Scmpersaules WaS analyzed in detail by Jfctdcr
and Chester �982! from 1962 ro 1981. Based
~ thc fesuIIS Of rherf analySeS. weekly mean
water tcmpmtures can hest be predicted by tbe
folbwmg equation:

T 17.88 - 5.20 Sin�Pi W/52! - 7.94
Cos�PiWP2!

where W is the week of the year �-52!. They
alSO fOund a strong cOrfelatian  r' = 0-97! be-
tween mean weekly air and water temperatures
On an annual CyCle However cxsminauan of
thC fehuianship when mean weekly water tcm-
peratraeS were belOw 12 C Shawed a much
poesef relationship between air and w8ter tcm-
pcnrtuna  f' ~ 0,67!,

ln addition to the reguLar SCSSCsraL differ-
ences in temperatLne, there are Signifiearu but
unjxedielabIC ditTCrenceS from yCar to yCar  Frg-
ure 8!, Fof ~, thc winter of 1976-1977
waS extremely COld but Shart. A minimum ICAl-
penuure of near 0 C occurred on January 25,
1977. However thc temperature had warmed to
12 C by March l. In 1978, the winter rempcnr-
tulcs were nat aS caid, but thC winter laSted
Longer. In ContnrSI, 1979 waul d be conxidered a

wmtcr with only 8 few days when the water
tcmPCAuum remained belaw 5 C with a very
raprd warmrng m the 18St wCek Of February.
Summer differences also occur fram year to
year. although the maximum lcmfrcfatufc re-
corded is ususlly around 30 C. h 1983, 8 rec-
ord-breaking heat wave during the late Summer
msuhed in maXirnum daily warer temperature~ at
Pi vers Island fenumung at or above 30 C from
about mid-Jul y to mid-Seprember  Duke Marine
LabOratory recOrds!, The highcSt warer tempera-
ture reCCrded waS 32.8 C On AuguSt 22 whiCh,
using hc DUML data, was 8 record for rhe
Bcauftxr Channel fof thc period 1970 to 1984.
Fufgcson  personal communication! reports
similar highs �23 C! during Late August and
early September 1970.

In additiOn to its vafiabihty in rime, tem-
perature also varies significantly in space in the
Newport River estuary. Furgcsan  pcrsorral com-
munication! has observed a 10 C change over a I
km diStanCC between the Narrows and CIQSS
Rack Othef Special varlabilrry occurs in thC
shallow water awcfmg the mtcrudal flats. In the
Summtr with 8 krw tide in the majdIC Of the dsy
thc shallow waters over the flats may be 5 C
warmer than thc nearby channels, and tempera-
tures in isolated tide pooh may be 10 C warmer
 personal observation!. In the winrer, the reverse
rs Iruc.

Tempcnrtraes tll thC OpCn watcfS of the estu-
ary vary muCh lesS Sam place to phrce. Pin-
achmi4 �963! found Slightly cooler lcmpera-
turtm sunrmef and winrer in thc mesh heath,~
af the csuuny near Newparr. but hc also noted
vCfy little diffcrenCeS in lempnanneS amOng LO-
tsuians in thc main body of thc estuary, Rice and
Furgeson �975! compared a canunuous record
af temgrtsauue 6am 8 lOcation near PhillipS Is-
hnd in Gallants Chanrel  Station I! with that at
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Figure 11.
hfaximum and
minimum dai ly
water tnnperarures

in the Beattfort
Channelat the
Duke University
hfarine Laboratory
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Smith, 1982!.
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Satlrfffy

Minimum
Hydro. Sal.

AveragC
Hydro, Sal.1913 Junc

July
Aug
Sept
Oct
Nov
Dec

1.0209 30.1
1.0228
1,0210 32-7
1,0168
1,0199 2gA
1,0209 28,1
1.0226 297

21,0
27.8
27.8
24.6
19.9
13.6
10.5

1.0228 32.2
1.0238 36.4
1.0226 34.9
1.0204 30,7
1.0236 33.3
1.<YAO 32.0
1.0256 33.6

1.0184 26,7
1.0216 33.5
1.0200 31,4
1.0132 21.2
1,0170 24.6
1.0102 14.1
1.0192 25,4

1.0212 27-7
1,0179 23,4
1.0173 227
1.0183 25.5
1,0212 30.7
1.0234 35.0
1.0230 354

1914 Jan
Feb

Match

April
May
June

July

9.4
9.4
9,8

16.8
22.0

28.0

1.0186 ?A.3
1.0100 132
1.0100 14.9
1.0150 21.2
1.0190 27.8
10210 31,9
1.0220 34.0

1,0248 32.1
1.0220 28.6
1.0204 2fk7
1.0218 30.1
1.0234 33,7
1.0258 38.2
1.0246 37.5

28

Ttfble3.
hfcnsn nfonchly
sealester density
readings based ccpon
daily � pm J readings
taken at Piers Island
Pone 1973 to 19JC by
Hoyt  l920!. Safinitks
are esficnatet scsing
Hoyle's  J920j nfean
ccconchly tecnperaturm
 Hole's Table 9 for
1913-J9JC! at the
teccrperatccre ac che
tinse of density
cneasccrecnent

combined with Zerbe
and Taylor  f953!
seawater tecrcperacccre
and densiry redccccion
tables.

a Ioeafian abOve the NarrOws Sf Fiabing Camp
 Station 5!. Af Sfafian 1, fhe mean annual fem-
pxnffufe was 19.0 C with a range af 31,0 C to 2.1
C and a maXimum haudy gradient Of 4.0 C. At
Suffion 5, the mean was 18,0 C, the cffnge waS
32.5 C to 0.0 C, and thc maxunum houcfy gradf-
cnt was 62 c. Mohammad �961! and Hyle
�976! femacked duu there waf Iitde diffeceBCC
iff fern~ acBollg their stanans m thc estu-
ary. ThC vecy Sigmfa~t diffelenCCS m fempeca-
ture baWem Iacfuiana as Shown in Hyle �976!
ace pfahaQy dtlC tO Sacnpllng On two ~
dates. Brett �963! repcrand relatively high fem-
penuuceS �2 C fO 33 C! for BOgue SOund in
September 1959. This data ~ that Bogue
Sound may have slightly higher summer maxi-
mum fempcrffnfces aS Compaced with waters Off
Pi vers IslantL

The anly 1Ong-term feaarded water tempera-
ture for the North River is a computerized set of
data fram 1971 fo the pcesenL These data are
taken once a manfh  March-Navember! at fwo
statiOns, one at the U.S. 70/Bridge and a SCCond
upstream where the system narrows.

Salinity, the teal amaunt Of diSSolved solids
m Onc Iologfam af Seawater, is CxpesSed here as
ppt  parts per thauaand!. Estuaries are defined,
in part, aS Phcea where Seawater ia meaSucabl y
diluted by fceSh watCf. Since thC time. plaCC and
amount of fresh water cmering fhe NRES f'fom
precipifahon and runaff kom rivcCS and Cceeks is
predictable Only wi ttun wide limits, it iS naf Sur-
prising that salinity is highly variable in time and

Date A verage Maximum
Temperature Hydro, Sal.

space. lt might be expected that the uituBafe
its an salifllUCS ln an estuary wauid be fram ~
wafer � ppt! to apCB ocean Seawater �4 5 Pp !.
HOwever, m the NRES evapOcauan m the Sum
mer can frequently raise Salinity in the pcafeefed
watera Of the estuary and SOundS fa 36 ta 38 PP

Next fO temperature, Saliaity has been th
mast cammOnly recarded envirannfental variab
in fhe published Utenmue relevant to the NRES.
Theae reeardS vary fram deuuled tidal Cycle
Studies at cafe ticne and place  for CXample.
Cronin 1979! to 17-year monthly averages  w"
hams and Deubier 1968!. The maat exfcnscve
salinity record collected in the NRES was at fhc
NMFS ~cy, which caUCCted Can tinuaus
records of sahnf ty at fcve stauons over a sevcnd
yearS during the late 1960S and 1970S  J. .fUcs
in prepuafian!. Thc Statians in dus Study were
located aS fOUOWS: �! GallantS Channel SCrOSS
flora Phillips Island, �! in the middle af' fhe cs.
tuary appOsite the mOuth Of Care Cceek. �! in
the middle of the estuary opposite Harlowc
Creek, �! in the sfnaU channel of fhe southern
tip of Cress Rock, and �! at Fishing Camp ap-
pfoxunafe]y 4 kcB upstreafn frocn thc Nanowf.

HistoricaUy, the Winslow �886! pubU shed
the earUcst repart that dealt with salinity, Hc
measured Specif>C gravities at different tidal
Stages and seasons. Wheeler �910! quannfs-
ti vel y analyzed the chemiCal COmpoSiuon Snff
reparted Specific gfavibCS far four Sampka nf
seawater fcom fhe Newporl River estuary, Hoyt
� 920! reported maXimucB, minimum and tacan
monthly seawater densi ty for 1913 fo 1914 fa
pivecs Island  Table 3!. The most extcns>vc
 temporally! early report of salinity publish



Trrble 4.
Masinrrrtrr and
rrrinimrrtn saliniries
recorded ar Pi vers
Island from I 924 ro
I928 and based on
daily Iiydrorrrerer
readings  Girtselt
I 930!,

35 26
35 26
34 25
35 27
35 23
37 32
38 35
38 35
35 24
32 19
34 21
37 23

33 26
35 28
31 22
34 25
35 31
37 34
38 35
38 30
35 28
34 28
34 27
34 20

32 22
29 20
31 20
33 21
35 27
36 22
35 33
38 34
37 32
34 30
35 28
34 27

27 14
24 18
27 1$

30 15
32 30
35 31
36 28
35 24
35 28
35 28
35 27
33 27

32 31
30 16
29 20
31 18
33 27
32 23
30 21
32 21
32 6
25 14
28 16
32 23

Jan.
Fcb.
Mar.
Apr,
May
June
July
Aug.
Sepr
Oct.
Nov.
Dec.
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1924 1925
max min max min

the HRES was that of Gutseg �930!. He pre-
senred a summary of four years �924-1928! of
data fram daily hydrorncter  specific gravity con-
verted to salinity! readings at Pivers Island
 Table 4!. WiOiams and Deubler �968! pro
vided Iong-term salinity data, particularly for
Bogue Sound. Unpublished records of saliniry
sre currently lrept for Bogue Sound at the Insti-
tute of Marine Sciences and, on occasion, at the
Duke University Marine Laboratory for the
Beaufart Channel. Numerous records of salinity
 diScree sampleS taken periahcaily! exiSt in lhe
published record  AUwein 1966, Culliney 1969,
Breu 1963, Chcsmut 1952, Cornrnitto 1976,
Hyle 1976, Kruczynski 1971, 1973, Matum
1956, Mohamrnad 1961, Pinschrnidt 1963,
Schwartz and Chestnut 1973, Williams et al,
1973!.

'Pre temporal and spaciat variability of sa-
linity in the HRKS are well iUustrated in Figure 9
 Pinsclunidt 1963!. Monthly means of weekly
collections, cbraincd altemarely at low and high
tides, are presented for five statkls krcated in a
transect born Bcaufrxt Inla to Ncwpat. Surface
and bouorn salinstics are prerentrxl for a ane-year
period, August 1960 to July 1961. Ahhough the
cxtrertrcs may nat have been rJicruaued by Pin-
schmirh �963!, his data  Rgure 9! are represm-
tatlve of 0» pauerns that have been ckeevred in
the estuary. Salinity near the Beaufort Inlet is
high with relatively hule vrriiruicxr, averagmg be-
tween 30 and 35 ppL Moving up the estuary the
salinity drops and becomes mac variable, Be-
yond thc Harrows, salinities Sly ia near rero at
Hcwport In general. bottom sahruues are
shghtly higher than surface salinities, suggesting
some stnttifs~cxr. However, because wind-
rnixmg is so strswg in these shalhw waters  at

1926 1927 1928
max ruin max min max min

least below thc Narrows!, Qus slight stratification
prabably has liule biological ignificance. Sca-
sonaUy, salinities are usuaUy hwcr in thc winter
and spring duc to kswer evaprmrtitxr and uanspi-
ration in hc marshcs. However, tetnparal pattern
of rainfaU does not have a strong umonA can-
poncnt, and ocaLaonal decreases m salrnuy can
be expected during any month of the year.

Rice and Ferguson �975! published a one-
year summary  Table 5! of the saliniry data col-
lecred from thc five stations in the Newport
River csulry, Crass Rock and the estuary appo-
site Cate Creek had 8» greatest range in salini-
ties �0 ppt!, but Fishing Camp had the greatest
maximum hourly gradient, 20'! ppt, a value not
much diffcieru fran the annual nnge, 26.3 ppt
Data fram the cstoary apposite Care Creek are
mae variable than those bom maths upstream
or davrnstream. Ths suggests a possible influ-
ence of Neusc River estuary water moving into
the Newport via the Intratxesral Waterway, Ig-
noring dus station, it is apparent that salinity
variety irrcreases upsueam on an «nnld range
and in maximum hourly grarhents. In thc future,
mae dctaUed analysis of thee data wiU proba-
bly address the quesaion af temporal and spatial
variably in greater detail  J. Willis, in prepara-
tion!.

The grcatcc documented shtxt-term reduc-
tions in salinitics occurred Mowing very heavy
iainM m thc autumn  possibly asrsaciated with a

strum!. A mcrtsuretrreru af 6 ppt was
taken at Pivcrs Island in September 1924  Gut-
seU 1930! and 10.2 ppt at Pivers Island foUowing
a hurricane in September 1955  WeUs 1958!.
Higher than oceanic saliniues are arxasimrUy
rerxrnM during summrx months assccisted with
drought and high evapaation  GutseU 1930,



Fibre 9.
Patterns in time
and space of
salinity  ppt! atom
kcations in the
newport Ri ver
esatary. Data are
tttonthty means of
weeNy co/actions
obtained aiternateiy
at tv and high
ti4es at jive stations
locatedin the
JVavport River
ettatary  frotn
Pinschmuit. 1969!,
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Table S.
Flttctttarions in
salinity  ppt! at five
stanons in the
Hewporr River
estuary from Ocr,
7969 to Oct. 1970
 Rice and Ferguson
1975!

Max. Hourly GradientRange

7.6
12.8
6,7


.0
20.0

35.5 � 15 4
36.5 � 60
320 � 7.0
30.O � 0.0
26.3 � 0,0

27.8
23.2
21.0
17.2
3.8
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 I! Gallwtt Channel
�!Core Creek Range Light
�! South of Harlowe Creek
�! Cross Rock
�! Ftshhtg Camp

Cuiiincy 1969, Krucsynski 1971, I1tayes ct al.
l980!. Thc highest published salinity of apen
waters in thc NRES is 49.7 ppt at Cross Radt. in
November 1974  Comnutto 1976!, However it
is onlkdy that any appreciable volune of water
had such a salinity for mare thau a few hours due
to the rapid mixing of estuarine waters,

Saliniues of Bogue Sound water are gener-
ally higher and less v~ than those at Pivcrs
Island in tie ktwer Newport River estuary  % il-
liarns and Deublcr 1968!. A monthly mean sa-
linity can purists letweeu Pivcrs Island �947-
1949! and Bogue Sound at tie Institute of Ma-
rine Science �949-1966! indicates that seawater
had incan low values in March ol 25.5 ppt at
Pivers Island atxi 29.7 ppt at Bogue Sound and
mean high values of 33.0 ppt in J uly at Pivets Is-
land and 33.7 ppt in June at Bogue Sound.
Kruczynski �973! measured sslinities aletg a
transect through Bogue Sound from Bogue to
Bcaufet Inlets on three dates. IIte data show
decitming satutities from the two utlcts with a
minimum value cktser to Beaufart than Bogue
InlcL Brett �963! obscrvcd a 1 to 2 ppt increase
in salinity from thc north ta the south sharc of
Bogue Souttd and attributed dus to freshwater
runoff frotn the cteeks along the ~d
 north! share. Campbell �973! mcasurcd salinity
in Gales Creek, heated off Bogue Sound, fe ate
year. His data have a typical estuarine pancm:
high values at the mouth of thc creek, fresh water
an the surface of the headwaters, frequent strati-
ftcatian in the upper reaches and much lower sa-
Iirutes duoughota the system folictwutg hcavy
rgnfalL

The N.C. Division af Marine Fisheries has
collet~ the rnea extensive sct af salinity data
for le Neth River, It has data fram two sta-
tians, 046-U,S. 70 Bridge and CC5 upstretm
where the ~ narrows, Ihe data, taken fioat
1971 to 1986, consim of data taken once a
month from Marejt through November, Ihose
data ~ that salhlity in the North River is
very similar to that ul thc Newport River with
upsueen values from 0 ppt to over 30 ppt de.
pending upan ktcal rainfall. Satne salinity data
for thc Back SalftdtNclfth River area ate given in
tsar'ilhams ct al �973!. Data from I1tayer et al,

�9g0! suggest that saijnites ale Ielauvely high
 average 34-35 ppt! in Oe area bctvtcsm Beaufat
inlet and Harkt Island. A horizontal salinity

must occur in thc Neth River estuary.
Except for the headwaters  Kitby-Smith and Bar-
ber 1979!, no dettuicd studies of salinity or other
water quality pssratttetcrs are available for titis

Shat~  tidal! varitttians in salinity can
be very sigttiftcant depending upon the tctttitm.
Culiirey's �969! data from his 124our tidal
cycle studies  Figure 10! illustrate the tidal vari-
ability in salinity as a function of location in the
estuary. In the Ncwpott River estuary, the least
salittity variability associated with the tides was
found near the inlet  Statiat 1! and again in the
middle af the estuary between Hariow Creek
and Lawtatt Point  Statiat 3!. Greater sahnity
variations existed at Station 2, and the greaten
variabihty observed was at de Narrows  Suuiou
4!. IIe ktw variability in tidal salinity changes
in the middle of the estuary was also noted by
Hyle �976!. Jennings ct al. �970! suggested
that drainage fsom de Neuse River via Care
Creek canal may be ~ble far the high van-
abiliry in thc area bawem Phillips Island and the
entrance to Cote CrceIL Such utcretued variabil-
ity near Cae Creek was also present in the data
of Rice and Ferguson �975!. It had a maximum
hourly gtadert t of 12,8 ppt. Palumbo �978! rc-
carded means and standard deviations fe' salitt-
ity over a 24-hour period at three ~tts and
three dates in 1978 in the Newpat River estuary,
His data showed very Iow salinites and ktw vari-
aMity at a station half way up the Narrows,
utttutncs}ice but highly variable salinity at s
point ~ the Nartows and Cross Rock, aud
high saiiiutes with low variability at Pi vers Is-
hnd. Cranm �979! occupied smjars 2 to 4 ktn
�2 - 2.5 mi! ttpstrcam from de mouth of the
Nattows ei four elicits. He sampled every
hour at 0.5 m �.6 ft! depth itttcrvaIs over four-
day periods. At thc leginning of his study l, sa-
brutes wcte oscillating bctveen 2 ppt ta 3 ppt at
low tide and up to 28 ppt at high ode. Foilawmg
heavy rainM, the salinities shopped to rear zero
an low and high udes, Mee typic' for this area
are Cronin's �979! studies 2 to 4 that show ss-
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Figurc l0.
5hon- tcrrn
variptipns in
saliru'ry  ppt ! ln tk
Newport Ri vcr
estuary. Data
 maintun.

nhl ntnlQln, range!
arcPont /2-hour
idal cycles Chrtng
tk jbur seasons
 Porn Culltncy,
J9I59!.

over 15 ppt to 20 ~ d
As thscltssed above, this 1ocan
has the most anaht safim ' ~"in the

etgttsan 1975! forthe 1V~ Riv
hottriy grathent of 20,0 ppL

.~1 kmg~mt,ma~~.nes in the~~R;~
Y Cttfhney f1959!, To espitnn

70- ~ C~"ey �969! compsred hisover a

y data wtth that of Atvvood ~ J~
 ~924!, He mucated th�~�
~+"f~tfy at pt~ r~d H, ~~~~

~ 'mfargetnent of the main ships chan-
mgh 11eattf~ 1nfet and thtts an ~

~ Other sets of safinity data ~ the
the Newport River are

g on the average today than they vvete prior
~19~ Tabie 3 ~ data fr 1913 to

SW 1920! co11ected at Pivets
n the tntntimtnn, mmimttm and mean

~ m 1oner than the recent valnes co1-
Pivers Latgnnaxy dock on

~ by the attthar. A mom extensive
�930!, y data Fabfe 4! comes from GntseH
<ha h ne data are based npon stttnmaries of

y~eter teathngs taken at Pivers Istand



for several yenta Comparing these data with the
recent data, the mu,imum sanity values for the
sumrux months 1925 to 1928 ate similar to
those roMrdcd tecently. But the minimum val-
~ ate almost always lower, particularly during
the wimcr months. Thee data thus supptxt
Culliney's �969! suggesdon. One set of data
that does not support dus x}ca is that of AIIwetn
�966!, She measured high tide salinity values in
the main channel ~ Radio Island and
Beaufsxt Inlet once a week fran 1964 to 1965.
Her vale» ranged fram a high near 32 ppt in
August 1964 and 1965 to a low of appttNLunately
22 ppt in July 1964. Because hcr samples were
all taken just inside the inlet at high tide, it is
probable that there was a systematic etrtx 3 ppt
to 4 ppt lower than actually casted. But despite
this etrtx, her data suggest a cixtsadcrably lowe'
salinity regime than exists at ~

It is possible that what apped to bc long-
terrn shifts in sahnity aie in fact alternating wet
and dry periods that may span several years. By
comparing salinity records with nunfall and/or
river runoff data, pettuq» we coLld answer the
question of whether or not long-tenn salinity
changes have occuned in the Newport River es-
tuary. Furthermore, a detailed study of the ef-
fects of channel enlargement via dredging might
suggest whether the changes in physical circula-
tion could have resulted in sal inity changes,
However, one potennal problem with the salinity
record lies in the possibility of systemalic cmxs
in the original mcasurcmcnts duc to differences
in the techniques used over thc years.

Ralttfall

Rainfall data for the NRES 9 able 6! sug-

gest that there is little scasotutiity to the pattern
of ptecipitatian in eastern North Carolina. acre
is n o pronounced wet <x dry season. "IIte grel-
est average monthly rainfall occurs in the hte
summer and is associated with aftemotm and
evetung thundefstorms. Thc least rainbow is in
the spring. However, ~ of the knv cvapo-
ratton and ttttnsptrtmtN rates m thc wtntcr
 Dcccmber- Febtutu 1!, this time is considered
the weuesL Also runoff into the estuary is Ixoba-
bly greater because the soil is fteqtlxtdy satu-
rated. Thc U.S. Department of Commcrce's Na-

Oceanic and Atmospheric Adtninisttation
is the primary tlutce for minftdl data. Lacal
~ vary. Although cutrently the Adantic
Beach Pobce Depttrtnunt, the University of
North Carolina Institute of Marine Sciences, and
Open Grounds Farm, Inc. maunain daily iectxds.
Data are also avtulablc from the Chary Point
Marine Air Base in Havelock, N.C. They log
metetological data every hour,

Stream Discharge

Discharge data are not kept for any streams
enterin the NRES and the nearest station is lo-
cated on thc Neusr. River at Kinston. These data,
available ftotn the U.S. Geological Survey,
would bc of no value in the NRES except that
water can flow from the Neuse River ~ into
the Newport River via the Care Creek Canal, As
rncntioned previously, tide height and cuircnt di-
rection data ate recce' every eight hours by the
US. Army Carps of Engineers at the Ctxe Creek
bridge. The Kiruuon/Neuse River data are in-
dicao ve of regional  Soudtcastem U.S.! rainfall
pattern and thus might be useful m~g
kng-term trends in salinity.

Tabfc d.
Rainfa l  in inches!
for thc NRES. Data
for 1966 to 1968
 frotn Cuf iney. 1969!
represent an average
of Morehead City and
Cherry Pot'nt Marine
Base data. The data
for 1975 to 1976 arc
fiom Kirby-Smith antf
Barber �979! taken
at Open Grountfs
Farm about 8 miles
fiom the newport
River estuary. The 10-
year average is from
Cape Hatteras
 NOAa 1977!.

Mond, 1966 1967 1968 1975 1976 1977 10-y avenge

62.2 50.2 49.7 65.0 58.8 54.9 55.5

Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

5,9 3.9 5.3 5.0 3.5
43 4.7 1.4 4.8 1.8
3,3 0.6 1.6 3.0 2.8
0.8 2,4 2,8 6.1 0.4

4.1 3.0 32 5.5
7,7 2.8 3.2 5.3 8.2

I 1.6 1 1,8 9,7 14.9 3,4
6,1 8.3 3.0 1.8 17,0
5.7 3.5 5,5 11.0 5.7
1.6 1,8 7.5 2.6 3.3
1.4 1.6 4,5 2,0 3.1
4.1 4,7 2.2 5,3 4.1

3.0
1.5
5.5
0.9
4,7

4,3
4.8
4.0
9.4
6.1
64
4.3

43
42
3.8
3.1
3.3
4,4
5.9
6'
5.8
4'
4.6
4.5



umated

in ihe Newport River for 1968 based upon min-
nueand the area of the watershed.

�52 yd'/sec! in August to a hig o
�4.6 sec in. yd'/ ! in January. 'Ihc annus}  January-
DCcCmber 1968! average was 42 m /
yd'/scc!. Evans �977! Nates that the average
flow of the Newplt River is 3 6mi/sec � 7 yds/
aec!,, Tllis CsbmaS was based upon the data of
Jentungs et a} �970! and used Novem ber 1967
to Octa 1968 for aveiag}ng,

D}eaohtd Ott}/}}en

The amount of dissolved oxygen is an im-
portant ~ of the bio}ogictd activity in the
water and the ability of the water to suppan life.
Oxygen enters the water through diffusion across
the air/water interface and is subscquendy mixed
through the water column. Oxygen also enters
the water via the photosynthetic activities o[
green plans during the daylight hours, Almost
aH organisms, p}ant and animal, require oxygen
for metaboh!an. However, some orgtuusms are
mtae toletatu of low oxygen caxmttarions than
others, At sanuarion,the amount of oxygen ia
thC water inmases with decking tern~
and decreasing salinity. ln addition to the actus}
amount of oxygen in the water, ihe percent oxy-
gen saturation of the water is often reported.
This is a normalizing techtuque that allows corn-
}atrisons of oxygen }tom samples which differ
in temperature and salinity.

Oxygen has rarely been reported in fie}d
studies of the NRES. Four systematic studies re-

port oxygen conccntrarions ovet' rime I severs}
Mo}us!ttmaid �961!, Ptnschrtudt �963!

and Hy}e �976! provided data for the Newport
R ver estuary. CampbeH �973! presented de

Oxygen data for GalCS CreeJt CStutuy off
BOgue SOunt}. The oxygClt COneentraticnS te.
ported in die fust three stuthcs Ne very sim
only those o f pinschrnith �963! will be dis.
cussed  Figtue 11!, In the main body of the
Newport River estuary  statism 1 to 3! the oxy-

s in surface water were aH

ranging from 6 mg/1 to 10 tng/1  pptn! de
pending uporl seascsN} temerattttes. At station
3, m the tnidd}e Of thC eaton!y. thc bOttnm waters

to 2 mg/1 }ower in oxygen than air-
}ace waters during thc sumtner. This was the
same }ocarion that had the hast salinity variabil-
ity with tidal changes and the weaks tidal cur
tents. 'Thus }ow bottom oxygen concentrations is
the summer at station 3 we!e probably a tesu}t of
m}uccd mixing. Upstream of the mouth of the
Narrows  sueons 4 and 5!, oxygen values de-
~ dramatically, especiaHy during the stits-
mer when they ranged between 1 rng/1 and 4 mgt
1 in surface and bottom waters. These low oxy-
gen values may be the result of high bacterial
metabolism due to the high concentrarions of du-
solved and particulate organic material foutxl en-
tering the system in the fresh water of the river.
Campbell �973! observed Ihe same genera} pat-
tem of oxygen concentrations in Gales Creek off
Bogue Sound. Ktrby-Smith and Barber �97'9!
reported consistent}y low oxygen values in fresh
waters entering the headwaters of North River,

A more ecologicaHy!neatungfu} way to ex-
amine oxygen concentrarions is in terms of pet-

Station

1 2 4 5
S B S B S B S

3
S B

Month

soli niry! from a table by
W. Van Winkle.
College cf William and
Mary, based intron
forrrudac in Green and
Carritt f I 967!, Averages of N  number! samples are pmnntef except those ~ were N 1 and ¹ were N=2.

7able 7.
Pcrccnt satttratton with
oxygen of sttrface  S!
and bottom fB! ~aers
 I 960-I96I I for jive
staoons in thc NRES
fF tg, 9!. Data were
calctdated ttsing the
oxygen concentration,
tempcrattsre and sah'n-
iry from Pinschmidt
 I 963> conrbt'ncd with

oxygen satltranon
valises of scolvtatcr
ftcrnperatitrc and

Aug.
Sept.
Oct.
Nov.
Dec.
Jan.
Rb.

Apr.
May
June
July

3 5
4 1

3 2 2 3 3 3 4 4
96 96 92
98 95 92
96 95 94
96 95 98

101 100 101
99 98 104
99 98 89

106 104 100
93 92 91
91 92 90
98 99 97
97 97 91

92
88
97
98
98
98
87
96
92
87
95
91

92
085

96 84

33
112 107
96 106
92 90
94 90
90 82
87 76

102 97
95 87

47

58 49
72 69
89 88

102
83 82
70 55
69 67

59

55 55
53 47
59 48

29 27
24 20
35
49 42
72 70
71 67

47

e59 ¹58
48

30 23
22 22



Figttre 11.
Patterns in time
and space in
dissolved oxygen
 ppm! at five
locationsi n the
Newport Ri ver
estuary, Data are
monthly means of
weekly collections
obtained alternately
at low and high
tides  from
Pi nschmi dt, l 963!,

OXYGEN  ppm!

35



Qe oo ofthc~ Tabk7am s
idt �963! to give

monthly perccN satunm
the surface and bouom at each station. Several
genendixlrtam can be made frum this data. �!
The apcn waters of thc Newport River ester
have average oxygen saturation values of 90 to
100 percent year-round with values greater than
I 00 percent frequCntly OCcurring, plubably aS a
reatllt Of either rapid ChtNgea in temperature Or
high phytopfanktun productivity. �! The avcr-
a8c bottom water pateN saturaLitxr vaftes are
afmtxN always lower than Ac surface values,
suggeSOng a leiadvefy high b~ Oxygen
demand  BOD! in thC walCr Column and Srxh-
~. �!Ups ~p
creeks from Ae main body of Ac estuary Ac
pereeN SatulatKXl valuCS drop and ale Orpeeutliy
Iow ln sulfNx' and bottnm waters during thc
slnrncr months,

ow o" ygcn conccntrauons or percent satu-
~~ ~+'natundly tn several situations in the
RES'  I ! ur lhC bouonl waler Of vertically

strau&Xf areas ln AC SummCr, where rnlxlng and
diffus ron of ox ygen from the surface cannot keep
up with the BOD of Ae sediments and bouOm
water, �! in euuOphiC  nutriem~ehcd! aleaS
where supersatumtion with oxygen mxy occur
dultng lhe day when the planS are aeuvely phO-
tosynthcsizing, followed by near total depletion
Of Oxygen during lhe rught aS the planS and ani-
rnals uxe lhe OxygCn faxler lhafl ll Carl dlffuSC
Arough the atr/water interface; �! in organic
rich xcdunents where the bactcriaf ule of oxygen
exceeds th ffusiun Or tranxpOlt Of Oxygen intO thC
00dUAMts.

lt is fxobable thai many summer o carly fall
fish kills frequendy repnnCd in North Carolina
estuaries are asxociatcd with maming � lO 9
a.m.! ox ygen minima and with Ac mixing of
oxygm4epfcted bottom waters with surface wa-
lelx such lfuu for a Short time the walCr COlumn
may have too little oxygen for some species of
6th. This woukl be particularly evident if dere
had been an accumulation of hydrogen sulfide in
the bouom waters. It would cause a chemical
oxygen demand as thc deoxygcnacd water
rruxed wiA the oxygenated water. The oxygen-
depletke woukl be quickly eliminated by diffu-
Sitnt of oxygen flem the amospf tele intO the wa-
ter and photosynthesis during the day, leaving no
clue to thc dead fish,

Light

Thc tnmSpttlenCy of extuarinc wateXS iS im-
portant ~ of the influence of hght oo rates
of primary productivity and the effects of light
on the behavior of orfpxnisms. Transparency is
mOSt bequentfy measured by SCCChi diSc, al-
though electronic instruments are xunetunes
used to measure the quantity and quality of light
as a function of water depA. Secchi depA is de-
fmed as the water depth at which a 30 cm white
diac dixttppeanl from view aS it iS knvCnd
dtlough the water.

h adthnon to lhC water fnOIecuICS, there arc
thssofved and particulate manuals that result in
dccn~nf hght penetration ul estuarmc waters.
The high concentrations of di ssol vcd hurnjc ac-

The inverse log of the hydrogen ice concen-
 pH! lS uSed as a meaxule of the acidiry

 pH fess than 7! and alkalinity  pH greater than

7! of ~ waters. Seawater ~y hss x
pH of g,2, winch is s8ghtly ~

jn pH pruuarily tfuougfl a csftRMWl
c~~and~bdr~gsym Tb 6 b
walerS Of cital plam streams have a pH aver
aging 5 to 6  KuerLjcr et al, 1977!. Small "black
water" streams dmining Ac pocosin swamp frx
ests in Carlcret County are naunaUy extremely
acidic with an average pH of 4.2  range of 3.4 to
5.4!, and fresh water draining from devcfoptd
land has a pH of near 7 �Grby-Smith and Barber
I'979! In addition to Ae effects of fresh water
runoff pH can aho be influenced by thc produc
dvily Of Ae water. Uptake of CO by pfanlS Can

the pH wfulc mpirmtxl Of ca.fpxnisrnx prO-
docs CO>, IOweriug thC pH, Chmgex lrl Q !>

to Ixoductivlty and ~on and the asso-
sfufS m pH are mOSt nOticeltbIC in Smail

of water with slow mixing
 Odom and Hoskin 1958!.

Figure 12 prexenS manlhly mean pH valueS
the NewpOrt River estuary

  'nschmidt 1963!, Thc pH of the high salinity
aterS Of the CStuary is fairly COnStant with

valuCS of 8 lo 8 2 ln areaS where Satuutlcs are
lowered, the pH begins to drop, reflecting the
additions of more acidic fresh water. In the
freshwater section of Ae Newport River near
Newport, Ac pH varies between 6 and 7, Other
mvextlganOns have repurted very surltiar leSUIS
 Wells 1958, Muhammad 1961, Campbell 1973,
Cutlincy 1979. Paiurnbo and Ferguson 19'79!,
and Acre is no reason to doubt that pH foIlows
the same trendS lhruughOut the NRF $. Diurnal
changes in pH can be expected, especially during
wanner months. Cycles of primary production
and respiration cause increa!es in CO at rught
and deereaxes during Ae day. Thus mininlum
pH values would bc found in the early morning
alKI maximum val ueS in the early evenmg,
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Figttre H.
patterns in time
ttnd space ojpH at
jive locations in the
NRFS. Data arc
month/y means of
mekly collections
obtained alternately
at low and high
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ids in the freshwater streams entering the NRES
result in water that is clear but has a very dark
yeUow colcr. Thcsc streams are often referred to
as "black water" because fram a distance the
stream appear bLtck. For several days foUow-
ing very hcavy rainfsU and runoff, it is possible
ta scc this discolaiR water throughout the entire

The particulate maucr that caum decreased
light pcnturatian consists of a wide size nmge of
nonliving  silts, clays, arganic detritus! and liv-
ing  bacteria, phytapianlaan, zooplankton! mate-
rials. By far de yeats weight of suslershed
materitds is silts and clays  Fisher 1975!. How-
ever, during high praductivity, incised stand-
ing stocks of pbytoplanktan can subsamtiafiy de-
crease light petetratiat. Often during the fall
and winter, rapid debases in water temperature
result in vtsy clear waters, pmbably as a result of
phytoplanktae settling out of tie water column,

Rice and Ferguson �975! point out that tie
Ught cnteiuig the NRES varies scaajxiaUy with
average local noon  meridian! intensities of 87
Klux in tie winter  December - January! and 170
Klux in the summer  May - July!. Morc impar-
tandy far plant production, daylight is longer in
tie summer �4 hours 30 minutes! than in the
winter  approximately 10 hours!, However, Rice
and Ferguson �975! go on to state that, within
tie water column, turbidity extremes due ia silt
and plankton have a greater impact on light
availabiTity than does seasonal change.

Near the Beaufart Inlet in the main ships
channel. Sutcliffe �950! measured sccchi depths
every two weeks for a two-year period and re-
paved these as extinction coefficients  Ex tinc-
lion Caefficicnt ~ 1.7/Sccchi depth in m!, At
high tide, hc found  recak ulatcd here fram ex-
ertion coefficients! a maximum sccchi depth of
3.7 m �2.1 ft!, a minimum depth of 0.55 m �.8
ft! and an average depth of 2,0 m �.6 ft!, At kiw
lide these values werc as follows; a maximum of
3.6 m �1.8 ft!, a minimum of 0.76 m �.5 ft! and
an avenge of 1.4 rn �.6 ft!.

Pinschmidt �963! recorded decreasing light
peretrtttion from Bcaufat Inlet ta the headwaters
of the estuary near Newpat  Figure 13!. He re-
matkcd that de ~ tmbidity was associated
with thc shallow. cpm water just dawnstnmn
fium the Narmws, where tie wind, waves and
tides kept thc silt in suspcemon. Pinschmidt
�963! aho ternarkoi that the low light ~
tian in de ri vcr rear Newport was duc to dis-
solvedd reddish-brown humic materials, not to
stayended particuhucs. Ram Figure 13, it is
char that trtuLsparertcy is greatest during the win-
ter and hast during the spring and summer,
probably as a result of decreased phytoplankton

abundance during the winter, At Station I in the
Beaufort Inlet, a second peak in transparency oc-
curred during tie early summer of 1961 but was
nat observed at thc other stations. 'Itus may have
been the result of a predominance of continental
shelf water in the inht at that time, It has been
observed that extremely char Gulf Sueam-like
water with associated Sargassum weed mme-
tuncs appears in the lower Newport River m
late spring and early summer. At such times,
light pea~xi can be at least as great as 4 m
�3 ft!  persmd observation!.

WiIUams �966! reporting average exdnctian
caefFicents for two tute periods  May to Sep.
tcrnbcr and Scptcmler to May, 1964-1965! at a
nlltllbcr of statiats in the h1RES Cae Sound
gable 8!. These data, which are based upon I I
samples during the are- year period, have been
recakulatcd as secchi depths. 'Ihese val res are
similar to those of Pinschrnidt �963!. which
show decreasing light penetration fram the m>t
to the headwaters of de estuancs. WiUtams
nouxl liule difference between sumtner and win-
ter values, probably because of the relatively fcw
samples taken, North River is men to be very
simUar to the Newport River in transparency.

Breu �963! periodicaUy ~d secchi
depth along several tiansects across Bogue
Sound during a one-year period. Hc repertcd that
the disc was almost always visible on the bottom,
thus it provided liule useful quantitative informa-
tion on water tran!ipccncy, However, Bfett
�963! quaiimively described the turbidity, suu-
ing that the water was usually musky ar cloudy,
espcciaUy during thc warmer months. During
the winter. beginning with tie anM of cold
~, thc water became clear enough to sec
sheUs an the bottom in 8 ff �,4 m! of water.

Fanseca et aI, �985! measured light auenu-
ation coeff icients over a 12-month period at two
kxatians in Back Sound. At Shacklefard Shoal,
the average coefficient was 3.99, equivalent to a
secchi depth of0.42m �.4 0!. In a Middle
Marsh embaymcat the average coefficicnt was
526, equivalent to a scachi depth of 0,32 m �.0
ft!. Except fa. a consistent increate in water
clariry in the winter, there was no obvious sea-
sonal pattern to the hght cxtinctian.

The chtutetetistics of tie sediments of an
estuary are extremely impatant in determining
tie type of biokigical community that wiU be
found in any particuhtr place. Thc bottom of the
NRES consisg primaNy of unamolidated sedi-
ments with varying mixtures of pebble- and
granuh-sized sheU fragments �4 mrn - 2 inm;



Figttre 13.
Patterns in ti me

and space af
vt'siMity  Sec chi
depth in meters! at
five stations in the
MES, Data are
monthly means of
weekly collections
obtained alternately
at bw and high
tides  from
Pinscbnidt, l963!.
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Table g.

Mean Secchi depth
as a function of
location in the
NRES  recalcrdated
from Williams 1966;
numbers in
parentheses are his
station ruunbers!.
Mean depths are for
a section of the
estttary, not the
depth at the point
sampled.

Mean Water
Depth  M!

Depth M!
Sept.-May

Newport River
Upp
Middle �!
Middle �!
IxrWer �+8!

020
0,65
121
1.70

029
0,77
1.42
1.55

0.7
1.0
0.9
4.1

1.70 1.42 1.5

Nonh River

Middle �3!
Middle  ]4!
Lower �5!

0,53
0.94
1,21
1.42

0.65
1.00
1.42
1.42

0.6
0.7
0.9
1.6

4D

2.52 - 0.79 in!, sand � mm - .063 mrn; 0.79-
0.025 m!, silt  .063 mm - .004 mm; 0.025-
0,0016 in! and chry  less than 0.004 mm; 0.0016
in!. Tlrere are man-made hard substrates  jetues,
sea walls, pilings!, but except for oyster reefs
there are no natu' hard substrates or rock out-
crops.

Sediments are most bequently dcscribcd by
incrmranent of size distribution of particles and
mincnd content  uuncntlogy!. In addition, such
charactcsistics as toundtam. percent cakium car-
bonate  shell fragment! and pcscetu crganic mat-
ter me oor~nnally determined. The panicle
size distribution and the percent organic matter
are the most important variables that relate to the
biological activity on and witty the scdimcnts.

There are a number of published reports
dealing with the sediments of thc NRES. Grave
�901! discussed scdimcnustion reiauve to oyster
reefs in the area. Batten �959, 1962! described
thc patterns of sediment distribution in the vicin-
ity of the Beaufort Iidet. Johnson �959! pub-
hshcd an extensive account of the sediments of
thc Nc'.wport River estuary. This was followed
by a very similar report  Edwards 1961! for sedi-
ments of the North River estuary. Brett �963!
characterized the sediments along a series of
transccts in Bogue Sound, Park �971! described
thc mineralogy of scdirruntts throughout the
NRES, Price et al. �972! described sediment
size distribution at l 0 stations in the NRES, Fol-
ger �972! provided sane information on scdi-
mats in the area, Price ct al. �976! graphicaIIy
presented a picture of the size disuibution and
txganic ctnitent of sediments collected along six
transccts across the NRES. Chester et al. �983!
published thc same data in tabular fcxm. Thayer
ct al. �980! report sediment size and organic

content for seven stations in the NRES. Sedi-
ment accumulation rates have been measured m
salt rnushcs  Williams and Murdock 1972! and
eelgruss beds  Iltayer and LaCroix 1974!.
Changes in sediment composition in areas adja-
cent to rnaintcnancc dredging acuvitics were. ex-
amined by Thayer ct al. �974!. Klavans �983!
sum~ what is known about scdirnent
transp' in and mend Beaufcst Inlet. He dis-
cussed in dcuul sediment movemcru in response
to tidal currents in thu areL Fonscca et al,
�985! measured sediment flux nues over a 50-
day period at eight sites in and near Middle
Marsh at thc mouth of North River.

lire most complete description of the surfr-
cial scdimetus in thc NRES is that of Johnson
�959!, H'e used qualitative microscopic exami-
nation to  gross lithology! describe 184 samples
&om throughout the Newport River estuary, The
results of this invesdgation  Figure 14! show
that, m general, thc farther away from the mlet
and the more protected the habitat, the finer the
sediments. Silt and clay sediments dominate
only in the middle or deeper portion of the upper
estuary and in the protected salt marsh creeks,
In addition, there is a very extensive intertidal
and subtidal mud bottom at the mouth of the
Nanows that is predominately silt/clay, Johnson
�959!, Price et al. �976! and Chester ct al,
�983! have repatcd some what sandy sediments
in thc shallower areas bordering the north and
south shores of the upper pan of thc estuary.
Tlus is probably duc to erosion of the land and
wave tcsuspension and removal of silts and
clays. Scduncnts under the open waters in the
middle and lower part of the estuary are aII sand.
Johnson �959! performed a quantitative size
analysis on 63 of his sampler, calculated the per-



Figurc 14.
Gross lithofo gy of
the sediments of the,
Newport River
estuary  from
Joltttson, 1959!.

cent sand, sih and chty; and produced a map
showing 0» distribution of these seditnents  Fig-
urc 15!. These data provide a quantitative con-
fumation of the qualirativc ot~etice of gross
lithology.

On their six nansects of the NRES, Price et
al. �976! and Chester ct al. �983! found a simi-
lar pattern iu size distribution of sediments as did
Johnson �959!, They reported that thc sedi-
ments of thc estuary were chantcterized by well
sorted. fine gran»d ~ whh a rnaxirnuru
diameter of 025 m OM mm �.0994. 197 in;
fmc to medium sand!. Thc upper estuary aud
Calico Creek have areas with high ~y ctst-
tcnt in some of the samples. ln these muddy
scdin»nts, Nmd averaged 51 percent  range 16
percent to 92 percent!, silt averaged 38 percent
 range; 3 percent to 68 percent! and clay aver-
aged 11 percent  nmge: 5 percent m 14 percent!.
Orgaruc rnatter and csgsnic carbon conteru of the

sedunents hsd a strong postove corrclatjon wrth
silt/clay crxttent and an equally strong negative
crxB Jsmsr wtth percent sand. Organrc carbon is
usually about 50 pcrceutof organic rnatter, ln
the upper part of the estuary, organic rnatter
lÃlged fmm 1 Percent neafthc Shore to 1Q per
cent in thc deeper waters in Ihc center o f this t»c.
titst. Organic carbon values range Born less than
1 perccra to greater than 4 percent irt the sarr»
area. ln the rruddk and lower part of the ~
 except Cabco Creek!, sand content of thc serb
ment averaged 90.6pcrccnt  range: 81~93%,!
sih averaged 3.5pcrccnt snd chty avtnraged 5 9
percent, Orgaruc mattrr snd tsgmic carbon con
lent were low, averaging '0 7 prsccrn and Q 4 pc
cent respectively.

According to Johnson �959!, the calcium
carbtnuuc content of the scduncnts m
ranged froru 0.10 percent to 100 percent  m
oyster reef!. Half of his samples had less than 1
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perCCnl Cakium Cttrbonate tmd ovCr 90 percent
had less than 5 percent calcium carbonate. Al-
though not sampled by Johnson �959! or others,
there are a number Of areaS in the bottoms Of tbc
deeper cheneh in thc hwcr pan of the estuary
where large ~umulatiOOS of very COarae shell
OCcur  petanrtal ObSmetion!. The Size disaibu-
tion in thee areas has not been determined, but
many Of the Shell and Shell fragments are Several
cernimettSS aeroaS. TTteae subtidal Shell reefs are
formed by tidal trarntport of ~ed and pele-
cypod shells that accumulate m the channels and
Ie kept free of finer sehrnmts by the strong
tidal currents. TTtc shelb are continuously de-
stroyed by the baring activities of algae, sponges
and b<vai vCS So that there must bC a COutuluous
resupply of fizsh shell to maintain these reefs.

Edwards �961! collected 265 sediment
samples bum thc North River estuary. His de-

tailed analyses yielded resuitS that wCfC ~
Suu jlal' tO thusC Of JohnSOO �959!, Sugges"g
that the North River and Newport River cstuartcs
arc very sunilar SCdimentary environments. A
map  Figurc 16! of sediment size distributions
supports this conclusion.

The sedunents of Bogue Salad have not
been as extensively studied as those of the
NRBS. Brett's �963! data suggest that mOst of
the central and eastern cnd of thc Sound ts cov-
ered wrth fee to rncthum sand wtth Jess than I
perocnt Ofgalnc rrtatfrr.

Johnson �959!, Edwards �961!, Brett
�963! and Park �971! ezamincd the mineralogy
Of the clay Size sediment particleS fram the
NRES, Johnson �959! reported finding only il-
litc and chlrzite. Edwards �961! reported II fite,
chlorite and quartz, but Brett �963! ~
quanz, kaolirutc aud iilltc as thc most important



Figure 16.
Gross li hology of
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minerals  in that order!. Park �971! said that il-
litc was thc most abundant mineral. Tbe tniner-
aktgy of the sands divers considerably &om that
of clays. In analyzing the minertdogy of 12 sand
samples Sm the NRES, Johnson �959! found
that tluartz  93.6 petocnt!, plagioclasc �.5 per-
cent!, and fddspar �,9 percent! made up the
hght minctaI portion of the samples. The heavy
minerals were less than I percent of thc total
sand 83ctian. Ihncnitc, rutile and zircon wcte
thc chief heavy minerals. Traces of monazite,
aptttite, sctptmtine and harn bande were aho
lacscnL Johnson �959! reported s decret' m
illitc seaward. Hc attributed this ui the increased
transpartatwm time due to the greater specific
gravity far this mineral compared to rutile and
zircon. Similar results for sands and heavy min-
erals were reported by Edwards �961!.

Johnson �959! discussed the sautce and
transport of scdimcnts within the NRES. He
says that mast of the ~ contributed by thc
small rivers and ctecks is in the silt/clay size
range because of thc low gradient of thc caasud
phin. The sediment accumuhucd st the mouth oF
thc Newport River  Narrows! is silt, clayey silt,
sandy sih and silty sand. Thete have been no
studies of sediment input from the river that
might be due to the "sahing" out or Aaccuintion
of clay-sized particles. However, Hansan and
Crutnley �980! discuss the formation of iron-
rich txganic panicics thM arc created as fresh and
salt water mix and are inccepanttcd inta sedi-
tnents. Johnson �959! suggests that most of the
sand originated in thc sea with some coming
hem erosion of adjacent sand "cliffs" snd by
wind transItort. Seditncnts are distributed by thc
waves and tide- generated currents, and the size
distribution is directly correht ted with thc local
hydrodynamic regime: the stronger the. currents
the castscr the sediments. Edwards �961! states
that most of the sediments of the NRES consist
of re~ Pliestoccne deposits with some ma-
terial brought into thc estuary from streams, tidal
curreras «nd winds. Shells, Fexttminifcta and
phmt debris make up the txmtponent of these
sediments which were farmed within the estuary.

Wolfe et al. �973! cstimansd the rate of

scdtmentatton m the NRES as varying between I
and 4 mm/yr �,039 - 0.173 in/yr!, with the
greater tate accumng in the upper estuary near
the Narrows. Aoxefing to Evans �977!, this
tate is cktse to the rate of sea level rise of 2.5 to
3.5 mm/yr �.99- 1.38 in/yr! along this coast
during the last 30 years. Evans further states that
this would explain thc lack of significant change
in depth profile in thc upper estuary over the
past 100 years scen when comparing charts of
thc area from 1870 and 1968. Williams and
Mutdock �972! examined sedimentation rates m
salt mars' on 45 uansects �60 stations! in the
NRES and adjacent Cote Sound They phtced
sediment collectors an the surface of thc marsh
and collected these onc year later. Two hundred
six samples were recovered and thc mean rate of
scdimcntation calculated to be 1.36 kg dry matter
pcr meter sqmvM per year �.52 Ib/ydyr!. The
range in values was 0 01 kghnryr - 30.4 kg/m'yr
�.019 - 56.4 lh/yd'yr! with two-thirds of the sta-
tions having rates less than 1,00 kg/m'yr �,86
lb/yd'yr!. Tltc rates fiit a lognormal distribution,
Rates werc gteatest in thc low marsh and de-
~ towatds tbc high marsh Sedimentation
rates greater than 5.0 kg/m'yr  9.28 Ib/ytPyr!
were said to be atypical for thc estuary as a
whole, with thc highest rates ottJy observed at the
mouth oF the Ncwpeet River  Narrows! and near
areas that were dredged during the study. The
scditnent deposited m the lower tnarsh was
mainl y minctaI  inarganic silt and clay!. Tltc or-
ganic content incteated in the higher parts of the
marsh. Using a graduated steel rod, Williams
and Murdock �972! also estimated thc depth of
tnarsh sediments over the nan-marsh base.
These tesults gable 9! suggest that the rate of
sedimentation is greatest at the headwaters of the
estuary and decreases as yau approach the sea,
even in protected environments.

Fonscca et al. �985! examined scditnent
flux rates at eight sites in and near Middle Marsh
during an experimental seagnm planting project.
Values ranged ftotn no flux at a protected site to
a maximum af 0.661 cm/day �260 in/day! on
the deeper portion of thc eastern half of a shoaL
between Middle Marsh and Shack&ord Banks.

Number of
Stations

100
69
58

227

X'able 9.

The depth of
sedi»te»t
accu»udoteditt soft
»tarshes over thc
»o»»torsh base os o
jtt»etio» of locati ott
wilhi» thc estuary
f Mrillia»xr a»d
burdock, J 972!.

Depth of Sediment  cm!
hvg, Min, Max.

62 10 95
99 20 +200

148 20 +200

95 10 +200



%bayer and LaCtoix �974! smdied thc m-
Gucnce of eelgrass  Zosteia marina! on sediment
deposition, using a technique similar to WiHiams
and Murdock �972!, They placed their traps in
trent of, within and behind an cclgram bcd lo-
cated on the south side of Phillips Isited. Sedi-
ment tuxumulation rates wae highly variable
and ranged horn 1 to 57 mm/yr �,039 - 2.25 in/
yr! during thc winter and spring and fiom ncga-
live to 78 mm/yr �.07 in/yr! during the summer
and fall, Rates averaged 5 mm/yr �.97 in/yr! in
front of the grass bcd, 23 mm/yr �,91 in/yr!
within thc bcd and 33 mm/yr �.30 in/yr! behed
the bcd in an area between thc bed and the is-
land. Thc average for thc whole embaymcnt was
20 min/yr �.79 in/yr!. fhcy said that their val-
ues were much higher than those reported for
open estuarine  I mm/yr - 4 mm/yr, 0.039 - 0,158
in/yr!. Fonseca ct al, �985! found increaaz in
sediment height of 32 mm �.26 in! in 234 days
and 34 mm �34 in! in 424 days following thc
transplantation of cclgrass onto a shoal in Back
Sound near Shacklcford Banks.

%bayer et aL �974! studied the changes in
se5irncnt characteristics duc to maintenance
dredging along a transect that crossed a channel
in ihe Intractxsstsl Waterway in the lower %AS.
They found a debase in patent sUt. clay, a-
ganic matter and organic carbon and ao increase
in percent santL They attributed these changes to
thc winnowing of silts and clays from the dis-
turbed ~, thus leaving only thc fine sands

setdc on the adjacent undredgcd bouom,

Trace Metals

11x: disuibufion, abundance and cycling of
some uacc metals have been investigaled in the
NRES ~ of the importance of metals as
micronutrients  iron, zinc, copper, manganese!
and because of their potential or actual toxicity
 copper, mercury, chromium, cadmium, zinc,
lead!. Most of our knowledge is thc reaCh of re-
search done at the NMFS laboratory over thc
past 25 years, This work began as an effort to
unbazuuuI thc ftuc of radioLmtopes of metals in
thc estuarine ccos!stern and continued as a study
of thc flux, bicevailaMty and toxicity of trace
metals in esnuuine and coastal waters. This re-
search has provided a wealth of information on
thc reservoirs of metals  particuhtr}y neri, rnan-
ganesc, copper and zinc! throughout the estuar-

watcr, sediments and tx ganisms. In addition,
there have been several prtxmses~tcd proj-
ects and efforts to model flux cs of meals in thc
natural environment.

The concentration of trace metals in the wa-
ter of the NRES has been discussed in dctaiL

Wilhs �962! reported a zmc concentranon of
approximately 10 ttg/I  parts per biHion! and
WiHiarns et al. �964! mcasurtxI zinc concentra-
tions of 2000 ttgfl to 14 ttg/L Crass ct al. �969,
1970! rncasurcd thc concentrative of iron, man-
ganese. and zinc in unfiltercd ma water and found
that iron and mangtecte dccrcavcd in conccnua-
tNN from thc headwaters of the estuary to thc
seL In their samples, manganese had mean val-
ues which decreased from 20 to 3.3 tig/I, with
iron decreasing &om 300 to 39 pg/I. 1hc con-
centration of zinc mmaincd relatively consuet,
0.6 to 09 pg/I. They found significant temporal
fluctuations, but they wae not related to tem-
perature or seasan. Evans �977! presented data
on concentrations of irli, mangancte, copper
and zinc in filmed seawater on three dates  Oc-
tober, Fchuary, April! along a mesc' that cx-
ended from the hcadwatcrs of thc estuary to Piv-
as Island. Hc observed an increium in manga-
nese from an average of 8 lig/1 in the river to 15
to 20 tigtI in the upper estuary fogowcd by a de-
crease to 2 pgl at Pivers Island. He observed a
dramsric decrease in dissolved iron in the river
water  approximately 250 ttg/I! as it rnixcd with
seawater in thc estuary, Ixobabty duc to fltxcula-
tion  panicle formation!. Hans' and Qumley
�980! reported the same bchavMx of dissolved
iron in the NRES. According to Evans �977!,
this behavior of dissolved uon when it reaches
seawater had been almost universaHy reported
and thaefcre was not surprising, Copper had a
low conccnuation in thc river � pg/I! followed
in the upper estuary either by an incieam to ap-
proximately 5 tig/I or by a gradual decrease.
Copper concentrations in the lower estuary werc
less than I ttg/L Dissolved zinc behaved sirni-
Iart y io copper with river cancentraions of I to 2
ttg/I and a lower estuary value of less than I ttg/I
Evans �977! also examined thc susperdcd par-
ticulate fraction for nacc metals. Particulate
manganese increased from less than 1 to 4 tig/g
 parts per m iHion! dry matscr in the rive' to ap-
proximately 8 to 16 ttg/g in thc mi&azuary, de-
ceasing again to less than 4 pg/I in thc tower es-
tuary. Hc found thc conoamatian of particulate
iron to be about 40 mg/g throughout thc estuary.
Particulate copper was appoximatcly 17 ltg/g
and particulate zinc apptoximatdy 100 Itg/g.
Hanson and Cnnnhy �980! reptzte5 5» ratio of
particulate to dissolved htm increttscd from 0.47
m the river to 97 m the lower estuary.

71ic mereuian of trace metals in scdi-
mcnts of the %AS hss bccn the subject of sev-
aal reports. WiHiams ct al. �964! reported zinc
conoauratioos of 1,4 to 7.0 ttg/g dry sediment.
He said that this sediment zinc repxescntcd 93
percent of the exchangeable zinc and that this



scdimcm zinc buffered changes in zinc in the
water. Cross ct aL �969, 1970! measured iron,
mangattese and zinc in sediment at duce loca-
tions: fresh water, upper estuary and lower estu-
ary. They faund canccnuatioos of iron fram
near 4NN Itg/g to less than 100 Itg/g. Iron in
scdirnents incretsed born sand to mud and in-
creased with a decrease in salinity and an in-
crease in particle size. Manganese concentra-
tions ranged from less than 10 ltg/g to 200 Itg/g
with thc same pattern of distributiott as iron.
Zinc valor. ranged horn less than I Itg/g to 30
Itg/g. The highest values werc associated with
mud and fresh water. Upper and lower estuarine
scdinamts had lower concentrations and these
werc similar to each other. The coacmtratians
of ail trace metals Quctuatcd duough time but
wllh no se8$HnaI  tempcl stoic! pattcirl. Whalmg
ct al. �977! analyzed sediment samples col-
lected on several occasions over a five-year pe-
riod in transects up two tidal creeks ut tite NRES.
Cahco Cleek, located just norih of Morchcad
City, receives the eNueot from secondary ueated
scwagc, but Tuitter Creek, located on the wesi
side of the North River just north of Beaufort,
does oot receive effluen from a treatment plant,
They give several sets of results that differ from
each other dqiending upon the date of collection.
As an example of their data, the roam values for
thc concentration of metals in 20 sediment
samples taken in May 1974 along a transect up
ihe creeks were as foUows: for Calico Crcck-
 Irg/g dry weight! mercury 0.46, cadmium 1,1,
chromium 26, copper 36, iron 14300, lead 42,
manganese 69 attd zinc 155; for Turner Creek�
mercury 0.09, cadmium 0.5, chromium 9, capper
11, iran 7800, lead 16, manganese 18 and zinc
105. Wolfe et al. �975, 1976! studied the distri-
bution of oace metals in scdiincnts from an
cclgrass bed at Phillips Island. They found an
average of 17 gg manganese, 2125 Itg/g iron, 2.5
Itg/g capper and 9.75 Ixg/g zinc, They also sepa-
ntcd the sedirncnt into size fractions with sieves
and found that thc anncesttratiaa of metals
greatly llllxcL'IXI with dccrcasmg sedinlent Qze.
All these data emphasize the imlxmecc of laca-
tirm and scdimem characieistics in trace metal

Trav metal concentrations have been re-
ported for a munber af organisms inhabitittg thc
Newport River estuary. These ittcludc algae
 Wolfe ct aL 1975, 1976; Gutknech 1964!,
cclgrass  Drifmcyer 1980; Dtibneycr et al, 1977,
1978, 1980; Wolfe et al. 1975, 1976!, marsh
grasses  Williams and Murdoch 1969; Ustach
1969; Whalmg et al. 1977.. Drifrneyer 1980;
Drifmcycr ct al. 1980; Drifmeycr and Redd
1981; Drifmcyer and Rublcc 1981!, ncmcrtitts

 Wolfe ct al. 1975. 1976!, polychaeta  Cross et
al, 1970!, gasoofeda  Wolfe et al. 1975, 1976;
WhaUng et al 1977! bivalves  Willis 1962
Wolfe ct aL 1969, 1975, 1976; Wolfe 1970;
Cross et al. 1972; Whahttg et al, 1977; Willis and
Jones 1977; Willis and Bargh 1978!, amphipoda
 Wolfe ct al. 1975, 1976!, decapoda  Willis
'1962; Wolfe et aL 1975, 1976!, echina$muta
 Wolfe ct al. 1975, 1976; Drifmeyer 1980!, mni-
cata  Wolfe et al. 1975, 1976!. fish  Cross and
Brooks 1970, 1973; Cross et al. 1971, 1973,
1974; Willis 1962; Wolfe et al. 1975. 1976! and
birds  Hardy ct al, 1975!.

The concentrations of essential uace metals
 Mn, Fe, Cu, and Zo! in the major organisms of
thc eelgrass community  Wolfe et al. 1975,
1976! provide an example of what is known of
the abundance of these meals in thc biota of the
NRES. In general, thc sequence in concentration
from higher ta lower was iron, manganese, zinc
and copper. Copper and zinc had the least vari-
ability within and among diffctcnt groups of or-
ganisrns while iron and manganese concentra-
tions were much more variabl. Sediments had
concentrations of these metals somewhat similar
to those in the orgartisms. In general, thc firer
the sediment thc greatm thc metals concentra-

Same of the uace metaI studies in the Nev-
pott River estuary have involved studies ar esti-
mates of IIaxcs and transport processes in the
fteirL Williams et al. �964! found that there was
a rapid exchange of zux; between the sediment
and water that involved seduncot tmd microor-
ganisms, T1te rate of exchange was higher at
higher tcmixuteurim, Evans �977! and Evans et
al. �977! found that the conccntratioii of dis-
solved itumgancse in thc estuary where thc salin-
ity was 4 to 14 ppt was in excess of what would
be predicted based upon a conservative mixing
of freshwater and seawater. They suggested that
dissolved manganese becoming fixed to particles
in the lower estuary and that these particles are
returned up the estuaty on the bouom where
same of the manganese is reduced and dissolved
&om particles and put back into solution. Sand-
~ rs �975, 1978! found a similar phcnomcnon in
Calico Creek where dissolved manganese was
higher than couM be predicted based upon con-
servative mixing. His data indicated that distur-
bance of the scdimcm probably uaxxttttcd for
most of thc flux into the water column.

T1tc potential bi~ availability of ~
pcr and cadmium in the Newport River was in-
vestigated by Sunda and Lewis �976!. T1tey
found that 98 to 99 percent of the copper in the
river is botntd to complexing ligards, probably to
the humic and/or fuivic acids dissolved in the



water. Bccaum this binding incnutsjm with in-
creasing pH but decrctues with increasing satui-
ity and decreasing dissolved arganic matler, Ihc
availability of unbound capper  biologically ac-
tive! is complex  Sunda and Lewis 1977!, Cad-
mium is bound Io a much lesser extent than cap.
per. Sunda ct al. �978! and Sunda and his
�979! canfumcd that capper was bound ta ta'-
ganic ligands in the Newport River, They dis-
cuss thc two most chemically different sotuccs of
fieah wtuer entering lhC river. One SOurCC Of wa-
ter is runoff from Ihe land thraugh surface soils.
This prcduccs water wilh Low pH, a high ctlcen-
uation of dissolved argsnic maucr snd a hw
oj~ttian of calcium and tntgnesium. The
Other Source Of wales iS grOundwater SCCpage
fiam deeper in the Sails. Il haS near neunal pH,
low concenuanon of dissolved arganics and high
CanCciuiatian Of Cataiurn and magne!ium. They
developed the hypatheSiS lhat Copper in the Sur-
face, waters is kept fiom being camplexcd with
the organic matter by the law pH. As Ihis ~ster
is buffered in the river, the pH rises and the cap-
per cOmplexeS with the diSSOlved OrganiC rnauer.
As the groundwater seepage dilutes the surface
nuioff, the conccnuation of dissolved organic
mauer is diluted and the complcxatiaa of the
copper levels off. Evans �977! noted some in-
crease in dissolved capper  at times! in the lawer
salinity txtrt of the estuary. He suggested Ihat re-
SuspCnsiOn of sedimentS might CauSe a lelCase of
CappCr in pate walerx irl thC uppCr estuary, Han-
stm and Crumley �980! found that dissolved
uan in the freah water of Ihe Newport River had
a very Strong nall~aIIVC dcclejgte upon
reaching the lower river and the upper estuary,
even though Ihc salinity was stilt 0 ppL Tbc ratio
of particulate IO diSSOlved iran inCreIISed fiam
0.45 ta 97 in a Seaward direCtion. Tile dissOlved
tron in the river is probably mostly coUoitlal fer-
ric oxide associated with the dissolved organic
rnatter. In the lower river and upper estuary, this
maieritd floccuialcs  farms aggregated particu-
late mauer!, ptadueing an iran-rich particle Ihat
cmt sediment aut. This flajx:ulatian could be due
Io changing cheaustiy in thc lower river and/ar
IO Iuierabjjal particle buildtlig,

Changes in uace metal concentianan
through lime and space, have been c:umuned in
tnaiSh giaSSCS, ~ and Several al3r~
William and Murdoch �969! faund that thc con-
Cesulaaanx Of ZinC, manganese and uan in-
cseased in dead Sparunu altcrnrjbru compared
Io living plants. Drifmcyer �980! and
Drifineyer CI al. �981! noted uxZCLcC5 tll Can-
centrauan and Iatat amaunts of Irate metaIS
 manganeac. iran, CappCr and ZinC! aS Ihe de-
ctunpositxe of Sparana alterruIIora piqperactl

'TItey found that bacteria were not responsible far
the ineem in metalS, bul they were nat able ta
rute aut the influenCe of other micraejiganiams
 yeaxts, fungi and algae!. Driflncyer Cl at. �977,
1978, 1980a,b! investigated the cycling of trace
metaIS  manganeae, irOn, capper and zinC! in
eelgrasS, Zostera ntrlrina, Based upan their re-
SuttS and thaSC Of Drtfmeyer �980! aa metatS iri
the SCS urchin, J.ytechinuS vari' gutul, it waS Can-

hetb}vary was nat a sigiuficant
toute af mcutl lransfcf wlttun Ihc community and
that metal flux aut of the community via the cx-
ptlt Of palticutaae dead and tive eelgnISS waS ex-
tremely impartanI to cychlig ln Ihc cstujirine sys-
tem, EelgiaSS gtawth, Seneieenee and deCampO-
Stumt lepteient the mOSt Stgntfieant pan Of the
biological cycling of these metals in Ihc eelgrass
ecosystem. Cross et al. �971! examined
ChangeS in traCC lnctalS  manganeSC, iran, and
Zinc! in yOung esture fiSh durmg thCir periOd
of most rapid growth, They examuied juvenile
cjjoaker  jtficropogon undtdarus!, spot  Leios-
tomus xant tuu'us!, pinfish  Lagodon rhonxboi-
des!, ban anChavy  Anehoa nutchilli! and Atlan-
tic m~  Brevooraa ryranntti!, five fish
which CanStitutC ovCr 90 percent of the juvenile
fish in the NRES P'umer et al l971; Tamer and
Johnson 1973!. T1iey found that Ihe concentra-
tion of all three lnetalS djecrea~ed with increasing
Size  age!, exCept manganeSC in Ihe anchOvy  na
Change! and manganese in lhe mcnttajJen  in-
creased!, Cross ct al. �974! examined the flux
Of lnanganeSC, iitxi, Copper and zinC in total
populations of menhaden, spot and pinfish in the
estuary far the summer months  Table 10!.
ThcSC data indicatC that, except fOr cappCr in
pinfish, there is very Low assimitaaan of iron,
manganese and capper by lhe fish, but a large
flux of these meals thmugh ingestion and egcs-
tice. This flux is probably important in Ihat fish
fCccS Ne nicarparated inta Surface Sctblncnts
whee Ihey may be ingeSled by depOsit feeding

. T1ius, these fish are an effective means
of keeping these maah cycling within Ihe estu
aly, but ale nat Significant in the Cxpart Of inetaIS
out of Ihe estuary. There is a su~ assimi-
lation of ingested zinc, by mcrthatten snd pinflsh
and of ingested capper by pinfish. Sigmficant
quantities of these metals can thus be transported
through the CStuary and lhe cajSSud walerS aS
these fish migrate.

There have been two alcrnpts ta madel the
flux af traCC rnetaIS in the NCWpart RivCr eaasyx
tCms, JenningS Ct al, �970! CStimaled the lnnSS
balance of numganesc, irtl and zinc ln the entire
estuary CI'able 11!. They used a simplified box
lnadel repjlesenting the catuWy with imparts
flatn river water and exports flam Sedunenuttian,
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Table 10.
The flax of trace
merals through
populations of
j uvcni lc fish in ihe
Newport Ri ver
estuary during
sutnrner trtonths
 Cross ct al., 1974!,
1 ingestion,
Aaarsimi lation and
E~cgestion.

Finfish
0.9 x 10'

Menhaden
1.8 x 10'

Spot
2,8 x 1 P

Zlrlc

 g/day!
83
30
53

I

A E
950

20
930

32 6
26

 g/d y!
I

A E
17,000

170
16$30

39,000
120

383%0

2+00
13

2.187

Mat tgancae I
 g/day! A

E

200
6

194

21
13

19.5

810
6

&04

Copper
 8/d y!

I

A E
18
1.6

16.4

1.3
Q.4
0,9

140
1.4

139.6

Table 11.
Mass balance  Kg/
yr! of trace inctals
in the Newport
Ri ver estuary
flcnnings ei aL,
1970!.

53+00 15,800 3.480 1,410 112 106
14 � 4 � 10

134,000 � 1,750 � 440

Water
Biota
Sediment

53 +00 149,800 3,480 3,160 1 12 556Total
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tidal flushing, biolafpcal export and cominercial
fishing. Covcring a onc-year penod  November
1967 - October 1968!, tables of data are pre-
sented that indude total import and expon of
metals in water, export in commerciaDy har-
vested species and export by emigration of'spe-
cies. Their mass balance  Table 11! suggests
that biological expons are insignificant com-
pared to those due Io physical pttx~. They
did nat include imponS in SCawater and organ-
isms or from sediments that might be entering
via the river, In a senes of publications, Wolfe
�974a,b, 1975! and Wolfe et al. �973! exarn-
ltled fcservous and fluxes of manlpnetk, iron
and zinc in the biohgical and physical cornpo-
ncnts of the estuary. Figure 17  redrawn from
Wolfe ct al. 1973, Wolfe 1975! shows that the
Iatgext reter rOira and fluxeS Of mCtalS invOlve
Ihc sediments, water and S tartina, with small
reservoirs and fluxes in Ihe other biota. Wolfe ct

af, �973! and Wolfe �975! describe the cycle of
zinc more detail than that of the other metals,
particularly with reference to various biooc com-
ponents They suggest that the biological cy-
cling of z'ux: in thc estuary is not closely tied to
the scdimenttiwater reservoirs and fluxea 11tey
further discuss the problems with using the

model to pretbet the fateS and effects of an acute
release of zinc into thc natural envitonrncnt.
71iis discussion is especially useful in predicting
the behavior, upon acute release, of many rnateri-
als in the estuary.

As defined hcte nutricnts are materuds dis-
solved m seawater that are neccmuy for thc pri-
mary pmduCtivity Of plants. NutrientS inClude
inorganic and organic compounds that  e,g, car-
bon dioxide! occur in such ab~ that their
availabihty seldom limits primary productivity.
The nuiteriaIS mOSt freqtzxttly Studied aS paten-
tiaHy hmiting to pmductivity in estuaries are ions
and compounds of ninogen  nitrate, nitrite, arn-
mania, urea, primary amincs!, phospbmls
 orthphasphate, organic phosphate! and silicon
 sUicate ion!. Dissolved nitrogen and phosphorus
are needed by ail plants and silicon is also
needed by diaitxns, the most dominant phyto-
plankton group in the lower NRES, In general,
the elements are, rapidly cycled within the eco-
system duc to excietian by animals and dccoin-
posibon.

'Ihe ctaicentration of nutrients in the NRES



Figure V.
Model of flttses of
man ganese  iH'n 1,
iron  Fej and zinc
t'Znj in the hlewport
River est ttary.
Units in boxes are
mg/m' and on
arrows are mg/m'/
yr. Sediment is
iitni ted to top rwo
centimeters. Tata/
area is 3I ktrr', antf
depth is J 3 m
�'rom Wolfe, !975j.

is variable in time and space. In a discussion of
the studies af Calim Creek, Sanders artd
Kucethx �979! summarized nutrient data avail-
able fram Thayer �969! for the NewpartRiver
eaauary and &am Campbell �973! fee Gales
Creek, These data  Table 12! show that Gtlico
Creek, which receives effluent from the Mote-
head City ~ Treatment Plant. has relatively
high  tata-limiting! conctmtrations of phosphorus
and nitrogen. Gaks Creek is a small ~ off
Bogue Sotmd that bas its freshwater tnigins in

le from the Crocus' IvtresL Nitrogen con-
cetCratxms in Gales Credr.  Gunpbeil 1973!
were motlenste and pbo ghat' values were low
How+mr, the atomic ratios of niuogen to phos-
phorus would still ~ a nitrogen-limited ~-
tern. hverage nutrient concentrations fee the

NREM  IItayer 1969! were, hw. suggesting that.
phytopiankton ~vity is always nutrient-
limited in this system.

Smith �976! measured anuttonia and urea
 a farm of organic nitrogen! concentraiicsts at
high and low tides from 1973 to 1974 at Pivers
Mand. Average ammonia concentration was ~
proximately 1 ltg~ N/I  range: near 0.0 to 328
itgat N/l! and average urea cottcesttratirg was
apptosimately 2 ltgat N/1  range; near 0 to 3.25
gpat N/l!. She su~ that urea may be a sig-
ruflcant form of nitrogen available to phyto-
planktre in the estuary.

'IItayer �971! compared average nutrient
concentrations in three areas of the NRES: the
freshwater of the Newport River, the Ne~
River esnlry andhlarth River  Table 13!. Nutri-



Ammonia

Calico Creek  Sanders and Kuenzler 1979!
Warm 8 � � 15! 17 �0 � 25! 15  ~6!

Gales Creek  Campbell 1973!Warm 1.5  nd � 7!
Cool 0.6  ~!

2,1  nd � 8!
3.6  nd � 19!

0.4  .05 � .9!
0.3  ,0~.9!

Newport River estuary �hayer 1969!
Warm 03  nd �.7!
Cool 0.4  nd � 2,1!

0.3  M.7!
0.3 � � 1.5!

0.4  nd � 1.3!
0.5  ud � 3.7!

North River

Estuary
Warm Cool

Newport Rives
Fresh water Estuary

Warm Coal Warm Cool

0.2 0.3
0.06 0.01
0,5 0.6
0.7 0.9

0.5 0.3
0.01 0.01
0.5 0,3
1.0 0.6

0.4 0.4
0,08 0,03
0.7 0.8
1.2 1.2

Nitrate
Nitiitc
Ammonia
Toud Aval N

0.3
0.4

0.3

0,9
0.4
0.2

0.2
0,3
0.2

ent concenuatian in al 1 tluee areas was hw to
mat}crate with sbghtly higher values in the fresh-
water area. Nitrogen to phosphorus ranos were
generaHy less than 8, indicating a uiuogen limi-
tanon on poducbv'ity.

Kitby-Smith and Batber �979! found tela-
dvely high nutrient concentraions in freshwater
runoff tram devdaped land into the head waters
of the Narth River. but natu' swamp forest
drainage had very low corcentrt trawl' of phos
pharus and nittogtm �'able 14!. 'Ihcse data an

and phaspbcmts suggel that as popula-
titm and dcvejopnsmt has iacreascd around the
NRES, thc rnarietu inptas have itaaemed sub-

stantially, even though concentrations in the
open estuarine waters tetrtain tow enough that
phytaplanktan productivity would be almost al-
ways nutnent-hmited

There are fcw data available on the amen-
tiatian of silicon, probably bema concentta-
tians are so high that there is no indication that
they would ever limit duuam production. Rasm-
berg �981! reported concentrations of silicon of
10 to 20 lsgw Si/1 in a diel study at Pivers island
Kirby-Smith and Barber �979! rncast tied sili-
cate on two rss~s in natural swamp strestn
waters and tbe headwaters af the North River
and rcpxmi vahtea greater than 90 lsg& Si/l.

r~. w
nutrient cotlccn-
trations fttm!m! in a
naturaI stvamp stream
and the hcathwsrers of
the North River
recor ded between
Feb.!975 and Sept.
J976. "nd"~not

detected  Nirby-Stnith
and Barber, !979!.

Natural Stream

Mean Range

0.38 ~ 0.83 30

0.33 nd � 1.23 25

1.95 nd � 10.9 31

0+2 nd � 3.18 35

5,73 nd � 383

465 ~ 183
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Tabk 12.
nutrient
concentration
<ttg.adl! d~g
tuatvn  May-Oct.!
and cool  Hov.�
Apr,! periods for
threcareasin the
NJKS. tValues are
means and ranges
tvith "nf' not

detectable/from
Sanders and
Xuenskr, !979!.

Tabk l3.
Average nutrient
concentran'ons Ntn/I!
in three areas of the
PIRES, Wartrt~ay to
Sept.. coo!~Sept. to
!tfay, DIP~disso!ved
inorganic phosphate,
DOP= dissolved

organic phosphorus,
PP~partictdate
phosphorus,
Phosphorus is the
annual irver age.
 from Thayer, 197!.!

North River  Headwaters!
Mean Range



Data available on ~ patterns of nutri-
CAI COACentranain Suggest that, ln general, ihCfc
is nat a great differencc in levels of phosphorus
and nitrogen during the warmer mantha than dur-

the colder months  Table 14!. Thayer �971!
faund that phaaphCauS and nitrate ConccntratianS
did have peaks in the }ate spring and early nun-
mer and that atnmonia peaked in thc hue spring/
car}y sununcr and again in thc huc faII, Rascn-
berg �981! exiunincd both diel and ~
changes in nutrient canccntntnons in water
pumped }lorn thc Bcaufart ~ at Pivers la-
}and. SCaaanal patterns and Caneentratiana wete

to those of Thayer �971! except that
atrura~ was four times as ccxiccntnucd. Sirnul-
taneouS meilslucmiCAIS at lhC pump lillakC and m
the outflo af the nxtwatcr system showed that
t}us ammania was gerated in thc seawater sys-
tem, possibly as a resu}t of excretion by fouling
organisms within the pipes. ln his dicl studies.
Romnbcrg �981! fOund that nitrate, nitrilC and
silicQIc showed lin}c vanability over a 48-hour
pcriad, but thc ctaiCCADation Of ammonia, pri-
mary amines  an organic form of dissolved nitro-
gen! and phoaphate increased during the night
and dcc~ during the day  Figure 18!, He at-
tributed the inane at night Io an increased rate
af zooplankton excretion as lhey grazed on
phytoplanktan, coupled wiih a dcoimsc in pri-
mary pmductivity  no hght!. The decrease in the
day was attribute to rapid pimary producuvity,
reSulting in rapid uptake Of thOSe nutrientt regen-
erated during the night. Chlorophyll g c uimalcs
Of phytaphnktan biomasS Sgipancd thiS inter-
pretation.

Fram 1982 to 1983. J. Ramus and his stu-
dents at Ihc Duke University Marine Laboratory
investigated thc nutrient and phytaplanktan dy-
namics of thc Newport River estuary by sam-
phng a Suuion in the, middle of Ihe estuary  narth
Of Crab Polfli! every hour fof twa weCkS an a
seasonal basis. Litaker and Ramus �983! report
a strong tidal Canpancnt in nunient Ctaiecnira-
tians and phytaphnktan abundmw, with high
values ~sd with low salinitics and Iow val-
ues with high salinities. ln addititxi, Litakcr ct
al.  in press! observed thc strong diel variety
pseviausly noted by Romnberg �981!. Ammo-
nnun cora~uabom tets:hcd a maxirnurn ~
than 2 Itg-at/} mvcral hours after dawn and a
minimum of less than 0 5 itg-at/I in the carly af-
temoan, Ch}araphyll g.eanecnuatianS were
yeech in the aflertuxsn with a mean of 22 }II/I
aud Ioweat alnund dawn wilh a tnean of 12 Ilg/I,
Thc Changes ~ due to Zaaplankttm grazulg
and phytap}ankton Nowth, data which suggest
that biological factors are extremely important m
Oanualljilg ~ pioduCDvity t}uough thC

~ Of rapid Autflellt fcgcncranon.
I COACcnuabaAS irl pate watclS Of

tS in thc Ncwptxt RivCf Catuary have
b m~}ptted, palDCularly in re}alice ta
~ bet}s, Kcnwarthy �981!, Kcnwarthy ct
g �98O 1982! and Kcnworthy and Thaycr
�978 1979 1980! found that thc ptae water in

eelgrass beds had an arnmania
COACentrttnOO Of 50 II84u N/I. But maidc the
beds this valise itaneascd to an average af 2%
Itgdk N/l. ANtlnCNut CraaCCAIratian utcreÃted
}ram the Surface of the acdirnCnts to a depth Of 6
to 9 cm ttAei which it nntuuncd le}anvcly ctzl-
stanL Bosao �978! tepartcd that the nitrate val-
ues in pore vratem were approximate}y thc same
as those in the Over}ying water column.

There are only a few snxhes that dca} with
nunient f}uxea in the NRES. Thaycr �970! in-
vcangatcd the f}ux raiCS Of phaaphCruS atnang
the differen fOrmS in whiCh it iS fOund in the wa-
ter column. His resulls indicated that dere is a
rapid exchange among dissolved inorganic phos-
pharuS, diaaolved Organic plx~harlis and par-
Dcu}atc phosphorus. He suggested that dissolved
inorganic phosphoruS iS not likdy tO bCCame
Iinl!ting lo phytapl&lktan SlnCC lt is readily re-
placed }rom thc other forms of phosphorus as it
iS usCd. Smith �976! Studied the regencmtion of
niuogcn  ammonia and urea! by zaap}anktan and
fOund thai it aCcountS for only 16 percent Of thc
nitrOgen ncx~aary fOr phytaplanktan, Shc cOn-
Cludcd that zooplankton probably play only a
minor role in nutrient cychng in thc estuary.
However, the data of Stems �983! suggest that
Smith's �976! zoophinkton biomass were
great}y tmderestimated  by as rnid h as a factar of
10! which would mean that niuogen regeneration
by zooplankton is probably the most significant
source of this element in the Newport River estu-
ary.

}n the ori}y study to date on the effects of
bcnttuc tn'I~isrns in lhe NRES on nutrient re-
generation, Bosso �979! fatmd that thC commOn
mud sntn}, I}1 inassa abao}cta probeMy plays only
a small rale in niungen regeneratian }rum Sedi-
ments to the water column, ~y by its bur-
rowing activities,
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