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WATER RESOURCES OF NORTHEAST NORTH CAROLINA

By H. B. Wilder, T. M. Robison, and K. L. Lindskov

ABSTRACT

Northeast North Carolina is experiencing what many feel is the
leading edge of an economic boom. Associated with the development of
this 8,930 square mile coastal area are several water-related problems.
Among them are (1) the possibility of saltwater encroachment into
surface-water and ground-water supplies due to heavy pumping or flooding
from wind-driven ocean tides; (2) artificial drainage from large corpo-
rate farms is changing the runoff patterns in the area, (3) channeli-
zation of existing streams to reduce spring flooding of farmlands may
adversely affect stream ecology.

The solution to these problems depends in part on adequate know-
ledge of the hydrology of northeast North Carolina. Although it is
hydrologically the least studied area of North Carolina, enough is known
to present a reconnaissance-level description of its water resources.

Average annual precipitation on the area is about 50 inches. Of
this amount, about 34 inches returns to the atmosphere via evapotranspi-
ration, about 15 inches leaves the area as runoff, and about 1 inch
leaves through ground-water outflow.

Large streams flowing into the area include the Chowan, Roanoke,
Tar, and Neuse River. These convey an average flow of 17,500 cubic feet
per second from an outside drainage area of nearly 20,000 square miles.
This is about three times as much runoff as originates within the study
area if precipitation falling directly on large bodies of salty open
water is not considered.
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The lower aquifer also dips and thickens to the ecast and southeast;
its average thickness is 2,780 feet and it is over 7,000 teet thick at
Cape Hatteras. In areas where the aquiter contains treshwater, yields
to individual wellg may be several hundred to as much as 1,000 gallons
per minute. Such high yields are due to the lower aquiter's great
thigkness—--its hydraulfic conductivity is much lower than the limestone
aquifer.

The lower aquifer contains exclusively treshwater only in the
northwest part and the western fringe ot the study area. Within a 20-
mile wide strip east of the completely freshwater arcas, treshwater
overlies saltwater in this aquiter. Farther cast, the aquiter vields
only saltwater. Where the water is fresh, it is the best quality water
of any of the major aquifers. It is a sott, alkaline water that ve-
quires little or no treatment tor most uses. The only sevious potential
quality drawback is that the water may contain excessive tluoride in
some locations.

There is a close interdependency among the various components ot
the hydrologic system in northeast North Carolina and planning tor land
and water management should consider this caretullyv. large-scale agri-
cultural drainage projects are altering the hyvdrology ot the arvea; heavy
pumping of the limestone aquiter is taking place in parts of the area in
connection with phosphate mining operations. These and other operations
may have profound effects on the hydrology ot the arca and should be
more thoroughly examined to insure an orderly development of the waten
resources of northeast North Carolina.

INTRODUCTION

Northeastern North Carolina has been one ot the largest economi-
cally underdeveloped areas along the southeastern scaboard,  (Scee
fig. 1.) The potential for recreational, agricultural, and commercial
development in the 8,230 mi- area far exceeds what has actually taken
place. Beaches, sounds, estuaries, and lakes provide abundant oppor-
tunities for water-related recreation, Timber, phosphate, and limestoae
are available in commercial amounts. The rvich peat soil tound in many
areas is a type highly prized tor farming. What many call the leading
edge of.am economic boom is now taking place and the area's under-
developed status is rapidly changing.

The Outer Banks are now being rvapidly developed for recrveation
particularly in the Nags Head area. Plans to pave roads in the extreme
northern part of the Outer Baunks could lead to even more vapid develop-
ment of that area, especially in terms ot beach cottages and scrvice
establishments. The coastal area on the north side ot Albemarle Sound
is relatively undeveloped, and its location is convenient tor vectve-
ational development to serve not only North Carolinians, but also the
huge Washington-Baltimore metropolitan area.
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Figure l.--Northeast North Carolina.
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Since 1965, large-scale phosphate mining operations have been
taking place in Beaufort County and plans are now (spring 1976) being
formulated to expand these operations. Other industries, particularly
in the textile and wood products fields, have shown increased interest
in expanding operations in the area.

Water Problems

Attendant with these developments, there are and there likely will
continue to be problems of water supply and water quality. Some are
problems common wherever development occurs, and others are rather
unique to the northeast North Carolina area.

Development of water supplies requires careful attention to the
possibility of saltwater encroachment into surface- and ground-water
bodies in large areas of northeast North Carolina. Extensive coastal
areas are less than 5 ft above mean sea level and wind-driven ocean
tides sometimes drive brackish or salty water upstream into lakes and
rivers that are normally fresh. Pumping from wells anywhere in.the
study area can induce brackish water (which occurs naturally at depths
cranging from less than 100 ft to more than 600 ft) to move into natu-
rally freshwater-bearing zones. Heavy pumping averaging 65 Mgal/d {is
taking place in Beaufort County {in connection with pliosphate mining, and
locally saltwater intrusion into the Castle Hayne Limestone is now
taking place.

Finally, massive drainage and land-clearing operations by large
corporate farms have recently taken place and are continuing in the
area; perhaps more than 500 mi“ in northeast North Carolina will be
affected by 1980. There are several water problems related to these
agricultural developments. Artificial drainage projects for large
corporate farms are changing the hydrology of large areas, according to
Heath (1975). Increased runoff from drainage ditches at times may
adversely affect the fishery resources in the study area. Efforts to
reduce spring flooding of farmlands by channelization of existing
streams have raised serious questions about the effects of channeli-
zation on stream ecology. The answers to these and other questions are
needed to ensure proper development of the water resources of northeast
North Carolina.

Purpose and Scope

The purpose of this reconnaissance-level report is to present base-
line knowledge of the hydrology of northeast North Carolina for use in
identifying and solving water-related problems associated with acceler-
ating economic and recreational development of the area. The report
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was done by the U.S. Geological Survey in cooperation with the U.S. Army
Corps of Engineers. It provides information about the occurrence,
quality, and variability of surface and ground waters in the region.

Previous Investigations

There have been no past water-resources studies of northeast North
Carolina which cover the entire area and all major aspects of hydrology.
Nevertheless, many useful studies have been done which cover parts of
the area or which relate to one or more aspects of its hydrology. Many
of these are reported by Lindskov (1973) in the form of an annotated
bibliography and will not be repeated here. Since then, several in-
vestigations have added to knowledge of the hydrology of the area and
have been added to Selected References at the back of the report. The
North Carolina Water Resources Research Institute has recently completed
several studies of the effects of fertilizer nutrients on the waters of
the Coastal Plain [Gambrell and others (1974), and Hobbie (1974)]. The
North Carolina Department of Natural and Economic Resources has also
completed several important studies relating to ground-water use in the
Coastal Plain [Peek and others (1972), North Carolina Groundwater
Section (1974), and Peek and Nelson (1975)]. Finally, the U.S. Geo-
logical Survey has recently published a preliminary report on the impact
of agricultural developments on the hydrology of the Albemarle-Pamlico
region (Heath, 1975). The Geological Survey also has studied the
potential effects of channelization on the Creeping Swamp watershed
(Winner and Simmons, 1977) and is expanding work on the study of the
hydrologic effects of land clearing in the Albemarle-Pamlico region.

PHYSICAL SETTING

Northeast North Carolina lies within the Coastal Plain Province as
described by Fenneman (1938). The average annual temperature is about
60°F (15.6°C), with a frost-free period usually lasting from late March
to early November. The area includes all or parts of the 17 most north-
eastern counties in North Carolina. The land generally is flat and low
lying; much of it is swampy. In fact, almost the entire area is less
than 25 ft above mean sea level. (See figure 2.) Of the 8,930 mi?
area of northeast North Carolina, about 2,400 mi’ is open water in
sounds and estuaries.

The two largest bodies of water in the area are Albemarle Sound and
Pamlico Sound, which are partly cut off from the ocean by the Outer
Banks. The three largest estuaries are those of the Neuse, Tar, and
Chowan Rivers. These are also three of the four largest rivers in the
area; the other being the Roanoke River. None of these major rivers
originates within the study area, but they carry the drainage from
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19,400 mi” into the study area. This, plus the internal drainage from
6,500 mi® of land surface within the area, makes an effective drainage
area of about 25,900 mi® .

Northeast North Carolina has several large freshwater lakes.
Pertinent information about the major lakes in the arca is given later
in the report.

There are three major aquifers in northeast North Carolina--an
upper aquifer consisting primarily of sands and clays, a middle lime-
stone aquifer, and a lower aquifer consisting of complexly interbedded
layers of sand, silt, shale, limestone, and dolomite.

The chemical quality of the tresh surface waters of northeast North
Carolina is generally good where it is not mixed with scawvater. 1t does
not contain objectionable amounts of any dissolved mineval constitucents,
except that some streams draining the area in which the Castle Hayne
Limestone is near land surtace contain moderately hard water during
periods of low tlow. The only undesirable charactervistic ot the tresh
waters of northeast North Carolina is that water drained from swampy
areas may be colored. This is not a problem for drinking purposes, but
above 20-40 units, it may stain laundry, paper, ctc.

The chemical quality of ground water is highly variable. Water
trom the upper aquiter is generally low in dissolved solids, but in some
places may require treatment tor acidity, iron, or hardness. Water trom
the limestone aquiter generally is hard, high in alkalinity, and tends
to form scale. Finally, water from the lower aquifer, where fresh,
generally is soft and non-corrosive, but may contain objectionable
amounts ot iron, sodium, and tluoride.

The Geological Survey maintains a data-collection network in norvth-
cast North Carolina and annually publishes records of stream discharge,
pround-water levels, and chemical analyses of surface and ground waters.
Many of the interpretations in this report are based on these data.
Discussions of this data-collection network arve contained in Lindskov
(1973) and in later sections of this report.

THE HYDROLOGLC CYCLE

The waters ot the earth are kept in constant circulation as energy
from the sun converts liquid water on the carth's surtace to vapor, and
the vapors arve transported by winds to other arecas where the water again
reaches the surtace as precipitation. CGravity then causes the liquid
water to move, overland or underground, back toward the occans.  This
constant circulation is known as the hvdrologic cvele.




The amount of water avai{lable in any area at any time {s controlled
by the interactions of the various components of the hydrologic cycle in
that area. Because over long periods of time, the amount ot water
stored in the area {s almost constant; a natural water budget fox
northeast North Carolina can be defined using the hydrologic cvele
stated in terms of the following equation:

IF + P = ET + OF Gk

Where

¥

L¥ fnflow or liquid water entering the area in

streams and through aquiters,

P = precipitation or liquid water entering the
area through the atmosphere,

ET = evapotranspiration or wvater leaving the area
as vapor,

OF = outflow or liquid water leaving the area
through streams and aquiters;

which simply stated says that water entering the area {s equal to water
leaving the area.

In estimating a water budget tor the project area only those
tactors whose variations are important in controlling the amount ot
water available to the area need be considered. The terms tor intlow
(IF) and outflow (OF) consist of both ground water and surtface water.
The amounts of ground-water inflow and outtflow have not been determined
but, since the amount of ground water stored in the area remains rvela-
tively constant, only the ditference between the two, or change {n
pround~water storage (AGW), need be considered. Most of the surtace
water inflow and outflow are represented in the average ot 11,000 Mpal/d
of freshwater that enters the estuaries through major rivers. This
water results from precipitation that talls outside the project area,
and, while it {s of vital fmportance to the chemical gquality and ecology
of the estuaries and sounds, it is largely f{solated trom the {nternal
hydrology ot the area. Theretore, only the runott (RO) resulting trom
precipftation within the project area will be included i{n the areal
water budgets.

Considering only those components that oviginate within the study
area, equation 1 may be restated:

P = ET + RO + ACW




o ———————

where P and ET remain the same as in equation 1 and:

RO = runoff resulting from precipitation
within the avea
AGW = change in ground-water storage, or the
ditterence between ground-water intlow
and ground-water outtlow through aquiters,

Each of these elements will be discussed {n the tollowing sections.

Precipitation

Ultimately, the supply of water available to northeast North Caro-
lina is derived tfrom atmospheric precipitation. The mean annual pre-
cipitation throughout the area is about 50 {n/vr. Converted to volume
this represents 870 \Mgal/mtf)[vr or an annual average of about 8 tril-
lion gallons of raintall per year for the entire area. These average
figures can vary greatly however, both from place to place and from time
to time. As shown on tigure 3, precipitation ranges trom about «8 in/'vr
or 840 (Mgal/mi”)/vr {n the northern part of the area to about 56 in/yr
or 980 (Mgal/mi”)/vr fn the southern part of the area. Figure « shows
the expected distribution of total annual precipitation over long
periods at New Bern, N.C. During very dry years, precipitation may be
as low as 35 {n and, {n extremely wet vears, as high as 80 i{n. Precipi-
tation frequency curves similar to those of figure & could be con-
structed for other stations {n northeast North Carolina.

As shown on figure 5, the average precipitation in this part of the
state is distributed fairly evenly throughout the vear. The average
monthly precipitation is usually higher during July, August, and Sep-
tember. In a given vear, however, any month can be either excessively
wet or excessively dry. These patterns ave typical ot the study area.

The i{ntormation shown on tigures 3-5 emphasize the variability in
the amount of new water that reaches the area trom vear to vear., lhese
vaciations will take on {ncreasing signiticance as we consider what
happens to the precipitation once it reaches land surtace.
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Evapotranspiration

In northeast North Carolina evapotranspiration averapges about 34 in
per year, and results in the return of roughly two thirds of the rain-
fall back to the atmosphere. In heavily vegetated areas, which include
much of the project area, evapotranspiration has first-call on rainfall,
and during periods when potential evapotranspiration exceeds precipi-
tation there is effectively no water available to replenish the liquid
portion of the hydrologic cycle. During the months of May and June,
evapotranspiration usually exceeds average rainfall (fig. 6). During
such periods a moisture deficiency exists, and a part of the water used,
including both natural and man-made consumption, must come from storage.
Generally, except in spring and early summer, precipitation exceeds
evapotranspiration. However, the minimum monthly precipitation graph on
figure 6 shows that evapotranspiration losses can exceed precipitation
almost any month of the year. Conversely precipitation can be the
higher of the two for any month.

Evapotranspiration losses tend to be much more constant than rain-
fall from one year to the next. Therefore, the large variations in
annual precipitation result in significant ditfferences in the amount of
rainfall available to replenish the water removed from storage to meet
man's needs. Figure 7 shows total precipitation and evapotranspiration,
as calculated by Thornthwaite's method (Thornthwaite and Mather, 1957),
at New Bern for 1952-70. During the wettest year (1955) rainfall ex-
ceeded evapotranspiration by 36.1 in. However, during the driest vear
(1954), precipitation exceeded evapotranspiration by only 8.4 in.
Volumewise this represents 627 (Mgal/mi?)/yr in 1955 and 146 (Mpal,
mi?)/yr in 1954, or a difference of 481 (Mgal/mi-<)/yr of excess precipi-
tation between the two years. If the entire period of precipitation
record (1872 to present) at New Bern is considered the minimum precipi-
tation at New Bern was 35.3 in, in 1897, which is 1 in less than the
maximum calculated evapotranspiration in 1970.

The obvious implication is that, at least for periods as long as
one year, little or no net replenishment of water supplies may occur in
the area. It is impractical to attempt to predict the likelihood of
such conditions occurring, but the cumulative frequency curve of tigure
4 indicates that precipitation as low as 35 in is not expected to occur
more often than about once in 100 years on the average. FEquivalent
curves for both potential and actual evapotranspiration calculated from
climatological data at New Bern, shown on figure 8, indicate that there
is about a 3 percent chance that actual evapotranspiration will equal or
exceed 36 in during any one year. Because there is no assurance that
minimum precipitation and maximum evapotranspiration will occur simul-
taneously, it is not possible to predict the frequency of an annual
moisture deficiency, but it is expected to be less frequent than once
each 100 years on the average.
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Surtace-Water Runoff

One of the major gaps in present knowledge of the hydrologle system
in northeastern North Carolina is little direct information concerning
surface-water runoff characteristics. Because major rivers are tidal
and non-tidal streams are small and have little slope, it is not possi-
ble to measure streamflow by conventional techniques. The major river
channels are drowned remnants of ancient river valleys cut when sea
level was lower than {t is at present, and they are capable of trans-
porting much greater quantities of water than passes through them now.
As a result, net scaward flow in them {s extvemely slugeish and, over
short periods of time, the direction of f{low may be upstream in response
to winds or ocean tides. Smaller streams, at least in the interior of
the area, may not be appreciably affected by tidal backwater, but the
slopes of their channels are so low that, at lower flows, velocities in
them are too low to measure.

There are, however, two methods for estimating the amount of stream-
flow or runoff resulting from precipitation within the area. One is to
assume that rainfall-runoff relations developed for gaging stations near
the western perimeter apply throughout the arca. Streamflow statistics
developed in this manner are presented in a later section. The role of
streamflow In the gross areal water budget can be calculated using aver-
age precipitation as 50 in. in equation 2 and the duration curves for
potential evapotranspiration (fig. 8). This has been done on {igure 9
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Figure 9.--Duration of annual runoft for small streams in northeast 1
North Carolina.
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which shows the frequency with which annual streamflow, shown as runoff
in inches, may be expected to be equal to or less than certain values.
It is seen that, using potential evapotranspiration values, the esti-
mated annual runoft equals about 15 in/yr, which is roughly 94 percent
of the precipitation that is left after the demands of evapotranspi-
ration are met.

Ground-Water Contribution to Runoft

All of northeastern North Carolina i{s underlain by a series of
sedimentary rocks ranging in total thickness from about 400 feet in the
northwestern part to 10,000 ft at Cape Hatteras. A portion ot the
precipitation falling on the area percolates through the soil, and,
below a certain level, fills the peres between the grains of the sedi-
ments. The depth at which the sediments become completely saturated is
called the water table (fig. 10), and water can be withdrawn from wells
completed below this depth. The amount that can be withdrawn depends
primarily upon the thickness of the saturated sediments and the ecase
with which water can move through the pores. The water table itselt is
free to rise and fall with prevailing conditions, and may range from
land surface to a depth of about 10 ft below land surface over most of
the area. In deeper zones water may become entrapped bencath tipght
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Figure 10.--Different types ol ground-water eavironments in northeast
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layers of clay or silt and be contined under pressure. Water levels in
wells penetrating these pressurized zones may rise anywhere from a few
feet above the bottom of the contining bed to several feet above land
surtface; but in either case such wells are called artesian wells.

Movement of water underground is very much slower than movement
over the surface. Even in the deeper aquiters, however, water is in
constant motion and, through various routes, is making its way to the
sea. It {s estimated that the total recharge to the water table aver-
ages about 11 in, or 190 (Mgal/mi”)/yr. Under natural conditions about
10 in of this recharge rapidly seeps into nearby streams and drainage
channels and leaves the area as base runott.

An additional amount of water enters and leaves the areca under-
ground as ground-water inflow and outtlow. At present, there is no way
of directly estimating the magnitude ot either ground-water inflow or
outflow, but it is possible to include them in the areal water budget as
the excess of outflow over intflow (AGW) as calculated trom equation 2.
The resulting value is 1 in or 17.4 (Mgal/mi”)/vr.

Areal Water Budget

A schematic representation ot the operation of the hydrologic cvele
in northeastern North Carolina is shown on tigure 11, The numbers used
to compile the illustration are estimates, and no degree ot precision is
implied that would, for example, allow the exact separation of | in ot
pround-water outtlow trom the other components ot the cycle. Certain ot
the components such as precipitation and streamflow have been measured
directly in parts of the area; and others, such as evapotranspiration,
overland runoft, and ground-water runotf{ were calculated using genervallv
accepted methods.  They represent the best ettort now possible at
establishing the gross areal water budget that is basic to planning tull
development of the water resources ot the area.

The only significant portion of the total water resources of the
area missing trom this picture is water stored in surtace-water bodies
and in underground reservoirs. Surface-water storage, while tremendous,
is probably not signiticant insofar as water supply is coucerned because
most of {t is in estuaries and sounds, which are salty. Additionally,
there is a relatively small amount of treshwater stored in natural lakes
that may be significant tor local supplies but not to the overall water
budget. CGround-water storage is also tremendous, and will be discussed
quantitatively in later sections devoted to tndividual agquiter syvstems,
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Figure 11 also {illustrates the interdependency of all aspects ot
the areal water budget, and clearly suggests that, when man alters the
natural operation ot the cycle by large withdrawals of water, he must
consider the overall consequences. The one unalterable part ot the
cycle is total precipitation, which controls the amount of new water
entering the area, and, though {t varies greatly from year to year, is
beyond man's capability to intluence significantly at present. The
second most firmly set part is evapotranspiration which has first call
on precipitation and, during dry vears, consumes it at the expense of
other parts of the cycle. 1t is possible to reduce evapotranspiration
by removing deep-rooted vegetation and drastically lowering the water-
table of shallow aquifers by ditching or areal pumping of shallow ground
water. These practices, however, may have far-reaching effects on the
ecology of the area. While these effects might be tolerable, careful
study of them is advisable betore the practices are allowed to occur
widespread.

Large-scale pumping of ground-water from the deeper zones (lime-
stone and lower aquiters) tends to induce more recharge to these zones
which must eventually be at the expense ot other parts of the hydrologic
cycle.

SURFACE WATER

Despite the abundance of surface water in Northeast North Carolina,
there is far less direct information concerning the tlow characteristics
of streams in this area than for any other part of the state. This lack
of information is partly a result of the fact that low stream slopes and
tidal influence make measurement of streamflow by conventional tech-
niques {mpossible, and this area has, therefore, been largely ignored in
basic-data collection programs. Flow data have been collected at
approximately 100 sites on small streams in the project area (fig. 12),
but at most ot these only a few measurements were made and these at very
low flows. Continuous flow records have been collected at only seven
locations within the area. All of these lie in the higher areas west of
the Pamlico escarpment, and the degree to which these data are charac-
teristic of the more low-lying outer Coastal Plain is not known.
Recognizing the uncertainty involved, the data that are available have
been extrapolated to provide estimates of the characteristics of surface
waters throughout the area. These characteristics are described in
following sections of the report.

i e A ot S AT o™ G

Although large estuaries and sounds, that mostly drain areas out-
side the project area, dominate the topography of northeast North Caro-
lina, surface drainage originating within the area is most important
insofar as the areal hydrology is concerned. Detailed maps show that
internal natural drainage is accomplished by two distinctly different
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Figure 12.--Location of stream-gaging sites in northeast North Carolina.
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systems. In the western part of the area, where land surface is more
than 25 ft above mean sea level (fig. 2), the well defined dendritic
stream system common to the inner Coastal Plain and Piedmont terrains
provides for distinctly channeled surface runoff. Farther east, where
the land surtace is less than 10 ft above mean sea level, the stream
system diminishes to a few short channels that tend to drain perpen-
dicularly into the larger rivers and sounds. The number of miles of
natural stream channel per square mile of drainage area here is only a
small fraction of that found farther inland.

There are two possible implications of this lack of a well-defined
drainage pattern. The first is that there is not enough local runoff to
require a natural drainage system of the same magnitude as that required
farther inland. The gross areal water budget equation (equation 2)
shows that this assumption {s tenable only if evapotranspiration is suf-
ficiently greater in the outer Coastal Plain to consume much of the
water that elsewhere becomes streamtlow. The second possible impli-
cation is that the amount of surtace drainage is cousistent with what
might be expected trom the amount of precipitation, but the nature of
the runotf is different in the outer Coastal Plain from that in the
inner Coastal Plain.

The exact nature of the drainage is, to a degree, speculative.
Visual observations indicate that, during periods of heavy raintall, the
few natural streams expand to great widths and cover large areas of the
land surtface with what amounts to sheet tlow or "swamp drainage."
Because of the very low land slopes, this flow consistently does not
reach velocities high enough to cut well defined stream channels, except
in places where indentions in shorelines of estuaries and sounds allow
the flow to concentrate and escape from the land mass. Once tlood flows
have subsided, the drainage is continued in the form of seepage from the
swamps to the shoreline channels. These channels are inundated remnants
of ancient channels carved by erosion at a time when sea level was much
lower than it is now. Their capacity to transport water is so great in
proportion to the amount that presently seeps into them during low-flow
periods that net downstream velocities are too low to be measured by
conventional techniques.

Average Streamtlow
Major Rivers

Large rivers, including the Chowan, Roanoke, Tar, and Neuse Rivers,
convey freshwater from a total of nearly 20,000 mi’ into the project
area. The total average flow of all of these rivers is 17,500 ft'/s
which probably amounts to about three times as much streamflow as origi-
nates within the arvea itself.
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None of the major rivers have been gaged within the project area,
but flow is well detined ftor 60 to 90 percent of the drainage arca out=
side the project limits. Flow data from the most downstream page on
each stream have been expressed as discharge per square mile, and in
this form can be used to estimate flow into the arca. On a long-term
basis, average ftlows on a unit basis through all of the major vivers arve
within narrow limits, ranging trom 0.80 (ftd/s)/mi” for the Roanoke
River to 1.05 (ft'/s)/mi- tor the Neuse River. These differences are
largely a result ot differences in raintall over the various river
basins. For shorter periods, however, tlow can vary considerably trom
average values. Figures 13-16 show frequency curves tor annual average
discharges for each ot the tour major rivers. These curves define the
probability of the annual discharge being equal to or less than, a
specified value during any vear. For example, the trequency curve tor
Neuse River, shown on figure lo, shows that in any one vear the proba-
bility of the annual average discharge being less than 0.4 (£t /s) /mi’
is 1 percent. Also from tigure o, the probability that the tlow will
exceed 2.1 (ft¥/s)/mi” in any one vear is 1 percent.

These discharge statistics for major rivers show the variability of
average natural inflows of treshwater into the study area. The next
section discusses average flows ol streams originating within the area.

Intra=-Area Streams

In the absence of direct intormation concerning the variations in
surface runoff over much of the area, flow characteristics can only be
estimated from data collected at the higher elevations. For periods ot
time as long as a vear, these estimates are probably valid. Because
evapotranspiration is tairly constant from vear to vear and we have as-
sumed it to be constant across the study area, then annual tlow vari-
ations should be dependent upon varfations in precipitation.  VFigure 17
is a plot of annual runoff tor all gaging stations in, or near, the
project area and annual raintall recorded at the National Weather
Service gage nearest each individual site. The correlation coetticient
dor the relationship is 0.78, and seems to support the assumption that
ammual runott can be estimated by subtracting average anuual ovapo-
transpiration from annual precipitation. Figure 18 shows annual runott
across the area estimated from rainfall and the curve ot tigure 17. The
calculated runotf was checked against measured runott at tive gaging
stations in or near the study areca. FEach of the gaging stations had at
least five years of record and measured runott from at least O wmi® .

The values ot calculated and measured runott were nearly identical.
Figure 17 can also be used {n conjunction with tigure 4 to estimate the
range in yearly runott. For example, tigure 4 shows that there is about
a 4 percent chance that precipitation at New Bern will be equal to or
less than 40 in tor a given vear. Figure 17 shows that when vaintfall is
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Figure 17.--Relation of annual runoff at gaging sites in ecastern
North Carolina to annual precipitation at the nearest National
Weather Service gage.

40 in runoff will be about 11 in. It follows that runoft will be equal
to or less than 1l in about 4 percent of the years.

In order to evaluate the potential of intra-area surtface drainape
for producing usable water supplies, some knowledge of variations in
runoff for periods shorter than a yvear is needed. Annual runott will
vary from vear to year, but even greater variations occur in runoft over
periods of davs or weeks. FEven though the average runotf may be en-
tirely adequate for a given need, runoff is not evenly distributed
throughout a year, and for extended periods runotf will be far less than
average values. Figure 19 shows average monthly runott tor streams
within the project area. The lower flows tend to occur during the tall
when precipitation is low, and evapotranspiration losses are still
relatively high. Higher flows occur in winter when evapotranspiration
is at a minimum. The monthly values shown are based upon data collected
at gaging stattions that generally have less than ten vears of continuous
record, and may not be strictly representative of long-term averapes.
They do, however, indicate the general seasonal variations that might be
expected. Even average monthly values do not entirely detine the tlow
variations that must be accounted for, because these values represent
the average discharge for a particular month over a period of several
years. Obviously, as is shown by the precipitation curves on figure b,
any given month will be much drier some years than {t is in other vears.
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Low Flows
Major Rivers

The estimates of variations in average-annual discharges shown on
figures 13-16 are useful for evaluating general variations in fresh-
water inflow into northeast North Carolina or into the estuaries and
sounds; but, for most management purposes, flow characteristics that
might prevail over shorter periods are more important. Usually the most
critical periods are those of prolonged low flow, when salinities in the
estuaries and sounds are likely to be highest, and circulation and
flushing rates within these tidal waters are at a minimum.

Low-flow characteristics of major rivers entering the area may be
evaluated by use of low-flow frequency curves which show the probability
of flows being equal to or less than a given value for a specified
number of consecutive days. Figures 20-23 show low-flow frequency
curves for 7, 30, 60, 120, and 183 days for each of the four major
rivers. These curves are compiled from data gathered at the most down-
stream gaging station on each stream, except for the Chowan River which
is based upon combined flows from Blackwater River at Franklin, Va., and
' Nottoway River near Sebrell, Va. So that inflow from different areas
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may be compared on an equal basis, flow frequency data are shown in
units of cubic feet per square mile.

There is a marked similarity in low-flow frequency values for all
of the rivers except the Roanoke, where natural low tlows are augmented
by releases from Kerr Reservoir and Lake Gaston. The significance of
this low-flow augmentation is illustrated by the fact that at the 10-
percent probability level (occurs at intervals averaging once every 10
years), about 75 percent of the 30-day low flow to the estuarfes is made
up of flow from the Roanoke River basin which constitutes 48 percent of
the total drainage area. This increased low flow may have increased the
flushing efficiency of the brackish surface-water system, particularly
Albemarle Sound and its tributaries, but has probably also decreased the
average salinity and tended to cause suspended nutrients and organic
pollutants to be transported tarther seaward before they settled to the
bottom. Whether this may have detrimental effects in the lower sounds
and tributaries is speculative at the moment.

Intra-Area Streams

To evaluate the general distribution of flow in streams when suf-
ficient data are available hydrologists often use flow duration curves.
These curves are developed by arranging all of the daily discharges
available at a station in ascending order, and calculating the per-—
centages of days specitied flows were equalled or exceeded. Thus, it a
piven discharge was equalled or exceeded 95 percent of the days, dis-
charge was lower than that value 5 percent of the days.

Figure 24 shows the range of duration curves at all gaging stations
in the study area. The lower boundary represents minimum discharge per
square mile, and the upper boundary represents maximum discharge. The
spread between the two boundaries is due in part to the difficulty in
determining accurate drainage areas in terrain of such low relief and in
part to differences in flow characteristics among the streams. There
are a number of reasons why flow characteristics for all streams are not
more nearly alike. Factors such as slope and surface character of the
drainage basin, stream-channel characteristics, depths to which channels
are entrenched into aquifers that support base flow, lateral and verti-
cal water-transmitting characteristics of the aquifers, and type and
amount of vegetation contributing to evapotranspiration losses, all

tribute to the variations in flow characteristics among the streams.
Ihere s not enough information available to evaluate these factors for
each stream, and figure 24 merely represents ranges in flow variation to
be expected in the area.

Some streams have no flow for slightly more than 5 percent of the
days, or 20 days per year on the average, while others have been observed

31




PER SQUARE MILE

SECOND

PER

IN CUBIC FEET

DISCHARGE,

1 |
| ‘ :
X | | |
10+ +
N {
| AN ]
+ ‘ 1
e e 4 ‘ ‘
oo ‘ % + i S N +
| ! + Upper Limit |
L’ “+ —t l 4{ t ‘
‘ , yl ! |
| | I
L 1 +- $ + "
tower timi! T / ‘
Lokt : }
. +
Eeaer
+ t + +
s + f ‘b 4 I
I + + | ' ‘
- | | !
NS
—t— ‘ + +
| Exomple (83 doys or S5O percent of
+ the days n a yeor the discharges
t of some streoms oare os high os
045 (1% )/ mi%, while others ,
Q i:, are only os high or higher than
T |H35', mit
haasdo s LR b t }
:% B I f {
| |
0 e v
I l“ T=t f 4 4 '
a2 [ B |
i == ‘
1 T ! t
| |
001 : F L i
E +
r ¢ ‘
B I | |
o] s R |
Ll 4
00! ' I l
- N WV O wy L =1 [ =] QL O O Q0 O
oo o - — o M g o o ~
PERCENTAGE OF TIME DISCHARGE f£QuALS

1 T 11
[ , {
oy . ,;,-J
o»l
1
o o
ettt
1 >
it R
, |
+ T 4 + + + 1
| |
+ + 1 r ‘ 4
| | l’ t
.
| | [
+ ‘ + . . *
+ ‘ + . . . +
' 4 ' ' 4
' | el ! G
| | IR R S
! i
. ) | . 4 +— 4
‘5 ¢+ Q A ————y
! }
t ] + + . ‘
| |
| I 1 5
1 e
‘ . + +—4
' —td 1‘
SR D S,
=
i
t
‘ .
|
+
l \
L)
| .\
‘ .
|
|
| |
() (&) uy ® O v O N
© [Sa) [Sal M R )
Lo 2 - o T - 2 )
OR EVYCEEDS THAT SHOWN

0.001

00001

Figure 24.--Range of uuration of daily discharge of streams

{n the study area.

32

KILOMETER

ARE

e~
>duU

Wi

(&)
x
<1

(&}
w




e )

D

to reach zero tlow tor shorter perfods ov not at all. As discussed
later in the report, large dittevences in the distribution ot tlows
equalled or exceeded about 75 percent of the time arve probably caused by
{ncreased base tlow resulting trom artiticially deepening stream
channels tor improved drainage.

surface-Water Ground-Water Relations

A major key to successtul management ot the water resources ot the
study area {s an understanding ot the relation between surtace water and
ground water, because base tlow of perennial streams is derived trom
ground-water seepage. lo northeast North Carolina the velation is so
{ntimate that {t is tmpractical to consider surtace water and ground
water in any manner except as two phases of the same system.  The
natural water table fs at or near land surtace throughout wmuch ot the
area.  Small stream channels, where they exist, are quite shallow, and
most ot the time tlow in them is maintained tvrom storved water contvi-
buted chietly by the top tew teet of the uppermost aquiter.  Conse-
quent ly any management practices that attect the water table would be
retlected rapidly fn stream discharpe.

The portion ot total streamtlow that comes trom the ground-water
svatem may be estimated by sepavating the discharge hvdrographs ot a
stream into the ground-water contribution to runoft and overland runott.
Cround=water runoft was determined by a hyvdrograph sepavation techaique
desceribed by Rasmussen and Andreasen (1959, po o3, This technique was
used to establish a velation between ground-water runott in Creeping
Swamp near Vanceboro, North Carvolina, and the average ground-water level
fn a water-table observation well 0.4 mi trom the gage on Creeping Swamp
during times when all the streamtlow is ground-water dischavpe.  The
relation {s shown in tigure 25. Dafly average water levels in the well
were plotted against the daily average discharge ot Creeping Swamp at
times during October 1971 to September 1970 preceding rises in the
stream when base flow conditions prevatled.

The relation in tigure 25 shows how pround-water runott to Creeping
Swamp may be estimated tor all conditions, including perfods when over
Land runott (s also occurring.  The ground-water runott component ot
streamtlow {n Creeping Swamp is compared with total streamt low on
tigure Jo.

Base tlow was about 65 percent ot the total tlow tor the period
shown in tigure 260. The 19720 water vear was chosen because a tecord ot
good quality and continufty was available. This was an exceptionally
wet vear, however, with the total vunott befng 31 {n as compaved to the
average of about 10 {n. During more normal years the amount ot overland
runotf would be less, and the percentage of base tlow would be higher.
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Artificial Drainage

Although under natural conditions much of the project area has no
well-defined drainage system, man's stream- and land-management practices
have resulted in a large percentage of the land surface having efficient
drainage systems. Many of the stream channels have been straightened
and deepened (channelized) to improve their capacity to carry high
flows. Also, much of the land has been cleared of natural vegetation
and dissected by a system of ditches designed to improve surface drain-
age to the streams and lower the water table to make the swampy areas
suitable for farming.

Artificial channelization and drainage have been assumed to sig-
nificantly alter the nature and amounts of overland runoff in coastal
areas; but few data have yet been compiled in northeast North Carolina
to measure these effects. At present the only means of estimating them
is by extrapolating flow records from locations where data are available
both betore and after channelization. One such location is Ahoskie
Creek near Ahoskie, N.C., where channelization on the main stem and some
of its tributaries was completed in December 1962. Duration curves of
daily discharge for the 12-year period before channelization (1951-62),
and for the 8 vyears afterward (1964-71), are shown on figure 27. Base
flow-~that supported completely by ground-water inflow and represented
on the lower discharge part of figure 27--was significantly higher after
channelization. Presumably, deepening of the channel exposed a greater
thickness of saturated aquifer, thus allowing more water to seep into
the channel. It is also possible that the newly-exposed channel bounda-
ries are more permeable than formerly. Ahoskie Creek had no flow about
5 percent of the days during the 12 years of record before channeli-
zation, but in the 8 years thereafter the minimum flow has been 2 and 3
i /s,

Significantly, annual runoff from Ahoskie Creek did not increase
after channelization. Winner and Simmons (1977) report no change in the
rainfall-runoff relation for the Ahoskie Creek watershed after channel-
ization. This contradicts several theories that predicted annual runoff
would increase after channelization. According to one, deepening the
channel causes a lowering of the water table which reduces evapotranspi-
ration losses from the watershed; this captured evapotranspiration be-
comes base flow in the streams. Accerding to another theory, the
improved drainage characteristics capture water by allowing it to enter
streams before it has a chance to be lost to evapotranspiration. This
would also result in increased runoff. 1f these effects do in fact
occur, they are so small that they do not noticeably affect the water
budget.

Another approach to evaluating the effects of lowering the bed of
the channel is by use of low-flow frequency analyses. Duration curves,
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such as figure 27, show the distribution of daily discharges, but give
no indication of the length of time a given flow might be expected to
continue. However, such information is important because many water
users might be able to tolerate a very low flow for a short period, but
not a long period. The low-flow frequency curves of figure 28 show the
flow conditions that might be expected over a specified number of
consecutive days. These curves also show that low flows were con-
sistently higher after channelization than before channelization.

Lakes

Seven lakes within the project area are large enough to merit some
discussion in this report. Pertinent information about them is given in
table 1 and their locations are shown in figure 29. Because of their
size, these lakes are important from a recreational standpoint and even,
to some extent, as potential water supplies. The origin of these lakes
has not been determined, but, in their present form they occupy de-
pressions in the land surface that are deep enough to intercept the
natural water table.

Under natural conditions these lakes fluctuate with the water
table; but, because they are located in the interior of swamps, such
fluctuations are minor. Recently, the swamps surrounding some of them,
Phelps Lake for example, have been drained for agricultural use, and the
resulting lowering of the water table has created a gradient from the
lakes to the surrounding shallow aquifers. Since the agricultural
drainage has occurred, the water level in Phelps Lake may have fluctu-
ated more than water levels in lakes where the surrounding topography
has been less drastically altered. At times, the water level in Lake
Phelps has been so low that there has been public concern that the lake
was going dry. The most widely held opinion is that seepage from the
lake into the surrounding drainage ditches is the cause of these fluctu-
ations. The validity of this opinion has not been determined, but there
is reasonable doubt that seepage to the drainage ditches is the major
cause of large water-level fluctuations, although seepage certainly is a
contributing factor. Seepage losses from the lake, calculated from
estimated values of transmissivity and the head difference between the
lake surface and the bottom of the perimeter drainage ditch, are no more
than a few inches per year (Heath, 1975, p. 73). This estimate of
seepage losses appears reasonable because during dry periods very little
water is found in the perimeter ditch, whereas water should flow in the
ditch constantly if seepage losses from the lake were significant. For
example, if seepage losses were sufficient to drain 2 ft of water per
year from the lake, a constant flow of 45 ft3/s would be maintained in
the ditch. Even if this flow were to leave the ditch at a velocity of
2 ft/s, which is an unrealistically high velocity for this area, the
ditch would be about 80 percent full of flowing water at all times from
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Table 1l.--Physical characteristics of the seven largest lakes
in the study area

iratton Surtace Average Storage
Name teounty) area depth capacity
y (acres) (feet) (acre-feet)
Lake Mattamuskeet..... Hyde 50,000 3.0 150,000
Was Y
Thalps Likeersossnvsss - [ EARAGEROR 16,300 4.0 65,200
Iyrrell
New Lake 4 2
) 4. 9,200
(Alligator Lake). Hyde 4,800 .0 ! 0
Pungo Lak€..esoosincsss vashington 2,020 4.0 10,480
Hyde
Ellls Lake. «iccssvssss  GCraven 1,100 3.0 3,300
long Lake.csssasscenes do. 1,100 4.0 4,400
Merchants Mill Pond... Gates 950 D 4,750

the lake alone. Because the amount in the ditch is nowhere near this,
it seems implausible that seepage to the artiticial land-drainage system
is causing large fluctuations in lake levels.

The only other signiticant natural water loss trom Phelps Lake is
net evaporation, or the excess ot total evaporation over precipitation.
Under natural conditions net evaporation losses from the lake were re-
placed by ground-water seepage into the lake. Once the water table in
the surrounding area is lowered by artiticial drainage; however, net
evaporation can only be replaced by precipitation on the lake when rain-
fall exceeds evaporation. During average years this excess of precipi-
tation over evaporation is slightly more than 1 ft, and water must be
released from the lake in order to maintain a desirable water level.
Only during the months of April, May, and June is average evaporation
greater than average precipitation, and then only by about 1-2 in.
During vears of abnormally low rainfall, however, evaporation can exceed
precipitation for a sufficiently long period to cause signiticant drops
in the lake level. For example, at the 5 percent probability level of
precipitation, net evaporation is about 18 in. Should two such vears
occur consecutively, which is possible but not probable, the lake level
at the end of the second year would be about 3 ft below normal. Such
conditions could develop in any ot the lakes that have been isolated
from the natural water table by drainage of the surrounding land mass.
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The significance of attributing fluctuations in lake levels to
evaporation rather than to seepage losses is the implication that the
lake is not in danger of going permanently dry, and only during extende«
droughts will water levels remain below normal more than a few weeks or
months at a time. As agricultural developments continue in northeast
North Carolina, it is possible that situations similar to that of Phelps
Lake may develop elsewhere.

Freshwater Quality

The chemical analyses of water samples collected at monthly and
daily stream sampling stations in or near the study area are summarized
in table 2, and the sampling sites are shown on figure 30. These analy-
ses provide annindicatton of the quality of water in both major rivers
and small streams during periods when significant encroachment of sea-
water is not a faetor. In general, chloride concentrations greater than
about 50 mg/L, and specific conductances exceeding 200 micromhos, indi-
cate that some seawater is present., DMost users, however, can tolerate
salinities represented by a specific conductance of about 800 micromhos
or less or a chloride concentration of about 200 mg/L or less, and the
dividing line between fresh and brackish water is arbitrarily placed at
these values.

Completely freshwaters (chloride less than 50 mg/L) usually do not
contain objectionable amounts of any disselved mimeral constituent. The
only undesirable characteristics of such waters is that they may be high
in color. Color, as used here, refers-to.the naturally-occurring, tea-
colored water usually associated with swamps, and in this area it tends
to be highest in waters with low dissolved solids. Color becomes barely
detectable to the human eye at about 5 units on the platinum cobalt
scale, while weak tea has a color equivalent to 'about 300 units. Color
is not troublesome for most users until it reaches a level of 20-40
units, above which it may 'stain laundry, paper, and similar items and,
while quite harmless, also may be esthetically objectionable for drink-
ing.

Hardness (see the limestone aquifer section of this report for
discussion of hardness) may also be objectionable in waters having spe-
cific conductance much greater than 200 micromhds. THE waters in most
rivers and streams of northeastern North .Carolina Aretsoft if no sea-
water is intermixed with them. Bechuse magnesium is the second most
abundant dissolved constituent in ‘'se:water, hardness increases rapidly
when seawater encroachment occurs.
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Table 3 pives chemical analyses of water trom the major lakes in
northeast North Carolina. With the exception ot Lake Mattamuskeet, all
ot the lakes sampled in the area contain treshwater.  Lake Mattamuskeet
s contaminated by salty water that probably enters the lake through
drainage canals.  These canals are equipped with control gates designed
to prevent saltwater entering the canals, but the gates sometimes tafl
to close properly because of clogping by trash and other debris.

Although all of the lakes other than Mattamuskeet arve fresh, water
in most of them would require treatment to be suitable tor most
purposes. There is a surprising variability in the quality of water in
ditterent lakes. The ditferences in water quality among the lakes, like
other aspects ot their hvdrology, seem to be related to the degree to
which the v surrounding physical eavironment has been distributed by
man. lLakes such as Ellis Lake and Long Lake, which are in near-
vandisturbed settings are highly acidic and contain little or no dis
solved calcefum.  The beds of these lakes are highly organic peaty soils,
and 2 part of their acidity results from carbonic acid produced by de-
cayving carbonaceous matter. he amount of acid in the water, however,
is higher than could be derived trom peaty soils alone; and, trom the
chemical analyvses in table 3, it seems likelv that the additional
acidity is sulturic acid produced naturally in the lake waters by the
oxidation of organic sultides in the peat beds.  The nearly complete
absence ot caleium in these undisturbed lakes is a phenomenon not previ
ously observed in waters of North Carolina. 1t likelv indicates that
the peat in this area is at least as deep as the bottom ot the lakes,
and the shallow ground water that maintains water levels in the lakes
has had residence only in materials that contain none of the shell
material oftten associated with sediments of the avea.

Lakes such as Phelps Lake, Pungo Lake, and, to a lesser extent, New
Lake, are in areas that have been drained for agriculture. Because they
no longer have free access to shallow pround water, they are maintained
primavily by precipitation dirvectly on their surfaces. As a rvesult,
water in them is quite similar to rain water that has been concentrated
v to 10 times by evaporation.

Salinity of bstuaries

Wind and tidal action mix tresh and seawaters in the sounds and
catuarine reaches ot streams in northeast Novth Carolina to torm a
brackish zone within which the salinity of the water is intermediate
between freshwater and seawater.  Near the upstream end ot the zone,
water {s sufticiently fresh to be usetul for most purposes (less than
500 mg/L ot dissolved solids), while near the downstream end salinities
may approach that of seawater (above 30,000 mg/l of dissolved solids).
During periods of low freshwater inflow, it winds are generally in an
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Table 3.--Chemical analyses of water from lakes in northeast
North Carolina

[Chemical constituents shown in milligrams per liter, except
specific conductance. pH, and color]
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Silica (5102).............. 0.3 5.2 1.6 0.4 0.3 0.1
Caledum (Ca) e seucnconseosa 4.0 6.0 2.0 .0 . 24
Magnesium (Mg).eeeeoceeaaas 1.4 1.9 1.0 .9 1o 39
Sodfum (Na).vesiceosonanoans 5.4 6.3 5.3 4.3 4.9 420
Potassium (K).ceeeeoeooonne .9 1.6 it R P 42
Bicarbonate (HCOB)......... 4 0
Carbonate (COJ).... ..... seis 0 0 0 l/O
Alkalinity as calcium
carbonate (CaC03)....... 2 3 0 0 0 5
Sulfate (SOA)°"""'°""° 15 25 13 10 9.5 110
Chlordde (Cl)iccscasscrnnes 9.5 8.2 6.4 7.0 8.9 760
Fluorids (F) ¢ovviviseeivees «0 <0 .0 .0 .0
Nitrate plus nitrite (N)... .10 +33 24 il .00 .02
Dissolved solids
(residue at 180°C)...... 54 103 46 41 43 1,500
Hardness (Ca, Mg) 16 24 10 4 6 220
Noncarbonate hardness...... 14 20 10 4 220
Specific conductance
(Ricromhos)eeeesseeeesss| 75 103 70 78 65 2,650
PHevssvecovossnevunnnemesas 6.0 Snd 4.6 3.9 4.5 6.7
ColoL. v vsvisenvevacevaiave 3 500 70 200 10 20
& pcsdtey s 8" = 0.2 wg/t.
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upstream direction, the brackish zone may intrude far up into the
estuaries. Conversely, when freshwater inflow is high, and if winds do
not oppose downstream movement of water, the brackish zone may be pushed
nearly to the major sounds, and the rivers may be fresh throughout most
of their length. This creates a rather complicated situation insofar as
planning the management of these waters, and information concerning the
pattern of seawater encroachment into rivers and streams of the area is
of vital importance if these waters are to be managed.

A general view of the salinity of water to be expected in major
estuaries 1s presented on figure 30. The shaded areas represent reaches
within which the brackish zone has been observed to be present at times
and absent at other times. Freshwater will be found more frequently
near the upstream ends of the shaded reaches than near the downstream
reaches.

Comprehensive long-term salinity data have been collected at eleven
sites within the area. (See figure 31.) The percentage of time that
salinity at these sites equaled or exceeded given values are shown in
figures 31 through 41. The values on the left side of the graphs are
specific conductance in micromhos per centimeter at 25°C. Specific con-
ductance furnishes a rough measure of the total dissolved mineral solids
in a sample of water. Total dissolved solids in milligrams per liter
may be estimated by multiplying specific conductance by a factor of 0.60
to 0.65. Waters with a specific conductance of 800 or less are arbi-
trarily considered fresh in this report. Chloride concentrations,
calculated from specific conductance, are shown on the right vertical
scale. In streams of northeast North Carolina chlorides greater than 50
mg/L usually indicate the presence of some seawater, but waters with
less than 200 mg/L of chloride are suitable for most uses, and are
considered fresh.

Salinity of Sounds

The sounds of northeast North Carolina are unique in the United
States. Offshore bars, known as the Outer Banks, have been built up
seaward of the mainland by wave action and long-shore currents, forming
a series of long, narrow, barrier islands with large expanses of semi-
enclosed open water, called sounds, landward of them. The ocean has
access to these sounds through a series of narrow inlets in the Outer
Banks. Although seawater is forced through the inlets into the sounds
on each flood tide, the buffering action of the Outer Banks is such that
tides which average about 4.5 ft in the Atlantic Qcean off Cape Hatteras
are dampened to less than 0.5 ft in the interior of the sounds. Fresh-
water draining through the estuaries into the sounds mixes with tide-
driven seawater to form a vast system within which the salinity
of water is intermediate between that of freshwater and seawater.
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Figure 4l.--Cumulative frequency curve of specific conductance
and chloride, Trent River near Rheme, N.C. (Fig. 30,
sta. 11).
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The salinity at any given time and place depends upon the prevailing
balance between freshwater and saltwater.

Except for wind currents, created by friction between moving air
and the surface of open expanses of water, movement of water in the
sounds is extremely sluggish except near the inlets. The regular lunar
tides do not create noticeable tidal currents, and the volume of water
in the lower estuary-sound system is so great that freshwater inflow
from rivers and streams does not normally produce continuous currents of
any significant magnitude. As a result, time of travel of freshwater
inflow through the system is extremely slow. No comprehensive studies
of flushing rates of the sounds have yet been attempted. Over periods
of time as long as a year the net flow in them is seaward; but little or
no seaward flow may occur for periods of at least a few months.

The salinity of sound waters varies greatly with both space and
time. Although some of them have been classified by some authorities as
freshwater bodies, potential water users must understand that nowhere
in the sounds are freshwater supplies available. The most comprehensive
data concerning the salinity of all the larger sounds have been compiled
by Williams and others (1967). Figures 42 and 43 show the average of
surface and bottom values of dissolved-solids concentrations for the
months of April and December based upon Williams' data. April repre-

sents conditions of low salinity and December conditions of high salini-

ty. The Geological Survey operated a daily sampling station on the
Albemarle Sound near Edenton, N.C., from 1957-67. Monthly average
salinities at this station were lowest in April and highest in December
(figure 44).

Wind Tides

Owing to the low relief of the land masses surrounding most of the
larger bodies of open water, large parts of northeast North Carolina are
subject to inundation by high water caused by wind tides. The possi-
bility of such flooding is an important consideration in planning land
use of the area. As low-lying areas are cleared and drained for agri-
culture, the likelihood of major economic losses caused by wind-driven
flooding increases. 1In contrast to flooding caused by excess precipi-
tation, wind tides are likely to transport saltwater that will both
destroy growing crops and create an undesirable soil environment for
long periods after flood waters have receded. Under natural conditions
the deleterious effects of inundation by saline water have been mini-

mized because the high water table impedes the percolation of this water

into the soil zone. Once drainage has been accomplished, however, a
much larger portion of the flood waters will infiltrate the enlarged
unsaturated zone where evaporation and ion-exchange processes can

concentrate the salts in the soil zone. This is a reversible process
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that could be corrected by leaching with treshwater and surtficial treat-
ment with lime or gypsum, but the loss of the use of the land for apri-
culture tor one or more years is possible.

Prediction ot the frequency with which a given locality is likely
to be flooded with water trom the estuaries or sounds is inexact because
of the almost intinite number ot possible combinations of wind direction
and velocity, shoreline contfiguration, fetch, and the amount of vepe-
tation and man-made structures that might {mpede free advancement of a
wave.  Some {dea of the severity of the problem can be obtained trom
tigure 45, on which are delincated approximate boundaries of wind-tide
floods likely to be equalled or exceeded 50 percent of the years and 1
percent of the vears. By "excceded" we mean that inundation of an area
at least as great as that shown is likely every other year on the aver-
age at the 50 percent probability, and once every hundred years on the
average at 1 percent probability. These are average frequencies over
long periods of time, and no specific time interval between two consecnu-
tive eveats is fmplied. A tlood with a 1 percent chance of occurring in
any vear will cover a large part of the study area. However, all of the
arca with an equal chance of being flooded at a given frequency will
seldom, {f ever, be flooded by the same storm. For example, strong
southerly winds cause fnundation along northern shorelines of a body of
water, but might actually lower water levels along the southern shore-
lines.

57




R
v
“
)
.
l
|
|
‘
b
|
!
q
{
A
\
N
.
{
b
)
'
‘.
‘

N
Lo B v |
i\
a0
(S
o
[\USEW
AN
oW
LR
i 0
W
(W . ]
LS
A el
(2% n\‘
o o
vy Q
o
<« "
ol
an oo
1.0
wd
e U4
W O
o
W
o ()
Wl
vown
w0
LI
3 W
H
wi Q)
n o
L
- oL
0D
3 R
W
wn -
b B 8
W
Q .
A
[ S\
o
wd
s
WA
T &
8 0
-
Q ™=
b B = |
W
“wt
L
Q
L |
LRI |
W
Q3
PR
a
WoQ
o N
UL
wy
£ M
S O
W
W
DR
[ U]
oo
0 1
L
o
LR BN
\ g
‘
[\ U
LY
\
N
‘




It is important also to qualitfy the accuracy of figure 45. The
boundary outlining the area inundated by a tlood with a 1 percent
chance of exceedance was transtferved dirvectly trom tlood-prone area maps
available from the U.S. Geological Survey. The lines on figure 45 are
general and are not as detailed as those appearing on the large-scale
tlood=prone maps. These small-scale illustrations were prepared only to
point out the potential tlood problem. If more accurate data are
desired, the large-~scale flood-prone maps prepared by the CGeological
Survey and flood-plain intormation studies completed by the U.S. Army
Corps of Fngineers should be used. Generally the tlood with a 50 per-
cent chance of exceedance was sketched on the large scale flood-prone
area maps using a flood stage trom 2.5 to 3.5 ft below the flood out-
lined as having a 1 percent chance of exceedance and then transferred
directly to the smaller scale maps of figure 45.

Because most ot the areas adjacent to the shorelines presently con-
tain dense vegetation or man-made structures, these sources of tidal-
flooding information, all of which consider only wave height and land
elevation, may tend to overestimate the extent of inundation.

GROUND WATER
Aquiters

Most of the water-bearing vocks of northeast North Carolina were
deposited at times when sea level was higher than it is at present.
Ancient seas transgressed a number of times upon what is now land area,
and, during the various advances and retreats, formed layered sediments
that now range in thickness trom zero at the western boundary ot the
Coastal Plain to more than 10,000 tt thick at Cape Hatteras. Depending
upon conditions ot deposition, sediments were tormed in lavers or lenses
that range in texture from coarse sands and gravels with large pore
spaces to tine silts and clays with tiny pore spaces.

lhe sediments in the area have been classitied into units according
to their geologic age by Brown and others (1972). 1In this report, these
units have been grouped into three major aquifers; an upper aquiter, an
intermediate limestone aquiter, and a lower aquiter. Figure 46 shows
block diagrams of the study area depicting the aquiters in the upper
1,000 ft. The upper aquiter consists of the youngest sediments,
primarily sands and clays, and contains easily-accessible tresh water
throughout most of the area. The limestone aquiter lies divectly be-
neath the upper aquiter. The lower aquiter, which lies beneath the
limestone aquiter and on top ot crystalline rocks ot the bascment
complex, is the deepest and thickest of the three and consists ot the
oldest sediments. Details ot the geology and physical dimensions of the
aquiters will be discussed in later sections.
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Division of the water-bearing rocks into three major aquifers i:
usciul tor depicting a concept of the overall ground-water systoem, but
such a picture is vastly over-simplified. In detail, each aquifer i:
made up of complexly layered beds of materials of varying texture.
Figure 47 shows three well sections on an east-west line near the conter
ot the area. Many of the individual beds that comprise the aquifers ar
not continuous from one well to the next, but thicken and thin as well
as pinch out. The lithology shown in these well sections is also
simplified, and the real situation is even more complex.

Under natural conditions, the sands and limestones and dolomitos
act as conduits or pipelines that store and transmit water readily,
while the finer beds of silt and clay and shale act as partial barvie:
to the movement of water. Where coarser materials are overlain by fine:
materials, water may become partially confined beneath the finer materi
als. This confinement causes the water pressure to build up in the
coarser materials just as turning off a faucet will cause pressure to
build up in a water line. Under such conditions, the finer matevials
are called confining beds and the underlying coarser materials cont
ing the confined water are called confined aquifers. The limestonc
aquifer and the lower aquifer are confined aquifers throughout the
project area. Under natural conditions, water in the limestone aquito:
was under sufficient artesian pressure to cause wells tapping it to
flow.  Now, however, large withdrawals of water have decreased the
pressure within the aquifer to the extent that flowing wells are rarc.
Water in the upper aquifer is unconfined at shallow depths: but mav be
confined or semi-confined in the lower sections where clay and silt
are present. The upper surface of unconfined ground water is the waton
table.

The confining beds affect the long-term vield of the deeper aqui

ters because most of the water drawn from these aquifers must fivst soop
downward through the confining beds. Such movement is referred (o as
leakage. The amount of leakage that can be induced, and thus the wmaxi

mum sustained regional yield of an aquiter is controlled to a groeat
extent by the thickness and the vertical permeability of the contining
beds.

The complex interlayering of aquifers and confining beds explains
why some wells are successful while others are failures. The likelihood
of obtaining a successful well can be greatly enhanced it care is taken
to determine the local geology in detail aund to construct wells to draw
water from the more productive zones, which are the permeable sand,
limestone, and dolomite beds. The position of these beds can be Jete:
mined by carefully collecting and studying rock samples obtained when o
well is drilled and by bore-hole geophysical techniques.
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Figure 47.--Cross section showing lithology of the aquifer systems.
(Modified from Brown and others, 1972.)
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Developing Ground-Water Supplies

Developers and planners sometimes assume that there are no practi-
cal limits to the amounts of ground water available in northeast North
Carolina, and that the potential supply is adequate for anyone to use
whatever amount they need. This, however, is not a valid assumption,
and such an attitude is not tenable in long-range planning.

As illustrated in figure 48, an unpumped aquifer is analogous to a
barrel having specific volume, say 100 gal, into which water is running
at a specific rate, say 5 gal/min. Once the barrel is full, a svstem
exists with a storage of 100 gal, and a recharge rate of 5 gal/min.
Outflow from the barrel will also be 5 gal/min. 1f a decision is to be
made to use water from the barrel the following facts must be con-
sidered:

£ As long as recharge continues at the original rate up to
5 gal/min of water can be removed from the barrel inde!i-
nitely, and the barrel will remain full. The water that is
removed will be 'captured" from that which was formerlv lost
as outflow.

Zs If more than 5 gal/min are removed, the additional water will
be taken from the 100 gal stored in the barvel. Removal of
more that 5 gal/min can continue only until the Hﬂ’ﬁﬂl,i“
storage have been depleted. Thereafter the barrel will be

able to furnish no more than 5 gal/min, which is the rate of

recharge.

5 GAL/ MIN
RECHARGE
[ A
%
3

100 GALLONS [

STORAGE Aip
N4
L DISCHARGE

Figure 48.--Aquifers function as both storage vessels and pipelines.
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Although this is an oversimplitied example, the same principles
apply to the utilization of ground water. Aquifers, too, have finite
amounts of recharge, storage, and discharge. Removal of water from
aquifers should be planned according to the best information available
concerning these characteristics. It an aquifer is pumped, not only
will part or all of the matural discharge be captured, but water will be
removed from storage. In an unconfined aquiter, removal of water from
storage involves lowering the water table in the vicinity of the well,
thereby dewatering a part of the aquifer. In a contined aquifer, water
is usually removed from storage as a result of depressurization of the
aquifer, and the aquifer material is not actually dewatered. In both
instances, a pressure gradient toward the well from all directions is
established. The pressure gradient is referred to as a cone of de-
pression. In the case of an uncontined aquiter, the surface of the cone
of depression is the lowered water table. In a confined aquifer, the
cone of deprossion is a lowered pressure surface and neot an actual air-
water interface. The lowering of the pressure in a confined aquifer may
induce leakage to the aquifer from overlying beds. When the cone ot
depression of an unconfined aquifer intersects a stream or lake, not
only is ground-water discharge to the stream diminished, but water from
the stream may be induced to move into the aquifer and flow to the well
(tig. 49). This capturing of ground-water discharge to the stream and
inducement of stream water into the aquifer will diminish the streaumflow
and may cause the stream to go dry, at least temporarily. Where the
water table lies close to land surface, much water may be lost from the
water table by evapotranspiration. Lowering the water table by pumping
reduces evapotranspiration losses., This reduction is an important
potential source of manageable water in northeast North Carolina.

As a cone of depression grows, more recharge is captured from an
ever larger area. Once the capture equals the amount pumped, the cone
will stabilize, and additional removal from storage will cease. For a
given rate of pumping, the area affected by the cone of depression may

be quite local, or may cover many square miles, depending upon aquifer
characteristics and the amount of recharge available per unit area.

If, as illustrated on figure 50, other pumping wells are installed
within the area of the cone of depression of an existing well, the cones
of depression of the newer wells will be superimposed upon that of the
existing well. The depth to the water level in each of the pumping
wells will be lower than the water level in the existing single well
when only {t was being pumped. The lower water levels will result in
higher energy requirements in order to lift water from the wells. Thus,
careful spacing of wells is necessary if all are to operate efficiently.

An important consideration in planning the development of ground-
water systems {is the extent to which the effects of removal of water
from a given area will be spread to other areas. Most important among
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the factors that control the extent of drawdown caused by pumping wells
are the pumping rate, transmissivity, and recharge to the producing
aquiter. 1In aquifers with high transmissivity, water can move through
the aquifer with ease and the effects of pumping are quickly spread over
relatively large areas resulting in large cones of depression within
which drawdowns are relatively small. The size of the cone when stabi-
lized will depend upon the amount of recharge within area of influence
of the cone of depression. That is, recharge must equal the discharge
(both natural and artificial). If the recharge rate is large, the cone
will stabilize relatively quickly, and be relatively small in extent, or
if the rate is slow, the cone will spread over a much larger area in
order to capture enough water to meet the demands of the pumping well.

Maximum Amount of Ground Water Available

The amount of ground-water available from an aquifer is limited to
the water that can be drawn from storage, the natural discharge that can
be intercepted and the additional recharge that can be induced into the
aquifer. The amount of water available to sustain long-term pumpage is
ditferent for each of the aquifers. Under conditions of maximum de-
velopment we can assume that all natural discharge will cease and ad-
ditional recharge (that is, recharge in excess of the natural recharge)
can be induced into one or all of the aquifers. Under this condition we
can equate the long-term sustained yield with maximum potential recharge
(that is, with natural plus induced recharge). The maximum potential
recharge to the upper aquifer is controlled by the amount of precipi-
tation remaining after minimum evapotranspiration demands are met, and
this is estimated to average about 1,000,000 (gal/d)/mi’. (See fig. 51.)
lhe amount of recharge to the confined aquifers depends primarily upon
their degree of confinement. For simplicity, confined systems usually
are shown as discrete aquifers and confining beds. Actually, there are
no clearly defined confining beds between the aquifers in most areas.
Counf inement may be caused by overlying aquifers of lower permeability,
by clay beds within the aquifer, or by a combination of these. As
indicated on figure 51 the maximum potential vertical recharge to the
limestone aquifer is estimated to be about 500,000 (gal/d)/mi’, and
that to the lower aquifer is about 50,000 (gal/d)/mi-. These numbers
are based on the assumption that heads are everywhere drawn down to the
top of the aquifers. In other words, they represent maximum amounts
available without dewatering the aquifer.

lhe total amount of ground water in storage depends upon the amount
of pore space in the granular materials that make up the aquifer (poros-
ity), but not all of this is retrievable. When subjected to pumping
some water will always be retained in the aquifer by capillary action
and in films on the individual grains. The amount of this retention
varies with the type of materials, but ranges from less than 5 percent
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in boulders to around 30 percent in sandy clay (Ward, 1967, p. 255).

The conditions under which ground water occurs in an aquifer are
also of prime importance in determining the amounts that may be removed
from storage. In unconfined (water-table) aquifers it is common
practice to dewater the aquifers to whatever extent is desirable, or
possible; making the retrievable storage equal to total storage (total
porosity) minus a small amount of retention in the aquifer. 1In confined
aquiters the possibilities of land subsidence, decreased aquifer ef-
ficiency due to decrease in the saturated thickness, and water quality
problems created by introducing air to unoxidized aquifer materials, may
make it undesirable to actually dewater the aquifer. If so, the only
mounts that can be drawn from storage are that derived from compression
ot the aquifer when its internal pressure is reduced; and that due to
oxpansion of water when it is no longer confined under pressure, which
will collectively be called artesian storage hereafter. These amounts
are relatively small, but within the influence of a large cone of de-
pression they can account for significant quantities of water. If there
are no objections to dewatering, confined aquifers will also yield water
in storage in amounts equal to their porosity minus retention. Figure
51 shows estimates of the amounts of water in various land phases of the
arca. 1t is seen that in the confined aquifers artesian storage com-
prises less than one one-thousandth of the total storage.

Saltwater

Maximum amounts of ground water available as discussed in the
previous section are of interest from a conceptual viewpoint, but
throughout most of the project area, much of the available ground water
is too salty to be useful for many purposes. As discussed earlier,
water containing more than 200 mg/L of chloride is considered salty in
this report. A map of the approximate depth to watZ: containing 200

mg/l. of chloride is shown on figure 52. Freshwater supplies generally
can be developed only at depths shallower than chose shown on figure 52.
fven so, pumping can induce saltwater to encroach into zones of fresh-
water. The principles of saltwater encroachment induced by pumping are

discussed in the following paragraphs. At present, however, there seems
to be no way of estimating the maximum amount of freshwater that can be
derived from those areas where freshwater is underlain by saltwater.

The natural freshwater flow pattern in the upper and limestone
aquifers is shown in figure 53-A. In the example shown, the lower aqui-
fer contains only saltwater. The shallow aquifer is recharged from pre-
cipitation on the land surface and discharges water to the saltwater
bodies. The potentiometric surface shown in figure 53-A is the surface
representing the pressure head of the water in the upper part of the
limestone aquifer. In figure 53-B the limestone aquifer is being
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Figure 52.--Approximate depth to ground water containing
more than 200 milligrams per liter of chloride.

69




NATURAL CONDITIONS

Surface

Lond

Porentiomelric surfoce of

/

Limestone Aquifer

LIMESTDNE

1

PUMPING CONDITIONS

Pumping well

-~
<=
N

Surface

e

~

T

LIMESTONE

EXPLANATION

[::3 Salt water

Flow lines

aquiters.

freshwater

in

Figure 53.--How saltwater encroachment can occur

70




heavily pumped.  The pumping has created a cone ot depression in the
potent tometric surface and ground water now moves toward the well, the
, point of lowest head.  Saltwater both trvom the sound and trom the |ime-
stone aquiter beneath the sound is induced to move toward the pumping
wvell., At the same time, saltwater is induced to flow upward trom the
underlving lower aquiter,

Under most conditions saltwater encroachment is an extremely slow
process, and is not yet known to have caused serious problems anywhere
in the arca. Ultimately, however, saltwater encroachment {s inevitable
anvwhere in northeast North Carolina within the arca of influence of
large pround-water withdrawals.

The Upper Aquiter

The sediments comprising the upper aquiter torm the land surface in
northeast North Carolina. It is, theretore, the most accessible aquiter
in the arvca. This aquifer {s the principal source of freshwater cast of
the Pungo and Chowan Rivers.  In most localities, supplics of water can
be obtained from the upper aquiter by use of dup wells or driven,
screened well points.  In general, the aquiter consists of blae to
brown, fine to medium sands, interbedded with clav and shell lavers.

The lower part containg more clay and shell beds as well as limestone,
dolomites, and phosphatic sands than the upper part.  (See fig. 47.) 1t
comprises the units ot post-=Miocene, late Miocene, and middle Miocene
age ot Brown and others (1972).  These ave voughly equivalent to the
water—table, Yorktown, and Pungo River aquiters of other authors.

The top ot the saturated zone (the water table) ot the upper aqui-
ter is at orv within a few feet of land surface. (See fig. 2.) The
altitude ot its base is shown on tigure S4. The upper aquiter thickens
toward the cast. From a thickness ol less than 100 tt in the west, the
aquiter reaches a thickness of over 1,400 {1t near Cape Hattevas.  The
average thickness ot the aquiter in the areca of study is about 460 tt.

Development ot Water Supplices

Where transmissivity is Jow and potential vecharpe race is high, as
is typical ot the upper aquiter in northeast North Carolina, the size ol
the cone of depression will tend to remain small and drawdowns near
pumping wells will be large. The net result is that vields ot indi-
vidual wells tend to be low, and wells can be placed much closer to-
pether than in the other aquiters without apprecfably intevtering with
e another. This is {1lustrated on figure 5% which shows estimated
Catance-drawdown curves along the 500 pal/min maximum-yicld line of
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figure 57. The curves of figure 55 are based on an assumed trans-
missivity of 10,000 (gal/d)/ft2 and a storage coefficient of 0.10. It is
further assumed that the aquifer is homogeneous and of unlimited extent.

Yields to small diameter screened wells are typically 5 to 10
gal/min, although in some places wells tapping sand and shell beds may
yield as much as 100 gal/min. Combined with the tremendously high
potential recharge to the upper aquifer, the more localized effects of
pumping make it possible to secure large supplies of ground water with
batteries of closely spaced shallow wells., Although very little of this
type of development has occurred, such shallow-well fields represent the
most productive long-term source of fresh water for the area. An ex-
ample is the battery of more than 200 wells that has supplied roughly
one million gallons of water per day to the town of Elizabeth City,
N.C., for many years. The number of wells used at Elizabeth City
varies, but the area of the well field is only about 0.5 mi’. As shown
on figure 56 an observation well located about 1,500 ft from the nearest
pumping well shows no noticeable long-term effects of the large amounts
of water being withdrawn nearby.

Near Wanchese, on Roanoke Island one well was reported tc yield
nearly 1,000 gal/min of freshwater (driller's report, on file at North
Carolina Department of Natural Resources and Community Development).
This yield is exceptionally large for the area. The upper aquifer is
the only local source of freshwater on the Quter Banks. Winner (1975)
in a study of the Cape Hatteras National Seashore, which extends from
near Manteo southward to Ocracoke Island, found that only small yields
from individual wells would afford dependable supplies of freshwater.
Only on the large Hatteras Island (where Cape Hatteras is located) can
wells be pumped at rates up to 70 gal/min. At a few other places on the
Seashore wells could be pumped as much as 30 gal/min. Elsewhere yields
would have to be much less than this. Along the rest of the Outer
Banks, the ground-water situation is expected to be similar to that
within the Seashore.

One reason why the potential of the upper aquifer for providing
iarge ground-water supplies has not been fully explored is because the
quality of water is frequently such that it requires treatment to make
it suitable for some uses. This problem will be discussed later.

Amount of Water Available
The maximum rate at which the upper aquifer can yield water to a
well at a given point is shown on figure 57. 1t {is assumed that the
well is open to the bottom half of the aquifer, that drawdown at the

well is equal to half the aquifer thickness, and that there is no
interference from other wells. No consideration was given to the
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chemical quality of the water, and the quantities estimated on figure 57
include both freshwater and saltwater. The maximum potential yield of
this aquifer to a well is generally less than that of the other two
aquifers at any given point. However, the maximum potential sustained
yield of the upper aquifer per square mile is estimated to be greater
than either of the other two aquifers. The principal sources of re-
charge in the landward part of the upper aquifer are infiltrating
precipitation, capturable evapotranspiration, and capturable base
streamflow.

An analog model study of the lower Arkansas and Verdigris River
Valleys in Arkansas (Bedinger and others, 1970) has indicated that if
the water table in a back-swamp area somewhat similar to northeast North
Carolina was lowered from the land surface to a depth of 30 ft, approxi-
mately 610,000 (gal/d)/mi2 of evapotranspiration and rejected potential
infiltration could be captured. The estimated average depth to the
water table in northeast North Carolina is about 1 ft. At this initial
depth to water, drawdown to 30 ft would produce about 590,000 (gal/d)
/mi?. 1In addition, drawing down the water table to such a depth would
also capture the water that is lost from the aquifer as base streamflow.
This capture is estimated at 460,000 (gal/d)/mi’. The total of these
two captures is roughly 1 (Mgal/d)/mi?. Capture of base streamflow
would, of course, result in the streams being dry most of the time.

In arriving at the total capture, the extracted water was assumed
to be totally consumed. The consumption of water being normally much
less than water use, much of the extracted water might find its way back
to the aquifer through stream channels and other routes after use. Such
potential reuse of ground-water is desirable from an available-supply
viewpoint, but it also raises the possibility of contaminated water
being introduced into the shallow aquifer.

Freshwater-Saltwater Relations

The upper aquifer contains only freshwater in the western part of
Eho study area (fig. 58). In the eastern part the freshwater zone in
the upper part of the aquifer thins progressively and, in most places,
pinches out completely at the borders of the sounds. Roanoke Island and
a part of the adjacent mainland are an exception, however. Here, the
freshwater lens thickens again to over 200 ft (Peek, and others, 1972).
The deep freshwater is contained in semi-confined to confined water-
bearing zones in the upper aquifer. In some cases, the freshwater fis
overlain by saltwater in the unconfined upper part of the upper aquifer.
Wells yielding up to 1,000 gal/min have been drilled on Roanoke Island.
On Hatteras Island, Winner (1975) found the freshwater lens to be as
much as 100 ft thick. Elsewhere along the Cape Hatteras National Sea-
shore, the freshwater lens is rarely as much as 40 ft thick. The lens
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is probably not much thicker than this anywhere else along the Outer
Banks in northeast North Carolina.

Chemical Quality of Water

The sediments that make up the upper aquifer are diverse in their
mineral content. As a result, the chemical quality of water in the
aquifer differs considerably from place to place. In general, as shown
in table 4, waters from the upper aquifer tend to be low in dissolved
solids, but in places they possess other undesirable quality character-
istics.

In its journey through the atmosphere and soil zone, water infil-
trating to the water table dissolves large amounts of carbon dioxide.
This carbon dioxide in the water forms a weak solution of carbonic acid
which results in much of the water in the upper aquifer being suf-
ficiently acid to be corrosive to metals. Iron-bearing minerals, which
are abundant in most of the sediments comprising the upper aquifer, are
readily soluble in acid water, and amounts of iron high enough to stain
laundry, porcelain fixtures, and paper are common. Waters containing
more than 300 ug/L (micrograms per litre) (0.3 milligrams per litre) of
iron need treatment for domestic or public water supplies.

Some parts of the upper aquifer contain shell material which is
also highly soluble in acid water. Solution of shell material decreases
the acidity of the waters and usually causes dissolved iron to precipi-
tate, but solution of calcium and magnesium contained in the shells
causes waters in these areas to become hard. A discussion of hardness
is included in the section of this report on the limestone aquifer.

Although waters from the upper aquifer may require treatment for
acidity, iron, or hardness, the treatment processes required to correct
these objectionable characteristics are relatively simple and are
economically feasible for most water uses.

One precaution that must be considered when developing water sup-
plies from the upper aquifer is that the water is subject to contami-
nation from the land surface and must be protected in much the same way
as surface-water supplies. Industrial wastes, agricultural chemicals
and fertilizers, accidental spills of petroleum products, or other
noxious materials including leachate from landfills may move downward to
the water table and contaminate shallow water supplies. Such contami-
nation has been rare thus far and no significant examples are known to
exist in the study area at present.
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Table 4.--Chemical Analyses of water samples from wells in the
upper aquifer

R i iy

Canden, N.C. Nz.itslitz::?th Manteo, N.C. Sout: gruk, Nr. ‘A.rzp-hoe.
Gandan o Puguc;unk Co. axa G0 luuft;r; Co. Punlicc; Co.

Depth (ft)ecccccecccnrones 105 32 35 - 20
Temperature (°C)..cvevensn - - - - 70°
COXOT s nasiessoannes s 21 e » - 50
Sp. Cond. (umho).......... 1,200 300 267 452 41
1 e o Mol s 7.4 6.6 7.4 7.2 4.2
Bicarbonate (HCO3)

CREILY s v ooinnnvisinssio saaste 379 131 108 37
Carbonate (CO3)(mg/L)..... 0 0 0 0
Phosphate (PO4) (mg/L)..... 2.0 .6 .0 .0 -
Hardness (Ca, Mg) (mg/L)... 234 116 106 48 6
Noncarbonate Hardness

BE/EYcavavismenvaieeaen 0 9 17 18 6
Calcium (Ca)(mg/L)........ 42 33 37 il G
Magnesium (Mg) (mg/L)...... 31 8.4 3.5 5.1 sl
Sodium (Na)(mg/L)......... 149 16 ) 60 3.l
Potassium (K)(mg/L)....... 20 1.4 i 1.4 %
Chloride (Cl)(mg/L)....... 192 9.6 25 95 6.3
Fluoride (F)(mg/L)........ oI 2 .0 +0 .0
Silica (S102) (mg/L)....... 50 34 71 15 6.9
Iron (Fe) (ug/L)eecvennnn.. 79 300 - 810 2,460
Dissolved Solids

(Residue at 180°C)

/LY wos v ivinsmemiesnaas - - - - 38
Dissolved Solids (Sum of

constituents)(mg/L)..... 674 210 - . 218 32
Nitrate (NO3) (mg/L)....... - .6 .6 0 .00

The Limestone Aquifer

In its upper part, the limestone aquifer consists largely of lime-
stone with some calcareous sand and shale. The lower part is much
sandier with abundant calcareous sand and sandy limestones and dolomitic
limestones. (See fig. 47.) The upper part tends to be more permeable
than the lower part. This aquifer, as defined in this report, comprises
the units of Oligocene, Claiborne, and Sabine age of Brown, and others
(1972). These units are generally equivalent to the Castle Hayne aqui-
fer of other authors.
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The limestone aquifer dips to the east at an average rate of about
20 ft/mi (fig. 59). The aquifer thickens to the east and southeast and
reaches a thickness of about 1,200 ft near Cape Hatteras. The average
thickness of the aquifer is 510 ft.

Amount of Water Available

Ustimates of the maximum rate at which the limestone aquifer can be
pumped at any given point is shown in figure 60. These estimates are
based on assumption of a fully penetrating well with drawdown to the top
of the aquifer and no interference from other wells. No consideration
is given to the chemical quality of the water that would be produced nor
to the physical limitations of flow in a single well bore. The yields
increase to the east and southeast as both the thickness of the aquifer
and its depth below land surface increase. The thicker the aquifer, the
greater its ability to transmit water per unit of drawdown. The greater
its depth below land surface, the greater the available drawdown. The
yields shown on figure 60 are based upon the estimated water-
transmitting characteristics of the aquifer itself. Little is known
about the amounts of capturable recharge available once artesian storage
has been depleted, except near the phosphate mines near Aurora. It is
probable, particularly where the overlying confining beds are thick and
tight, that sustained yields are considerably less than those shown.

The drawdown conditions assumed in computations used to construct
figure 60 actually exist at a phosphate mine near Aurora, N.C., which is
near the south bank of the Pamlico River about 18 mi southeast of
Washington. Withdrawal of water from the limestone aquifer started in
July 1965 and has continued without interruption since at rates ranging
from about 50 to about 65 Mgal/d. The number of wells in use at any
time varies but is usually 12 or 13 so arranged that water levels in the
limestone aquifer are lowered to a depth of 120 ft below sea level in an
area of about 400 acres in order to permit dry-pit mining of the phos-
phate ore. Drawdown is at or below the top of the limestone aquifer in
about a 1 mi’ area, and drawdown effects resulting from these large
withdrawals have been detected more than 25 mi from the center of pump-
ing (Peek and Nelson, 1975). The availability of water from the lime-
stone aquifer has been lessened within this large cone of depression,
expecially near the center of pumpage.

Ty

The sustained yield of the aquifer is assumed to be the amount that
can be captured from recharge that enters the aquifer where it either
outcrops or subcrops beneath thin beds of fairly permeable materials,
plus the amount that can be induced to leak into a cone of depression
through overlying confining beds. In the vicinity of the phosphate
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Figure 59.--Altitudes of the top and base of the limestone aquifei.
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mine near Aurora, Sherwani (1973, p. 38) has estimated values of leakage
to be:

Thickness of

Confining Bed Lealage
0 ft 500,000 (gal/d)/mi2
30 ft 28,000 (gal/d)/mi2
250 ft 14,000 (gal/d)/mi?

These values undoubtedly also include small amounts of upward leakage
through underlying confining beds. It is also likely that some of what
Sherwani included as leakage is captured ground-water discharge.

Development of Water Supplies

The limestone aquifer transmits water more readily than any of the
other aquifers in the area and, as a result, wells tapping this aquifer
can produce tremendous quantities of water. In the early stages of
pumping a well, much of this water comes from storage in the aquifer and
the eone of depression spreads swiftly away from the well. As the cone
of depression spreads, the area over which natural discharge is captured
and additional recharge is included into the aquifer increases pro-
portionally. In the western part of the area underlain by the limestone
aquifer, confining beds overlying the aquifer are thin and in parts of
the stream valleys are probably absent. Drawdowns, such as are caused
by pumpage at the phosphate mine, result in significant increases in
recharge and capture of natural discharge in this area. In the re-
mainder of the area drawdowns probably result in drainage of water from
storage in the overlying and underlying confining beds and, ultimately,
leakage through the beds from the unconfined aquifer and the sounds and
estuaries. Drawdowns have been observed to stabilize relatively
quickly. This is illustrated by the hydrograph of observation well NC-
13 near Aurora shown on figure 61. This well is about 4 mi from the
well field at a phosphate mine at which water is pumped from the lime-
stone aquifer to dewater the overlying formation. The first full month
of pumping at the mine, at a rate of about 31 Mgal/d, was July 1965. By
September 1965 the pumping rate had increased to 65 Mgal/d and the water
level in the observation well had been lowered more than 50 ft. There-
after no significant additional drawdown occurred; and, in fact, since
1969 some recovery has taken place in response to slight decreases in
the amount of water withdrawn from the well field.
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Theoretically, there is little or no relationship between the rate
at which a well is pumped and the radius of its cone of depression;
however, drawdowns within the cone will vary greatly with different
pumping rates. An important consideration in planning the development
of an aquifer is the amount of drawdown that can be tolerated, and well
fields must be designed to keep the lowering of water levels within
limits deemed tolerable. A series of idealized distance-drawdown
curves for various pumping rates in the limestone aquifer are shown on
figure 62. The curves, based on assumed values of 0.0002 for the
storage coefficient, and 15,000 (gal/day)/ft for the transmissivity, are
known to be valid only for the Aurora area, but give some indication of
the response of the aquifer to different pumping rates. Such curves are
used to determine maximum pumping rates and minimum well spacing that
will not result in excessive interference between pumping wells. It
should be remembered that the cones of depression of closely spaced
wells intersect, and the drawdown will be cumulative. (See fig. 50.)

Yields to wells tapping the limestone aquifer will be much higher
than yields to wells tapping the other aquifers in the area. Wells as
small as 10 in in diameter tapping the limestone aquifer can be ex-
pected to yield several hundred to more than 1,000 gal/min. Some
individual wells used in the phosphate mine dewatering operations near
Aurora yield as much as 2,000 gal/min in an area where interference from
other pumping wells 1is severe.

Freshwater-Saltwater Relations

Most of the freshwater in the limestone aquifer occurs in the
southwestern one-third of the project area (fig. 63). To the north
flushing of saltwater from the aquifer is less complete. To the east,
the aquifer dips progressively deeper beneath the overlying sediments;
the combination of increasing confinement and back pressure of the salt-
water has hindered flushing. Thus, most of the freshwater now contained
in the aquifer is a result of lateral flushing by freshwater that
entered the aquifer in recharge areas in the western part and west of
the project area where the limestone units cropout--or subcrop--beneath
the upper aquifer.

Near the western border of the area, flushing of saltwater is
complete, and the limestone aquifer contains only freshwater. Fresh-
water has been found all the way to the Outer Banks in the southern part
of the area. Throughout most of the area where freshwater is found,
however, the freshwater is underlain by saltwater.
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Chemical Quality of Water

The quality of freshwater in the limestone aquifer in northeast
North Carolina is typical of waters from moat limestone formations. It
{a hard, high in alkalinity, and tenda to form acale. 1t may alao con-
tain aflica in amounts objectionable for some uaes and, in some locali-
ties iron exceeds 300 ug/l, the maximum amount recommended for public
water suppliea. Analyses of freahwater from four wells tapping the
limestone aquifer in northeast North Carolina are listed in table 5,

Table S.--Chemical analyses of water samples from wells in the
limestone aquifer

] Flymouth, N.C. Belhaven, N.C. Ravbovo, N.C, Heautort, N.C.
Washington Co. Beautort Co. Pamlico Co, Cartteret Co,
DUDEE CEE vanes vy venanis o 11 Ny 195 W2
) R e T { ! 9 20
Spe Condy Gmho) oo 891 _ 1,200 ol S
Bl s B e R e 7.4 6.5 7.0 7.4
Ricarbonate (HCOV)

LT Y ) ST S e b o) ‘ bV 418 V8O
Carbonate (COVD (mg/t). ..., \} | \l \} ]
Phosphate (POA)(my/t). . ... 02 N\ 0 Q0
Havdness (Ca, Mg)(mg/1)... 200 247 14l 276
Noncarbonate Havdoness

({1 7.4 78 R e e \l I\l \ \l
Caletum (Cad(mg/t).o oo S0 a2 a LR}

Magnes tum (Mg) (mg/t) ... (R} a4 54 18
Sodtum (Na) (mg/1) . ouinenn 14 14 4.4 13
Potasstum (K) (mg/L)....... 21 {[\] 9.1 6.5
Chlovide (C)(mg/t)o...oon 9% 117 11 1.0
Fluortde (F)(mg/t ). ooounn .0 8 .6 A 1
Sltlica (SO (mg/t)) oo 1] 4 o 41
Tvon (Fe) g/l S00 o0 120 400
Manganese (Mu) (Lg/l ). ... 10 000 L 000
Alumtoum (A (Ug/L) o vvv s 100 100 200 100
Lithium (LOQugA) oo - - W00 400
Dissolved Soltds

(Restdue at 180°C)

17 ) T e a9l B - o0
Dissolved Soltde (Sum of

const ituents) (mg/L)..... 495 666 (1Y (LY
Nitvate (NOY) (mg/L)... ..., 3 A N 2.2
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Hard waters are usually recognized because they do not lather
readily and form curds when mixed with soap. The hardness of these
waters is caused by calcium and magnesium dissolved from limestone and
dolomite which are abundant throughout the aquifer. Because hardness is
a property not caused by a single constituent, it is reported as the
amount of calcium carbonate (CaC0O3) that would be chemically equivalent
to all of the hardness-causing constituents present in solution. To
some degree, the amount of hardness that is objectionable to an indi-
vidual depends upon what type of water the individual is accustomed to.
The following arbitrary scale has been used to classify the hardness of
water:

Hardness as CaCOja

(mg/1) Classification
0-60 soft

61-120 moderately hard

121-180 hard

180 + very hard

Based upon this system most of the water from the limestone aquifer
is hard or very hard.

Silica (S10;) is usually present in limestone-aquifer waters in
amounts ranging from 20 to 40 mg/l, but occasionally approaches 80 mg/l.
Silica can form bothersome scale in high-pressure steam boilers and on
the blades of steam turbines. Silica can also be removed, but not so
readily as calcium and magnesium.

Once water percolates from the upper aquifer into the limestone
aquifer any dissolved iron present will usually start to precipitate,
and most limestone waters do not contain high iron concentrations. Near
recharge areas, however, where water has had short residence time in the
aquifer, the iron concentration may be 300 ng/l or more and can stain
clothing, bathroom fixtures, utensils, and papers.

The Lower Aquifer

The lower aquifer comprises all rocks of Paleocene, Cretaceous, and
Jurassic age in the area as they have been defined by Brown and others
(1972). 1In some reports, rocks roughly equivalent to the rocks of
Paleocene age are treated separately as the Beaufort aquifer. The lower
aquifer underlies virtually all of the Coastal Plain of North Carolina.
The base of the lower aquifer lies directly upon the crystalline base-
ment rocks. The lower aquifer consists mostly of thin beds of shale
interbedded with fine to medium sands. Here and there, thin beds of
dolomite, limestone (mostly sandy), or shells occur.
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The aquifer both dips and thickens to the east and southeast (fig.
64). The thickness at Cape Hatteras is over 7,000 ft. The average
thickness of the aquifer in the area of study is 2,800 ft. The aquifer
dips at an average rate of 25 ft/mi.

Amount of Water Available

The maximum rate at which wells in the lower aquifer can be pumped
at any given location is shown in figure 65. The assumptions are the
same as were used for the map of the limestone aquifer, that is, a fully
penetrating well; drawdown to the top of the aquifer; and no inter-
ferrence from other wells. As before, no consideration is given to the
chemical quality of the produced water. The yields increase toward the
east and southeast as both the aquifer and its overburden increase in
thickness.

The average maximum steady yield of the aquifer per square mile is
assumed to be the amount of vertical downward recharge per square mile
induced by everywhere drawing down the potentiometric surface to the top
of the aquifer. Recharge from the basement rocks would be negligible.
The yield is estimated at 50,000 (gal/d)/mi’. This yield value was
determined by analysis of the cones of depression at two sites, one at
Kinston; N. C., (west of the study area) and the other at Franklin, Va.,
(north of the study area). There is no proof, however that either of
these cones have stabilized. If not, sustained yields could be much
less than those shown on figure 65. The limestone aquifer is not
present at either site. The areal yield figure may not be valid where
the limestone aquifer comprises a significant part of the overlying
section.

Development of Water Supplies

The lower aquifer underlies virtually all of the Coastal Plain of
North Carolina. Where it contains freshwater, the lower aquifer is the
most widely-used aquifer in the entire Coastal Plain of North Carolina.
This 1s primarily because, in many areas, large quantities of good
quality water are available that require little or no treatment for most
uses. Freshwater can be found in the lower aquifer in much of the
northwest part of the study area, and here yields to individual wells
can be expected to be several hundred to as much as 1,000 gal/min.

Although the lower aquifer is a significant source of water for the
eastern part of the State, the importance of it as the major source of
freshwater for the area has been overstressed. Because of its great
thickness it does, in many localities, have the capacity to yield large
quantities of water to individual wells. The hydraulic conductivity of
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the lower aquifer, however, 18 much lower than that of the limestome
aquifer. 1In addition, the aquifer is highly confined with much of the
confinement originating within the aquiter. As previously mentioned,
the maximum induced recharge is only 50,000 (gal/d)/mi® (fig. 51). The
result is that cones of depression around wells in the lower aquifer are
both deep and areally extensive.

The most well-documented history of the effects ot large long-term
withdrawals from the lower aquifer {s at Franklin, Va., which is about
8 mi north of the state line (fig. 66). From 1939-69 an estimated 158
billion gallons of water were withdrawn in the vicinity of Franklin.
Figure 67 is a record of pumpage and drawdowns at the well field. It {is
significant to note that, even during the early vears of the record
(1941-49), when pumpage was only about 5.5 Mgal/d, water levels declined
steadily for almost 5 years before showing signs that the amount being
captured was approaching the amount being withdrawn. The next extended
period of fairly constant pumpage was 1960-65 when the rate averaged
about 22 Mgal/d. During this perfod there was no indication that the
additional amount of recharge induced to the aquifer by the spreading
cone of depression and lowered water levels was approaching the amount
behng withdrawn.

)

o The cone ot depression developed around the Franklin well field now
underlies an area of more than 5,000 mi®, and extends southward about

40 mi from Franklin, or 30 mi into North Carolina, and more than 60 mi
eastward to the Atlantic Ocean. Over 11 billfon gallons of water had
been removed from aquiter storage by the end of 1971.

The Franklin pumpage illustrates the widespread effects of removal
of large amounts of water from the lower aquifer. 1t {s obvious that
development ot additional large supplies within, or even near, the cone
of depression shown on figure 66 will ultimately both limit, and be
limited by, the pumping at Franklin.

Distance-drawdown curves for the lower aquiter near Kinston, N.(C.,
are shown on figure 68. These curves are based on the assumption of a
homogeneous aquifer ot infinite extent with an average storage coet-
ficient of 0.0001 and an assumed transmissivity ot 30,000 (gal/d)/tt.
Compa¥rison of these with those shown on tigure 62 tor the limestone
aquifer emphasizes the differences in the responses of these two con-
fined aquifers.

Freshwater-Saltwatev Relatious
Freshwater in the lower aquifer occurs only in the northwest part

and the western fringe of the study area (fig. 69). 1In the northwest
saltwater has been flushed completely from the lower aquiter. Here
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Figure 67.--Ground-water pumpage and water levels in the
lower aquifer in the Franklin, Va., area.

the limestone is absent and the lower aquifer lies immediatelv below
upper aquifer and not far below the land surface.

Within a 20-mi wide strip east of the completely freshwater area
and along the western fringe of much of the remainder of the area,
freshwater overlies saltwater in this aquifer. Farther east, the
aquifer yields only saltwater.
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Chemical Quality of Water

Throughout much of the Coastal Plain of North Carolina the lower
aquifer contains water of the best quality of any of the major aquifers.
Typically, acidic water from the upper aquifer percolates downward
through the limestone aquifer, and much of the iron in solution is
precipitated when alkalinity is increased by the solution of calcium and
magnesium carbonate. Once it enters the lower aquifer, hard water from
the limestone aquifer is softened by natural ion exchange processes that
replace calcium and magnesium in solution with sodium. The result is a
soft, alkaline water that requires little or no treatment for most uses.

Only a small part of the freshwater portion of the lower aquifer is
within the project area. Significant quantities of freshwater are
available from this aquifer in the northwestern part of the area where
the limestone aquifer is absent (fig. 69).

Within the project area, the alkalinity of freshwater in the lower
aquifer may range from 125 to slightly over 400 mg/l as bicarbonate
(table 6). The sodium concentration may range from 60 to over 200 mg/1;
usually these amounts are not harmful, but the sodium concentration may
occasionally be high enough to become a consideration in sodium-free
diets. Iron concentrations are usually within acceptable limits except
where the aquifer is found at shallow depth.

Perhaps the most serious drawback of these waters is that they may
contain excessive concentrations of fluoride. In moderate amounts,
fluoride is beneficial because of its role in development of decay-
resistant tooth enamel in children. But concentrations much greater
than about 1.5 mg/l, cause mottling in growing teeth, thereby making the
water unsuitable for human consumption. Most freshwater in northeast
North Carolina does not contain objectionable amounts of fluoride, but
concentrations exceeding 5.0 mg/l have been measured in water from the
lower aquifer. Therefore, careful evaluation of local water quality is
highly recommended before large investments are made for drinking-water
supplies from the lower aquifer.

Typical analyses of water from wells screened in the lower aquifer
are shown in table 6.

WATER MANAGEMENT

Thus far there has been relatively little purposeful management of
the water resources of northeast North Carolina. The amount of water
available usually has been adequate to meet needs, and there has been
little motivation to activate water-management plans except in the area
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Table 6.--Chemical analyses of water samples from wells in the

lower aquifer

Murfreesboro, N.C.| Powellaville, N.(T.—I Woodland, N.C. | Washington, N.C.
Hertford Co. Bertie Co. Noythampton Co._;, Beaufort Co.

Depeli (RE)vrsvnsnsveinas 432 10 1 289 : ik
Temperature (*C)......... 17.5 i 19.5 ? 17.8 | s

[ O e L e e ot ? | 24 | 50 -

Sp. Cond. (umho)..... e 281 ’ 632 , 358 ’ 1,230

1 RO NS . 7.8 ! 7.8 ; 7.6 8.7
Alkalinity as CaC03} ; | |

[CTTA% PO AR 138 . 317 179 -
Bicarbounate (HCO3) {

[T 725 TSN, e 168 \ 387 | 218 i 336
Carbonate (CO3) (mg/1).... 0 ', 0 ‘; 0 26
Nitrate (N)(mg/l)........ .07 3 .36 3 - -
Phosphate (P04) (mg/1).... ) : - 1 1.1 2.9
Hardness (Ca, Mg) (mg/1).. 4 { 16 | 5 12
Noncarbonate Hardness : l

(175409 NI L ko [k e a s I\ | Q Q 0
Calcium (Ca)(mg/1)....... | 2 j 2.8 1.0 2.8
Magnesfum (Mg) (MR/1) .. ... ' 2 f 2.2 ‘ 7 1.2
Sodium (Na) (mg/1).cvvenn. 64 | 140 ; 82 250
Potassium (K) (mg/L)...... ‘ 4.8 f 15 7.4 9.0
Chlortde (CL)(mg/t)...... { 4.0 ‘ 14 ‘ 4.1 149
Sulfate (S04) (mg/L)...... ‘ 5.2 ' 5.8 4.5 -
Fluovide (F)(mg/L)....... l .3 ’I 1+2 4 S.o
Stlica (5102) (mg/L)...... | 2 20 3 9.3
Tron (Fe) (Ug/L). eeennen. i 120 580 2,700 270
Manganese (Mn) (ug/l)..... | 10 ! 0 40 -
Aluminum (A1) (ug/L)...... | 0 | 0 0 -

| |
Suspended Lithium (L{) { i

RO vesensurnsrvava] 0 0 500 2
Dissolved Solids | |

(Reaidue at 180°C) ]

CZE Yo oo vennscnine ‘ 196 396 222
Dissolved Solids (Sum of ' ‘

const{tuents) (mg/t }.... ' 192 395 | M 69
Nitrate (NOJ)(mg/l)...... «3 1.8 \ 1.8
P A R o o 5-14-64 9-27-55 f 7-9-5 2-8-63
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atfected by withdrawals at the phosphate mine {n Beaufort County. Water
management has, ot course, taken place on a large scale during the
processes of improvement ot stream channels to hasten flood drainage and
in the construction of canals to drain swamps for agriculture, but the
main concern in these practices {s land management, Scant attentlon has
been given to their overall eftects on the hydrologic system. 1t is
shown in figures 27 and 28 that artiticial channel fmprovement signifi-
cantly changes the flow patterns of streams, and the effects of drainage
to make swamplands farmable {s likely to be even more disruptive of the
natural hydrologic cycle. However, land drainage and channel {mprove-
ment are established facts throughout much ot the area, and tuture
water-management schemes must be based upon existing conditions of land
management rather than the assumption of an undisturbed hydrologic
system.

Schemes for water management should consider all aspects of the
hydrologic system. Perhaps the most important step {n managing the
wdater resources ot the area is the development ot a conceptual framework
within which individual decisions can be made. This has been done to
some extent in the preceding sections of this report.

Two major considerations must be kept in mind in planning aveal
development of water supplies. First, the results of any major alter-
ation of the hydrologic regime on the operation of the entire hvdrologic
system must be considered. The interdependency of the varfous land-
phases of the hydrologic cycle clearly implies that {t {s not possible
to develop large supplies ot water from any one source without attecting
other parts ot the areal water budget. For example, the shallow aquitern
represents the most productive long-term source ot tresh water {n the
area. However, {f a significant porti{on ot the potential supply avail-
able trom this aquifer is developed in an area, surface drainage from
the area will be diminished and small streams will probably be dry much
of the time. Similarly, pumpage from the upper aquiter will decrease
the recharge to the lower aquiters. Since most water users actually
consume only a small percentage ot their total withdrawal, {t {s otten
possible with careful planning to dispose of used water in such a way as
to conteract many ot the detrimental ettects ot large-scale withdravals. |

It i{s not within the scope ot this veport to consider the vesults
of water management upon parts of the environment other than the hvdro-
loglic systems, but the ecological fmplications ot lowered water tables
and dried-up streams and swamps should be evaluated {n planning total
areal development.,

The second hydrologic consideration is the eftects ot water with
drawal and use on water quality. The possibilities ot saltwater en-
croachment, and the {ntroduction of polluted water to streams and
aquifers must occupy a position of {mportance equal to that ot concern
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about the amounts of water available.

The fundamental aspects of water management philosophy must be
based upon the gross water budget as discussed in the first section of
this report. The amount of water in the area is virtually fixed by
nature. Any practical management philosophy must recognize that, al-
though water is a renewable resource, it is nevertheless a finite
resource.

Much remains to be learned about the hydrology of northeast North
Carolina before specific recommendations can be made concerning how best
to manage the system. Reexamination of the water budget as defined in
the first section of this report will be worthwhile in order to es-
tablish some general guidelines as to where water-management feasibility
studies should be directed. The water budget can be summarized by the
following equation:

P = ET + RO + AGW

(precipitation) (evapotranspiration) (runoff) (change in ground- (2)
water storage)

which provides a framework for discussing possible ways of managing the
water resources of the area.

Precipitation

Precipitation provides the only source of input to the system, and
is perhaps the only part over which we have no real control. Since
earliest history man has tried to manage the amount of atmospheric
moisture falling upon his habitat. Methods have ranged from filling the
air with a variety of pollutants to ceremonial dances around a totem
pole. As yet there is no valid reason to believe that man has ever been
able to intentionally change his weather to any noticeable degree.
Therefore, we conclude that precipitation is fixed at an average of 50
in per year, and that water management must start after rainfall reaches
the surface of the earth.

Evapotranspiration

Under the present conditions evapotranspiration may be said to have
first call on water that enters the area as precipitation. It returns a
lion's share, 34 in or 68 percent of total precipitation back to the
atmosphere as vapor, and even during dry years evapotranspiration
demands tend to be met at the expense of other parts of the hydrologic
cycle. Evapotranspiration has been the subject of a considerable amount
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of study in arid areas, but has received scant attention in wetter
climates. One possible means for controlling ET in areas such as
northeast North Carolina is to lower the water table far enough that it
will be below both the root zone and the depth to which capillary
action can readily bring water near enough to land surface to be evapo-
rated. Throughout much of the project area large-scale drainage for
agriculture may result in lowering the water table 1 or 4 ft within the
next few years (Heath, 1975). Because no studies have been done re-
lating evapotranspiration to depth to water table in this area it 1is not
possible to predict what effect this will have on ET losses relative to
the overall water budget.

Investigations in somewhat similar areas in Arkansas (Bedinger, and
others, 1971) indicate that decreases in ET may not be significant to
depths of around 5 ft, and that some ET losses are apparent to depths of
about 25 ft. These data were used earlier in this report to estimate
that water levels uniformly drawn down te 30 ft below land surface would
allow salvage of about 590,000 (gal/d)/mi’ of ET losses in northeast
North Carolina. It is recognized that the transfer of data and tech-
niques from other areas, as was done here, introduces the possibility of
large errors, and these estimates are intended primarily to point out
that large amounts of water can be potentially salvaged from the upper
aquifer by reducing ET losses. 1t is, of course, not practical to lower
the water table uniformly over large portions of the area by as much as
30 ft; but pumping large numbers of closely spaced wells possibly could
locally effect the capture of a significant amount of the water that is
naturally lost to the atmosphere.

Some undesirable results can be associated with a drastically
lowered water table. Streamflow, for example, would be greatly reduced,
particularly during base flow; and small streams would go dry for long
periods during most years. In areas of thick peat soils, the near-
surface drying effect of a lowered water table can cause soil compaction
and oxidation with the end result being land-surface subsidence (Heath,
1975, p. 85). Also, in drained soils, certain land-management practices
require that the water table be kept as high as is consistent with good
crop production.

Runof f

The most common method of managing water supplies on a large scale
is surface storage of excess runoff. In inland areas, surface storage
is accomplished by means of reservoirs created by dams across stream
channels. In northeast North Carolina, however, the terrain is so flat
that suitable dam sites are not available. The only significant amount
of fresh surface-water storage in the area at present is in natural
lakes. Although these lakes store large quantities of water, they
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average only 4 ft in depth; and the amount of water stored {n them in
proportfon to their surface areas is much less than in inland artificfal
reservoirs. Figure 70 shows the relatlon ot storage to surface area in
mountain and Piedmont reservoirs compared to natural lakes in the
proifect area.

Surface storage either in excavated artificial lakes or in diked
areas above land surface has been suggested. The scope of this report
does not permit an evaluation of either the engineering or the economic
feasibility of such storage, but there are obviously problems with
either approach. The high water table, which i{s at or near the surface
in most undrained parts of the area, would make sizable excavat{ons
difficult. Even in areas that have been drained for agriculture, the
water table {s seldom more than 4 ft below land surface.

The most frequently mentfioned possibility for storing surface water
in coastal areas {s in above-ground reservoirs created by surrounding
the reservoir area with earthen dikes. During periods of high overland
runoff the dikes would be filled (presumably by pumping), and the water
held for use when needed. Whether water can be successfully stored in
diked enclosures depends upon whether the sides and bottoms of the
reservoirs can be made sufficiently watertight to suspend water above
the natural water table. At most locations, reservoirs would have to be
lined with clay or some other impervious material, which would add
greatly to construction costs. Another problem with above-ground
reservoirs in many areas would be keeping them adequately filled.
Reservoirs created by on-channel dams are able to catch and store flood
flows in their entirety if needed, while off-channel reservoirs, es-
pecially {if above ground, must be fflled by pumping. Even if all
streamflow could be captured, storage requirements fn the Coastal Plain
are much higher for a given available draft than in the interior of the
State (Arteaga and Hubbard, 1975). Figure 71 shows storage versus
available draft for two small drainage areas, one of which Is near the
edge of the project area and the other in the mid-Pledmont. In order to
be assured of a given draft at the 20-yr recurrence interval, the
Coastal Plain setting would require more than double the storage volume
of the Pledmont setting. While these two examples do not constitute a
definitive statistical sample, they are probably typical.

In special cases where large amounts of water are available from
dewatering operations, or perhaps near estuarlies that arve fresh at least
part of the time, surface storage may be practical in the project area.
Surface storage does not, however, seem to represent a generally appli-
cable management tool in northeast North Carolina.
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Figure 71.--Relation between available draft and required storage at
the 20-year recurrence interval for typical small drainage areas
in the Coastal Plain and Piedmont.

Ground-Water Storage

Under most natural conditions ground-water storage is essentially
constant from year to year.
some water from storage.
to replace the lost storage.
how much recharge is available, and how easily it can get into the
system, it may require anywhere from days to centuries for all of the
lost storage to be replaced.
quired for a depleted system to essentially recover would probably range
from days in the upper aquifer, to months in the limestone aquifer, and
a few years in the lower aquifer.

Pumping in any amount, however, removes
If pumping is stopped, recharge will commence
Depending upon how much water is pumped,

In northeast North Carolina the time re-

When water is being withdrawn from an aquifer faster than it can be
replaced it is often considered that water is being "mined."
some lack of agreement between authorities as to what actually consti-
tutes "mining" of ground water.

Theis (1940, p. 280) implies that
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water is mined any time withdrawal from storage occurs. R. L. Nace
(oral commun., 1976) considers mining to take place only when depleted
storage will not be naturally replaced fast enough to be of significance
to the existing political system (society) should pumping cease. It
would seem reasonable to introduce a further practicality and assume
that mining is effectively taking place if storage is being depleted by
pumping that is expected to exceed indefinitely potential capture of
recharge and discharge. Under this concept large withdrawals such as the
ones illustrated on figures 66 and 67 are clearly examples of ground-
water mining, since the amounts of water they have withdrawn from
storage are lost to society until they cease, or reduce, their with-
drawals--which is not anticipated in the foreseeable future. It is also
important to note that a part of the freshwater being withdrawn is being
replaced by saltwater which would remain in the aquifer for an extremely
long time (thousands of years?) even if all pumping were stopped. Thus,
freshwater is being mined according to any definition of the word.

No implication is intended that mining of water is necessarily un-
desirable. Water, like other minerals, is a finite resource which is
available for man's use. Consumptive development of ground-water may be
a legitimate practice so long as it is done with an awareness of the
consequences.

It may also be possible to manage ground-water storage by increas-
ing recharge into aquifers within which storage has been depleted.
Throughout much of northeast North Carolina there is an abundance of
potential recharge that is either naturally rejected or intentionally
drained away for agricultural purposes. It has been suggested (North
Carolina Groundwater Section, 1974, p. 87-89) that the spectacular
amounts of recharge to deep aquifers within the cones of depression of
large pumping centers can be effected through connector wells linking
the deep aquifers to shallow aquifers containing water at higher heads.
However, the possibility of deleterious effects on the quality of water
in the aquifers being recharged would need to be studied before such
schemes were activated on a large scale.

All of Beaufort, Pamlico, and Washington Counties and parts of
Carteret, Craven, Hyde, and Tyrell Counties, all of which are in north-
east North Carolina, and part of Martin County have been declared a
"capacity-use" area by the North Carolina Department of Natural Re-
sources and Community Development, and further development of large
ground-water supplies in these counties is legally controlled.
Elsewhere ground water is withdrawn at the discretion of the individual
user. Yet, the way in which the ground-water system is developed will
be of critical importance to the future of the area, because ground
water is, and will continue to be, the prime source of freshwater in
northeast North Carolina.
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Recommendat {ons

There are a number of deficiencies in our knowledge of the hydrol-
ogy of northeast North Carolina. Considering the increased demands that
are aiready beginning to be imposed on the system, steps should be taken

to gain a
hydrology.

l.

better understanding of the following aspects of the areal

Evapotranspiration should be studied in various terrains
within the area. ET i{s, without doubt, the largest areal
consumer of water. However, estimates of the amount of FET
must now be based upon techniques developed for other, quite
different, areas. These and new techniques must be tested and
verified in humid, swampy areas.

\ Equally important, studies of the effect of lowering the
water table on the rate and amount of ET are needed.

Methods for "harvesting" water from the upper aquiter should
be developed. This aquifer is potentially the wmost prolific
source of freshwater in the area. Many users already depend
on it for water supplies; and, as most demand is made upon
water from the deeper aquifers, the upper aquifer will become
more important.

The ability of the limestone and lower aquifers to vield water
on a long-term basis needs further study. The estimates given
in this report are thought to be as good as can be made from
presently available data. They are, however, based upon
widely scattered data from only a few locations, and are
subject to considerable error.

Surface-water storage does not appear to be an attractive
water management tool in most of the project area. Where
large amounts of fresh surface water ave seasonally or peri-
odically available however, supplementary storage may be
feasible. The engineering and economic aspects of how such
storage could best be accomplished are worth {nvestigating.

Ground-water storage has been atfected more by man's activi-
ties than any other phase of the areal hydrologic cycle. Huge
additional withdrawals are already being planned, and the
depletion of stored ground water is becoming a major concern
in some areas. Studies should be initiated {mmediately on
methods of increasing recharge where cones of depression have
developed.
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6. Detertoration of the chemical quality of ground water by en-
croachment of saltwater into naturally fresh zones caused by
heavy pumping is a threat throughout the area. At present no
way is known to predict either the probability or rate of
seawater encroachment under anything but the most simple
hydrologic conditions. Research is needed that will lead to a
better understanding of the mechanics of encroachment in
nonhomogeneous porous media such as the three major aquifers
in northeast North Carolina.

SUMMARY

Northeast North Carolina has an abundance of water; but problems
such as contamination of freshwater by saltwater, the absence of
large freshwater streams, seasonal variations in streamflow and the
lack of a proven means for large-scale storage of freshwater, make
it difficult to develop large supplies of potable water throughout
much of the area.

An average of about 17,500 ft/s of freshwater flows into the area
through the Chowan, Roanoke, Tar, and Neuse Rivers. This water is
extremely important in maintaining the ecology of the estuaries and
sounds; but it mixes with seawater in the lower parts of the rivers,
and little of it is suitable for most uses. Few natural streams
originate within the area, and most of these are subject to sea-
water encroachment, or go dry for parts of nust years. Artificial
channels created by channelization and ditching for agricultural
drainage often contain perennial flow, but watersheds for these
channels are usually small and seasonal flows may be very low.

Three aquifers supply water to wells in the area. The upper aqui-
fer contains the water table, and has the greatest potential for
supplying large amounts of water on a long-term basis. Individual
well yields are usually quite low (less than 100 gal/min), and few
large supplies have been developed in the upper aquifer.

The limestone aquifer underlies the upper aquifer and contains
confined ground water. Wells in the limestone aquifer typically
yield several hundred to as much as 2,000 gal/min. Except near its
western border, the limestone aquifer contains saltwater at depth,
and the possibility of saltwater encroachment must be considered
when developing water supplies from it.

The lower aquifer underlies the limestone aquifer, and con-
tains saltwater except in the northwestern part of the study area.
Wells in the lower aquifer may yield several hundred to as much as
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1,000 gal/min, but it is well confined and the potential for long-
term ylelds of water from {t are not as good as in the overlying
aquifers,

The chemical quality of the fresh surface waters of northeast
North Carolina is generally good where not mixed with seawater.
The freshwaters do not contain objectionable amounts of any dis-
solved mineral constituents, except that some streams draining the
area in which the Castle Hayne Limestone is near land surface
contain moderately hard water during periods of low flow. The only
undesirable characteristic of the freshwaters of northeast North
Carolina is that water drained from swampy areas may be colored.
This is not a problem for drinking purposes, but above 20-40 units
on the platinum-cobalt scale, it may stain laundry, paper and like
items.

The chemical quality of ground waters is highly variable.
Water from the upper aquifer is generally low in dissolved solids,
but in some places may require treatment for acidity, iron, or
hardness. Water from the limestone aquifer generally is hard, high
in alkalinity, and tends to form scale in water lines, bolilers,
water heaters, etc. Finally, water from the lower aquifer, where
fresh, generally is soft and non-corrosive, but may contain ob-
jectionable amounts of iron, sodium, and fluoride.

Additional work needs to be done on developing methods for harvest-
ing water from the upper aquifer, for utilizing water lost in
agricultural drainage, for large-scale storage of water in the
area, for estimating the amount of salvageable freshwater in aqui-
fers containing both freshwater and saltwater, and for predicting
the rate of saltwater movement toward pumping wells.
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