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ABSTRACT 

Isotopic analysis of ground and surface water samples from 
northeastern North Carolina and southeastern Virginia showed that 
mixing of aquifer waters are common. The concentration values 
for uranium were generally lower while the n4U/nsu activity ratios 
determined were higher than from comparable water samples in 
Texas and Florida. The low concentration of dissolved uranium in 
the surficial and shallow water aquifers is due to the presence 
of peat deposits in the Tidewater section of the Coastal Plain. 
Discharges from these aquifers into the streams influenced the 
isotopic signature of Pasquotank River and its tributaries. 

The water samples analyzed lies in the 0.0004 - 0.110 ppb uranium 
concentration and 0.87 - 16.00 activity ratio ranges. Some 
mixing relationships and certain isotopic trends are discernible 
between the aquifers and the surface/aquifer waters. A very 
clear trend is seen between the Cape Fear-Potomac aquifers, and 
between the unconfined-Yorktown-Castle Hayne-Pasquotank River. 
Three Black Creek aquifer samples plotted in a cluster separate 
from those of the other aquifer samples. The Pasquotank River 
samples followed closely the 1.0 activity ratio line along a 
uranium concentration range of 0.002 to 0.110 ppb. 

The results of this study clearly indicate the usefulness of the 
uranium disequilibrium techniques in certain hydrogeologic 
investigations. Characterization of the isotopic signatures of 
water from such a wide range of aquifer systems and over a wide 
area is not possible in a preliminary study such as this. 
Although some very general groupings are possible in this study, 
the original plan to sample the research station wells where the 
ground water may be collected from individual aquifers within the 
same area would have made better characterization possible. 
Additional sampling of certain selected aquifer systems, e.g., 
surface and Yorktown and Castle Hayne aquifers, should provide a 
clearer and more definitive picture of the hydrogeologic 
relationship through isotopic determination methods in future 
studies. 

Keywords: uranium isotopes, disequilibrium, hydrogeology, 
isotopic aquifer identification, aquifer mixing. 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusion 

Based on the results of this preliminary investigation in the 
usefulness of the uranium disequilibrium techniques in . 
hydrological studies, it is possible to characterize surface 
waters from some areas and ground waters from some aquifers. 
vertical mixing of waters from aquifers complicates the 
identification process. This study has indicated some mixing 
between several aquifers and between the shallow aquifers and 
streams. Quantitative determinations of mixing volumes may be 
possible, if given a larger number of samples than have been 
analyzed from the different aquifers involved in this study. 
Succeeding studies, possibly involving fewer aquifers in a 
smaller area but with more intensive sampling might be able to 
give a better definitive answer concerning ground water 
characterization and mixing volume calculations. 

The close isotopic similarity between the shallow aquifer waters 
and the stream waters, specially those from the Pasquotank River 
was not expected. The presence of peat deposits imparted a low 
uranium concentration to the shallow aquifer fluids. Discharges 
to the Pasquotank River in turn imparted a similar isotopic 
signature to the river. In the lower reaches of the river 
however, this isotopic signature has been modified by oxidation 
and by influx of material as from runoff, tides and other 
sources. The tributaries, including the upper Pasquotank River 
gave concentrations and n4U equivalent values similar to those of 
the surficial and Yorktown aquifers. As the water flows 
downstream, an increase in concentration and a decrease in 
activity ratio takes place. From the uranium concentration - n4U 
equivalent plot, the water flow in the Pasquotank River may be 
traced. 

Recommendations 

This is the first time a study of this type has been undertaken 
in this area. Very little similar work, probably except in 
Florida and the southwestern part of the united states, has been 
done in this country. This investigation has given a broad 
picture of the isotopic character of both the surface and ground 
waters. Follow-up work is recommended, concentrating on a 
smaller area and possibly involving promising aquifer and surface 
water systems. An excellent follow-up study may involve the 
Pasquotank-Chowan Rivers-Albemarle Sound and the 
surficial-Yorktown aquifers. 

Improved sampling and analytical methods have been established 
during the past study, and future work should proceed at a faster 
pace. The acquisition of an alpha spectrometer will improve the 

vi 



turn-around time from sampling to the determination of the 
isotopic parameters. This will help in the determination of 
sampling points and analytical revisions that may be adopted for 
a wide variety of samples. 
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INTRODUCTION 

Previous studies 

Several earlier studies concerning the use of uranium 
disequilibrium technique for hydrological work have been 
encouraging. Calculations of the contributions from different 
recharge areas to an aquifer system are possible for some aquifer 
systems. In 1971, Kigoshi calculated the ages of the waters of 
two aquifers through the measurement of nsU, ~h and n4U. Osmond 
et al (1974) calculated three possible sources of the spring 
water in Rainbow Springs in central Florida using mixing 
calculation. Briel (1976) was able to determine the relative 
contributions from several sources to a river in Karstic terrain 
in North Central Florida. In his study, Briels was able to 
define quantitatively the relative run-off and ground water 
contributions to the river at flood stages. Cohen (1977), in her 
thesis, calculated and plotted the mixing of sea water and the 
discharge of the shoreline springs of Spring Creek up to several 
kilometers into Oyster Bay in Florida. 

Chalov et al (1979) were able to unambiguously identify the 
different sources of ground water flowing in the Ala Archa
Alamedin area in the USSR, using isotopic variations in the AR of 
the ground waters. Contouring the AR values enabled the 
investigators to determine the sources of the ground waters, 
individual flow systems and mixing regions, and also the 
directions of motions of the system. 

In 1981, R.W. Hull, in his M.S. thesis, studied the use of the 
uranium disequilibrium method in the Floridan aquifer waters in 
northeast Florida. His results indicate that the isotope 
dilution model of Osmond et al (1974) and the depleted-rind 
concept of Cowart are applicable in this complex hydrologic 
environment. 

PURPOSE AND SCOPE 

The objective of this study was to determine the feasibility of 
using the uranium disequilibrium series technique to characterize 
or "fingerprint" surface and ground waters from different aquifer 
systems in parts of northeastern North Caroliria and the 
southernmost portion of the Tidewater area of Virginia. The two 
isotopic parameters used for the purpose were the uranium 
concentration (C) and the ~U/nsU activity ratio (AR) derived from 
the analysis of the water samples. Surface and ground waters 
exhibit uranium isotopic variations that are dependent on the 
conditions present at the recharge regions (Osmond and Cowart, 
1976). Usually ground waters show much more variations in AR at 
lower uranium concentrations than surface waters. Also, prior 
investigations have shown that differences in the AR helps to 
identify these signatures. Thus, it would be possible to 



estimate the location of aquifers, contribution from the recharge 
areas, mixing volumes (leakages) between aquifer systems and the 
general geochemical environment. 

GEOCHEMISTRY OF URANIUM 

Uranium, the heaviest naturally occurring long-lived nuclei, 
belongs to the actinide series of the periodic table. The 
chemical behavior of an element is dependent not only on its 
electronic structure but also on its chemical environment. The 
affinity of uranium for oxygen is more important than its atomic 
weight, so that the crust of the earth has a much higher uranium 
concentration than does the rest of the earth, and granitic rocks 
usually contain more uranium than basic rocks (stanton, 1972). 
Uranium has six valence states, U+ 1 , U+2, U+3 , U+4 , U+s and U+6 • 

Only U+4 and U+6 are the most important in nature. Under 
oxidizing conditions, dissolved U+4 readily oxidizes to U+6 and is 
mobile as the uranyl ion (U02) +2. This ion is very soluble under 
oxidizing conditions and forms stable complexes with sulfates, 
phosphates and bisulfates almost independent of Ph (stanton, 
1972). Since the uranyl ion does not bond strongly with most 
anions, it forms few insoluble compounds. U+6 is reduced to U+4 

and readily precipitates as uraninite, and in the solid state, 
has very low solubility in a reducing environment. 

The three naturally occurring isotopes of uranium are nsU, nsU, 
and its daughter, n4U. nso and nsU are long-lived isotopes 
thought to be produced by primary stellar synthesis. The ratio 
of the two "primary" uranium isotopes changes logarithmically 
through time. The present nsu/nsU atom abundance ratio of 1/137.5 
is almost always constant ever~here, except for a deposit in 
Gabon, west Africa, where the Su decreased due to a natural 
fission process which occurred about 1.8 billion years ago 
(Lancelot et aI, 1975). n4u, a daughter of nsu, has a half-life 
of 2.48 x 10Syears and is separated from nsU by a very 
short-lived (on the order of a few weeks) intermediate decay 
nuclides, n4Th and n4pa. Although the atom abundance of n4U is 
very small (0.000056) compared to its parent 23SU, the ratio of 
their alpha radioactivities is unity for a system in secular 
equilibrium. Secular equilibrium is the state wherein the decay 
rate of a daughter (in this case n4U) is equal to the decay rate 
of its parent. Radioactivity or activity of a nuclide (A) may be 
defined as: 

A = N x ~ where N = no. of atoms in the system 
~ = lambda, the decay constant 

At secular equilibrium, the activities of both parents and 
daughter are equal. 

Ap = Ad 
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This is true for a system closed for a long enough time to 
achieve secular equilibrium. 

Previously, it was thought that ~u and nsU were in equilibrium in 
nature. On the basis of mass, very little disequilibrium should 
occur even in open systems such as weathering of minerals due to 
the fact that the two isotopes have very little mass difference 
(1.7%). On the basis of chemical (elemental) fractionation, the 
very short average lifetime of the intervening daughters (a total 
of 36 days) suggest little fractionation. However, in 1955, 
Cherdyntsev et al reported fractionation of ~U and nsU in 
nature. Other findings showed that disequilibrium is the rule 
rather than the exception in surface to near-surface 
environment. Sea water has a n4u/nsu activity ratio (AR) of 1.15, 
which is found to be constant essentially in open ocean (Koide 
and Goldge;2' 1963). Rivers and lakes have been found to have an 
excess of U (Cherdyntsev, 1971; Osmond and Cowart, 1976). On 
the other hand, studies of soil and other weathered materials 
showed them to be n4U deficient (Rosholt, Doe and Tatsumoto, 
1966; Doe and Newell, 1965). 

Several fractionationJgrocesses have been given to explain the 
variations in the 234U/ 8U activity ratio, especially in surface 
and ground waters where the greatest disequilibrium has been 
observed. 

1. oxidation of n4U during decay of parent nsU due to the 
stripping of electrons during beta decay recoil. This process 
releases around 70 KeV of energy. Even beta decay of 
intervening short-lived daughters has enough energy to break 
the chemical bond and produce damaged lattice sites. 

2. oxidation and leaching of 234U which occupies damaged lattice 
sites due to decay of parent 23SU, in preference to nsU which is 
more likely to occupy stable undamaged lattice sites. 

3. ejection of 234Th into the water from grain surfaces due to 
recoil during decay of nsU. This is considered to be an 
important process in isotopic disequilibrium in nature by 
Osmond and Cowart (1976). 

Ground waters show larger variations than the surface waters, 
suggesting that the major part of the fractionated uranium came 
mostly from the pore waters in weathered rocks, soils and 
aquifers, each sub-surface system contributing its unique 
concentration and AR to the surface run-off systems and finally 
to the ocean (Osmond and Cowart, 1976). 
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HYDROGEOLOGY 

Physiographic setting 

The North Carolina and Virginia Coastal Plain, part of the 
Atlantic and the Gulf of Mexico Coastal Plain physiographic 
province, is approximately 100 to 150 miles wide east to west, 
with the Atlantic ocean as its eastern boundary and the Fall Line 
as its western boundary. This boundary is marked by the sudden 
change in the gradient from the crystalline rocks of the Piedmont 
to the sediments of the Coastal Plain (Fig. 1). 

The Coastal Plain may be subdivided into two geomorphic areas, 
the eastern half called the Tidewater region or the outer Coastal 
Plain, and the western portion known as the Inner. Coastal Plain 
(Stuckey, 1965). The Outer Coastal Plain, is characterized by 
low land surface elevations (average of 20 feet) swampy 
conditions, and tidal effects on large streams and major 
tributaries. On the other hand, the Inner Coastal Plain has 
gently rolling land surface, with elevations ranging from around 
50 feet in the east to more than 700 feet at the Fall Line. 

Geology 

The Coastal Plain of northeastern North Carolina and southeastern 
virginia is underlain by unconsolidated sediments that range in 
age from early cretaceous to Holocene. The sediments are mostly 
clastic rocks, typically consisting of clay, sand and gravel but 
they may contain lesser amounts of marine limestone. The 
sediments rest upon the crystalline rocks and gradually thicken 
eastward to as much as several thousand feet at Cape Hatteras. 
In southeastern Virginia, around 70% of the sediments are early 
Cretaceous in age, consisting mostly of interbedded arkosic 
quartz sand and clay (Hamilton and Larson, 1988). The Tertiary 
sediments, on the other hand, consist of layered sequences of 
sand, clay, marl and some shells. 

Hydrology 

Ground water in the Coastal Plain generally flows eastward 
through aquifers made up of sand, gravel and limestone layers 
separated by confining beds of clay and other less permeable 
sediments. The major flow boundaries are the Fall Line to the 
west, the fresh-saltwater interface to the east, and the 
crystalline basement rocks at the bottom. The primary supply of 
water to the system comes from precipitation, of which only a 
small percent infiltrates into the underlying unconfined aquifers 
and to a smaller extent into the confined aquifers. The recharge 
therefore to the shallow unconfined aquifers is greater than the 
recharge that moves downward to the deeper confined aquifers 
(Winner and Coble, 1989). Although the predominant water 
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movement is lateral through the various permeable units, there 
are some vertical movements or leakages through the confining 
beds, controlled by the unit thickness and the vertical hydraulic 
conductivity ( Hamilton and Larson, 1988). 

Discharges from the shallow, unconfined aquifers occur as seepage 
into streams, lakes, and drainage ditches. Upward and/or 
downward leakage for some confined aquifers also takes place 
through the confining units to stream valleys, the bottom of 
estuaries and to overlying and/or underlying aquifers. 
Discharges to streams from confined aquifers where the overlying 
confining bed has been breached may also be an important source 
of water in most of the major river systems in the North Carolina 
and Virginia Coastal Plain. 

stratigraphy 

The Coastal Plain sediments consist of a series of aquifers and 
confining units, producing a hydrogeologic framework where 
hydrologic continuity over considerable distances may be 
demonstrated (Winner and Coble, 1989). The stratigraphic 
framework consists of a series of aquifers separated from each 
other by confining beds. There are one unconfined and eight 
confined aquifers separated by intervening confining units found 
in southeastern virginia (Hamilton and Larson, 1988), while in 
northeastern North Carolina, one unconfined and nine confined 
aquifers are noted (Table 1). The names of the confining units 
are usually derived from the aquifers they overlie (Winner and 
Coble, 1989). For example, the Castle Hayne confining unit 
overlie the Castle Hayne aquifer. 

A brief description of the aquifers and confining units follows. 
Table 1 is a simplified hydrogeologic column showing the 
different formation names in North Carolina and their equivalents 
in Virginia. Each hydrogeologic units consists of an upper 
confining and a lower aquifer units. Figure 2 is an east to west 
geologic cross-section depicting the different units underlying 
the Coastal Plain across southeastern Virginia. 

The lower Potomac aquifer (unnamed lower Cretaceous in North 
Carolina) consists essentially of thick interbedded sequences of 
medium to very coarse sand, clayey sand, and clay with some 
interbedded gravel. The confining bed above may be described as 
sequences of carbonaceous clay interbedded with thin sandy clay 
layers (Hamilton and Larson, 1988). The western limit of the 
formation lies near the middle of the Coastal Plain, contributing 
almost half of the thickness of the Coastal Plain sediments along 
the eastern coastline in northeastern North Carolina. 
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Table 1. AQUIFER SYSTEM IN NORTHEASTERN NORTH CAROLINA AND 
AND SOUTHEASTERN VIRGINIA. 

PERIOD EPOCH N.C. AQUIFERS VA AQUIFERS 

Holocene 
Quaternary Surficial Columbia 

Pleistocene 

Pliocene Yorktown Yorktown-Eastover 

Pungo River st. Marys-Choptank 
Miocene 

Tertiary Oligocene 

Castle Hayne Chickahominy -
Eocene Piney Pt. 

Aquia 
Paleocene Beaufort 

Brightseat 

Peedee 
Late Not Present 

cretaceous Black Creek in Virginia 

Upper Cape Upper Potomac 
Fear 

Cretaceous 
Middle 
Cretaceous Lower Cape Middle Potomac 

Fear 

Early Unnamed Lower Potomac 
Cretaceous Lower 

Cretaceous 
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Overlying this unit is the middle Potomac/lower Cape Fear aquifer 
and confining units. The aquifer is composed of interbedded 
silt, fine to coarse grained sand with interbedded gravel in 
Virginia. In North Carolina, the aquifer consists of alternating 
beds of sand and clay commonly 3 to 5 feet in thickness. 

Higher in the column is the upper Potomac/upper Cape Fear aquifer 
consisting of a very fine-grained to medium grained sand, thickly 
bedded with occasional thin layers of silty clay. In Virginia, 
the aquifer is present in the eastern part where it is 
approximately 280 feet thick in a well in the city of Virginia 
Beach. In North Carolina, the equivalent upper Cape Fear aquifer 
has been measured up to 500 feet thick in Tyrrell County, 
although its average thickness is only 100 feet. The upper Cape 
Fear/upper Potomac confining unit is composed almost entirely of 
clay, silty clay and sandy clay beds and thickens to more than 
100 feet in North Carolina and up to 192 feet in southeastern 
virginia. 

overlying the middle Potomac/upper Cape Fear confining unit is 
the Virginia Beach aquifer in southeastern Tidewater and north
eastern North Carolina, Chickahominy-piney Point aquifer in the 
northeastern Tidewater area and the Aquia aquifer over the rest 
of southeastern Virginia. 

The Black Creek/virginia Beach aquifer consists of fine-to-medium 
grained glauconitic sands with interbedded clay layers(Hamilton 
and Larson, 1988). Their range in thickness varies from near 
zero to 110 feet in the City of Chesapeake. In North Carolina, 
the aquifer is made up of lagoonal to marine thinly laminated 
gray to black sands with interbedded gray to tan-colored sands of 
the Black Creek formation, and of non-marine fine-to-medium 
grained sand, silty clay beds, coarse channel sands, thin 
laminated beds of sand and clay (winner and Coble, 1989). The 
upper confining unit consist of clay to silty clay to sandy clay 
and has an average thickness of 45 feet in North Carolina with an 
upper range of 168 feet and up to 29 feet in Virginia. 

The Peedee aquifer, found only in northeastern North Carolina, is 
described as consisting of glauconitic and shelly sands, with 
interbeds of micaceous silt and clay by Hamilton and Larson 
(1988) and as medium grained sand interbedded with gray to black 
marine clay and silt by Winner and Coble (1989). The overlying 
Peedee confining unit, composed of clay, silty and sandy clay, 
ranges in thickness up to 100 feet in the eastern Albemarle 
Sound. 

The Aquia aquifer of Virginia is found north of the study area. 
The equivalent Beaufort aquifer in North Carolina consists of 
marine fine-to-medium grained glauconitic and clayey sand, clay 
beds, and the distinctive limestone and shell beds in most of its 
exposure. The upper confining unit consists of the uppermost 
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section of the Beaufort formation composed of sandy clay to clay 
and some possible younger clay, silt and sandy clay. 

The Castle Hayne/Chickahominy-Piney Point aquifer is deposited in 
a shallow marine environment and in Virginia consists typically 
of medium to coarse grained glauconitic sand with interbedded 
silt, clay and indurated shell beds. In North Carolina, it 
consists of marine shell, dolomitic and sandy limestone and sand 
with minor amounts of clay. In the study area, the Castle Hayne 
averages 50 feet and contains mostly sand with increased clay 
content and the limestone usually found only as thin or 
non-existent beds. 

The Pungo River aquifer is confined only to the eastern part of 
northeastern North Carolina and is not present in virginia. It 
is composed of fine-to-medium grained sand of shallow offshore 
marine origin. An equivalent aquifer in Virginia, the st. Marys, 
is not present near the North Carolina line. Overlying the 
aquifer are the upper clay beds of the Pungo River Formation and 
the lowermost Yorktown Formation. 

The equivalent Yorktown and Yorktown-Eastover aquifer consists of 
shelly, very fine to coarse grained sand with interbedded silt, 
clay, shell beds and gravel. Its thickness increases eastward 
reaching 300 feet in Dare County. The confining unit overlying 
the Yorktown is composed of massive, bedded clay and sandy clay 
with local occurrence of fine sand or shell. 

The unconfined aquifer, containing the youngest sediments, 
consists of interbedded fine sand, silt, clay and gravel. Shell 
and peat beds are also present in many localities. Precipitation 
supplies water to this aquifer which in turn transmits the water 
laterally to streams and downward into deeper aquifers (Winner 
and Coble, 1989). 

METHODS AND PROCEDURES 

samplinq 

All of the samples used in this study were collected during the 
period of October 1989 to December of 1990. Some of the wells in 
the Elizabeth City and Pasquotank County were sampled twice. A 
total of 69 samples were collected, but several were not used in 
the interpretation due to reasons that are discussed in the 
results section. Of the remaining, 13 were from the unconfined 
and Yorktown aquifers, 7 from the Castle Hayne/Chickahominy-Piney 
Point, 3 from the Black Creek, 17 from the Cape Fear/upper to 
middle Potomac, 7 from the lower Cretaceous/lower Potomac, and 8 
from the Pasquotank River (Table 2). Throughout the report, the 
sample number (SN) in column one of Table 2 will be used in 
referencing the samples. The sample number are prefixed with 
either NCW (North Carolina water) or VAW (Virginia Water). 
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Table 2. List and description of wells and surface water 
samples. 

S.N. Type Location/ Total Scrn. Formation/Aquifer 
Well No. Depth Depth 

NCW1 W Severn #1 280' 160-180' L. Cape Fear 

2 W Jackson 250' L. Cape Fear 

3 W Jackson 180' L. Cape Fear 

4 W Halifax-#l 420 79-363' Basement 

5 W Halifax-#2 311 20-210 Basement 

6 W Caledonia 180' L. Cape Fear 
#1 

7 W Caledonia 220' L. Cape Fear 
#2 

8 W Gates #2 402' 222-232' u. Cape Fear 
382-402' 

9 W Gates #3 375' 345-375' U. Cape Fear 

10 W Gates #1 422' 400-420' U. Cape Fear 

11 W winton #2 425' L. Cape Fear 

12 W winton #1 L. Cape Fear 

13 W Ahoskie #1 453' 268-448' U. Cape Fear 

14 W Ahoskie #4 267' 166-186' U. Cape Fear 
242-262' 

15 W Ahoskie #2 290' 160-180' U. Cape Fear 
275-285' 

16 W Magette's 575' L. Cape Fear 

17 W Windsor #3 390' 227-380' Black Creek 

18 W Windsor #3 390' 227-288' Black Creek 

19 W Pasquotank From several 
Blend wells 

20 W Pasquo. #1 71' 41-66' unconfined 

21 W " #6 70' 40-66' unconfined 

22 W " #7 70' 40-65' unconfined 

23 Elizabeth 80- close to from several 
city Blend 120 bottom wells 
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24 w Eliz. city 113' 57-87' Yorktown? or 
#2 unconfined? 

25 W E.C. #3 125' 94-120' .. 
26 W E.C. #4 140' 94-119' Yorktown? or 

unconfined? 

27 W E.C. #7 .. 
28 S Tribu. to 

Pasqutoank 

29 S Pasq. R 

30 S Tributary 

31 S Pasq. R 

32 S Pasq. R 

33 S Tributary 

34 S Pasq. R 

35 W Edenton 600' close to Black Creek 
Hatchery W bottom 

36 W Edenton #1 272' 212-242' Castle Haynes 
257-267' 

37 W Edenton #3 272' .. Castle Haynes 

38 W Chowan #6 210' 114-142 Pungo River? or 
Castle Haynes? 

39 W Chowan #8 193' 153-193 .. 
40 W Chowan #7 194' 154-194 .. 
41 S Pembroke Surface sample 

Cr. Bridge 

42 W Hertford -100' near Yorktown-Eastover 
bottom 

43 W Hertford .. .. .. 
44 W Hertford , .. .. 
45 W Bethel #1 120 .. .. 
46 W Bethel #2 120 .. .. 
VAW W Union Camp 837' 380-735' L.-M. Potomac 
47 #11 

48 W .. .. #12 878' 385-610 .. 
49 W .. .. #14 870' 373-680' .. 
50 W .. .. #15 836' 380-745' " 
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51 W " " #6A II 

52 W II " #8A 770' 430-770' II 

53 W II " #7A II 

54 W " II #4A 900' 402-1 II 

55 W city of 802' 590-650' Middle Potomac 
Portsmouth 
Well #1 

56 W " #2 691' 546-576' Middle Potomac 
625-686' 

57 W Wbaley- 200' Chickahominy 
ville Piney Point 
Highway 

58 W Courtland 228' Middle Potomac 

59 W City of 200- Chickahominy-
Norfolk w. 300 Piney Point 
Branch 

60 W Shared 660' 638-658 Upper Potomac 
Hospital 

61 W II II 660' 638-658 Upper Potomac 

NCW W Elizabeth Same well as Yorktown 
62 city #4 NCW 26 

63 W II " #1 Yorktown? 
unconfined 

64 W II II #3 Same NCW 25 If 

as 

65 W II II #2 Same NCW 24 If 

as 

66 W Pasquotank all unconfined 
County wells 
Blend 70' 

67 W " II #1 70' II 

68 W II " #6 70' II 

69 W " " #9 70' II 

Four samples of 3500 ml each were collected in one gallon size 
plastic containers at a location as close to the well head as 
possible, to prevent loss of dissolved uranium due to adsorption 
or precipitation. 
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water Analysis 

The samples, after filtration in cases where sediments or other 
solid materials were present, were acidified with nitric acid to 
a pH of 1.0, and ferric nitrate solution was added to act as a 
carrier for the uranium. Organic-rich water samples caused 
problems during the analytical stage necessitating some revisions 
in the procedure. Samples collected later in the study were 
acidified with 50 mls concentrated hydrochloric acid in the field 
immediately after collection. This revision was suggested by 
J.B. Cowart (September, 1990) for some organic-rich waters. 
The new procedures will be used in later studies of water samples 
in similar environments. 

A known amount of n2U was added and the samples were shaken and 
left to equilibrate overnight. The samples were then heated in a 
water bath to at least 90°C to drive off the carbon dioxide gas 
which could interfere with the succeeding procedures. Ammonium 
hydroxide was added to increase the pH to 11 as the sample was 
being stirred in order to coprecipitate the uranium with the 
ferric hydroxide flocculates. After letting the floc settle 
overnight, decanting and centrifuging steps then separated the 
precipitates from the supernatant liquid. To remove most of the 
iron from the sample, isopropyl ether was used after dissolving 
the precipitates in 8 normal hydrochloric acid solution. 

In order to separate the uranium from the other elements, the 
samples were passed through anion exchange resin columns. Using 
8 normal hydrochloric acid, the first run through the Dowex AG-1 
resin (chloride form) columns separated the thorium from the 
uranium. A run second utilizing 8 normal nitric acid eliminated 
any remaining iron from the samples. The last step involve the 
electrodeposition of the uranium onto stainless steel planchets 
for alpha spectrometer counting. 

Alpha Spectrometry 

The counting equipment was an alpha spectrometer consisting of 4 
Ortec partially depleted surface barrier semiconductors each 
connected to a low noise amplifier. Samples were counted by the 
detectors under vacuum to increase the resolution and efficiency. 
The output is in proportion to the particle energy striking the 
detector and is fed into a 4 input channel pulse analyzer (TMC 
ModeI404C). The 400 channels are divided into four 100 channel 
quadrants so that four samples can be counted simultaneously. 
The resulting alpha ray spectrum was printed on tapes by a TMC 
Model 500 Printer. 

A nine channel envelope was used to determine the total number of 
counts for each of the isotopes (Fig. 3). counting chamber 
background corrections were subtracted from the n2U count. This 
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background value was known to increase with the length of time 
the detector had been in operation. This increase in background 
was mostly due to the alpha recoil of nSTh, the daughter of n2U 
decay (with a half-life of 1.9 years and an alpha energy of 5.4 
MeV) onto the detector. This alpha particle energy is almost the 
same as that of n2U (5.3 MeV). Periodic counting of clean 
planchets was used to determine this background correction. 

For the determination of each of the uranium isotopes in a 
sample, the total number of counts within a nine channel envelope 
of the peak maximum was calculated. The disintegration per hour 
(DPH) of the sample is: 

DPH (sample) = CPH (sample) x DPH (spike)/CPH (spike) 

converting the activity of nsU to ppb, we use: 

DPH/microgram = NAK/M = 44.7 DPH/microgram nsU 

where: N = Avogadro's No. (6.02 x 1017 atoms/micromole) 
A = decay constant for nsU = 0.693/t/2 

= 1.55 x 10lO/year 
M = atomic mass (238.03 amu) 
K = units conversion constant 

= (1.14 x 104 years/hr) 

ppb nsU = DPH (nsU) /DPH (n2U) x DPH (n2U) /ml/4 4 • 7 

The activi~ ratio was obtained from the ratios of the count 
rates for U and nsU, after corrections had been made for the 
backgrounds. 

AR = CPH234U-background 234U/CPH23sU-background nsU 

where CPH = counts per hour (no. of alpha disintegration 
counted). 

The standard error for AR and 23SU concentration is based on 
counting statistics described by Jarret (1946). This method was 
described in Osmond and cowart (1976). 
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RESULTS AND DISCUSSIONS 
Results 

Table 3 (uranium concentration in ppb, 234U/n8U activity ratio and 
234U equivalent in ppb) represents the isotopic properties of the 
water samples collected during the course of this study. Samples 
not properly labeled during the sampling and analytical phases 
were discarded. Other samples gave very low counts which could 
not be distinguished from background noises. The results from 
these samples therefore were used with caution. In general, the 
range of all samples for AR is from 0.45 to 27.9 and the uranium 
concentration is from 0.0004 to 0.485 ppb. 

Discussion 

One way to view uranium isotopic data in waters, as exemplified 
by Fig. 4, is by plotting n8U activity in parts per billion 
against 234U activity expressed in equivalent parts per billion 
(meaning the amount of n8U that would have the same activity). 
As in other methods, the trend lines and mixing components appear 
as straight line segments in an arithmetic scale and as curved 
line segments in logarithmic scale plots. 

Generally, recharge waters tend to have increasingly higher 
uranium concentration but lower activity ratio signature with 
increasing residence time in oxidizing acidic waters. On the 
other hand, downdip waters tend to decrease in concentration and 
increase in activity ratio. Examples of these are found in 
Florida (Briel, 1976; and Cohen, 1977) and Texas (Cowart, 1974 
and 1981b). The higher concentration, lower activity ratio of 
the river samples mean that they are sample set related by 
leaching, with an increasing residence time in oxidizing acidic 
water. On the other hand, the unconfined aquifer water from the 
Pasquotank County and Elizabeth city well fields may have passed 
through the organic material in the peat deposits common in the 
area (Fig 4). During the sampling of these and the Elizabeth 
city wells, the strong smell of hydrogen sulfide gas was noted. 
The presence of such reductants would quickly precipitate the 
uranium close to the surface. Due to the recoil mechanism during 
the disintegration of n8U, the water will become preferentially 
enriched with 234U resulting to a high 234U/n8U activity ratio in 
the water, but leaving behind 234U depleted solids. Later 
leaching of the solids in oxidizing condition will give a low 
activity ratio solution. 

Figures 5 and 6, the plot of all samples (logarithmic and 
arithmetic scales respectively), give a general picture of the 
possibilities that may be pursued and problems that need to be 
resolved before this technique can be used extensively for 
hydrogeologic studies. The trend lines in the arithmetic scale 
plot were derived from individual aquifer sample plots, i.e. plot 
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Table 3. Dissolved Isotopic Data of Water Samples Collected 
in·the northeastern North Carolina-southeastern 
Vir inia Area activit ratio and U concentration . 

SAMPLE /238U URANIUM CONCENTRATION 23"tJ EQUIV. 
NO. ACTIVITY RATIO in ppb in ppb 

New 1 2.63 +/- 0.88 0.001 +/- 0.0004 0.004 +/- 0.002 

New 2 5.13 +/- 1.14 0.013 +/- 0.0028 0.066 +/- 0.034 

New 3 7.55 +/- 5.60 0.001 +/- 0.0007 0.008 +/- 0.016 

New 4 2.52 +/- 0.08 0.485 +/- 0.0161 1.224 +/- 0.071 

New 5 1.40 +/- 0.07 0.069 +/- 0.0042 0.097 +/- 0.007 

New 6 1.95 +/- 0.07 0.006 +/- 0.0022 0.012 +/- 0.006 

New 7 2.46 +/- 0.18 0/033 +/- 0.0024 0.082 +/- 0.010 

New 8 11.40 +/- 3.29 0.015 +/- 0.0042 0.168 +/- 0.164 

New 9 5.21 +/- 0.77 0.013 +/- 0.0019 0.070 +/- 0.023 

New 10 8.81 +/- 1.11 0.025 +/- 0.0032 0.225 +/- 0.084 

New 11 7.15 +/- 2.91 0.002 +/- 0.0009 0.017 +/- 0.019 

New 12 3.89 +/- 0.68 0.006 +/- 0.0009 0.022 +/- 0.008 

New 14 1.97 +/- 0.54 0.005 +/- 0.0012 0.009 +/- 0.004 

New 15 5.46 +/- 1.37 0.003 +/- 0.0007 0.017 +/- 0.010 

New 16 4.31 +/- 1.38 0.008 +/- 0.0026 0.035 +/- 0.023 

New 17 1.07 +/- 0.28 0.019 +/- 0.0049 0.021 +/- 0.006 

New 18 1.03 +\- 0.27 0.013 +/- 0.0034 0.014 +/- 0.004 

New 19 27.90 +/-14.05 0.010 +/- 0.0051 0.286 +/- 0.759 

New 20 11.60 +/- 4.36 0.041 +/- 0.0154 0.485 +/- 0.620 

New 21 2.20 +/- 0.40 0.004 +/- 0.0007 0.009 +/- 0.003 

New 22 2.71 +/- 1.11 0.001 +/- 0.0003 0.002 +/- 0.001 

New 26 19.20 +/-22.10 0.013 +/- 0.015 0.244 +/- 1.231 

New 27 0.11 +/- 0.25 0.003 +/- 0.006 0.0003+/- .0002 
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SAMPLE ~/D8U URANIUM CONCENTRATION 
NO. ACTIVITY RATIO in ppb 

New 28 1.30 +/- 0.15 0.042 +/- 0.0049 

New 29 0.96 +/- 0.10 0.082 +/- 0.00S3 

New 30 1.57 +/- 0.34 0.002 +/- 0.0004 

New 31 1.08 +/- 0.07 O.OOS +/- 0.0005 

New 33 1.21 +/- .0.20 0.034 +/- 0.0054 

New 34 1.09 +/- 0.17 0.110 +/- 0.0166 

New 35 2.13 +/- 0.19 0.021 +/- 0.0017 

New 36 1.64 +/- 0.23 0.014 +/- 0.0019 

New 37 2.27 +/- 0.82 0.003 +/- 0.0010 

New 3SA 5.30 +/- 2.13 0.001 +/- 0.0003 

New 39 3.17 +/- 1.08 0.0004+/- 0.0001 

New 40 2.69 +/- 0.87 0.003 +/- 0.0011 

New 41 1.13 +/- 0.08 0.033 +/- 0.0024 

New 42 1.31 +/- 0.33 0.002 +/- 0.0004 

New 43A 1.46 +/- 0.30 0.002 +/- 0.0004 

New 43B 2.44 +/- O.SO 0.0004+/- 0.0001 

New 44 0.45 +/- 0.21 0.002 +/- 0.0006 

New 45 3.55 +/- 1.35 0.004 +/- 0.0016 

New 46 2.82 +/- 0.77 0.010 +/- 0.0028 

VAW 47 3.33 +/- 0.78 0.009 +/- 0.0019 

VAW 48 3.22 +/- 0.48 0.009 +/- 0.0013 

VAW 49 3.92 +/- 0.4S 0.015 +/- 0.0013 

VAW 50 16.00 +/- 9.56 0.002 +/- 0.0012 

VAW 51 0.68 +/- 0.21 0.004 +/- 0.0013 
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l3"tJ EQUIV. 
in ppb 

0.055 +/- 0.007 

o.oso +/- O.OOS 

0.004 +/- 0.001 

0.009 +/- .0006 

0.041 +/- 0.008 

0.121 +/- 0.020 

0.044 +/- 0.006 

0.022 +/- 0.004 

0.007 +/- 0.004 

0.005 +/- 0.005 

0.002 +/- 0.001 

0.009 +/- 0.005 

0.037 +/- 0.003 

0.002 +/- .0006 

0.003 +/- .0008 

0.001 +/- .0005 

.0007 +/- .0002 

0.015 +/- 0.011 

0.030 +/- 0.014 

0.028 +/- 0.012 

0.028 +/- 0.008 

0.060 +/- 0.011 

0.033 +/- o.oso 

0.003 +/- .0008 



SAMPLE 2l4u/138u URANIUM CONCENTRATION 2l4u EQUIV. 
NO. ACTIVITY RATIO in ppb in ppb 

VAW 52 1.99 +/- 0.68 0.001 +/- 0.0002 0.002 +/- .0008 

VAW 54 7.28 +/- 0.46 0.016 +/- 0.0010 0.119 +/- 0.020 

VAW 57 12.80+/- 2.96 0.003 +/- 0.0006 0.037 +/- 0.031 

VAW 58 1.00 +/- 0.28 0.001 +/- 0.0002 0.001 +/- .0002 

VAW 59 4.29 +/- 1.07 0.005 +/- 0.0013 0.023 +/- 0.012 

VAW 60 4.57 +/- 1.16 0.011 +/- 0.0027 0.049 +/- 0.026 

VAW 61 3.93 +/- 0.80 0.015 +/- 0.0029 0.057 +/- 0.023 

NeW 64 1.54 +/- 0.40 0.004 +/- 0.0010 0.006 +/- 0.002 

New 65 1.68 +/- 0.53 0.003 +/- 0.0010 0.006 +/- 0.002 

New 66 1.14 +/- 0.29 0.002 +/- 0.0004 0.002 +/- .0006 

New 68 0.87 +/- 0.45 0.002 +/- 0.0009 0.002 +/- .0008 

New 69 1.11 +/- 0.51 0.0005 +/- 0.0002 .0007 +/- .0008 

* 38A, 43A and 43B are splits of individual samples. 
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Fig. 4. One way to plot uranium isotope data in water samples. 
The abscissa is uranium concentration (c) and the ordinate 
is 'excess 234U', which is equal to c(AR - 1.00). Excess 234U 
means the amount that is in excess or deficit of that which would 
be in equilibrium with the associated 238U; its units in 'equivalent' 
parts per billion of 238U. Alternatively, both the 238U and the 
excess 234U could be expressed in activity units. As pictured on 
the diagram, straight trend lines may be drawn. Mixing proportions 
can also be shown to fall on straight line segments between component 
pOints. This plot is superior to the AR versus S (1 Ie) plot in that 
mixing volumes are proportional to line segment lengths. (From 
Osmond and Cowart, 1976). 
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of the unconfined/Yorktown, plot of Cape Fear/m. & u Potomac. A 
certain amount of overlapping of trend lines occurred within the 
mid-ranges of isotopic values: the concentration c from 0.001 to 
0.02 ppb and the ~U equivalent of apporxiately 0.010 to 0.100 
ppb. This overlapping may be due to many factors including 
mixing of aquifer fluids. From these diagrams, the following may 
be stated: 

The Pasquotank River 

The Pasquotank River and one other surface sample plotted closely 
along the 1.0 AR line (Figs. 7 and 8) and resembles a sample set 
related by leaching of low AR solids of Fig. 4. Fig. 7 shows an 
arithmetic plot of the surface water samples where the best fit 
line closely approximates the 1.0 AR trend line. The logarithmic 
scale plot (Fig. 8) also produced a distincitve trend line 
different from that of the ground water samples. 

In the upper reaches of the Pasquotank River and its tributaries, 
the discharge from the shallow water aquifers to the river 
imparts a low uranium concentration/high activity ratio waters 
similar to the isotopic characteristics of the shallow water 
aquifers (Figs. 8 and 9). As the waters flow downstream, 
oxidation processes and the low pH conditions facilitate the 
leaching of ~U depleted solids (the depleted rind concept of 
Cowart [1974) increasing the uranium concentration but 
decreasing the activity ratio of the solution. The tributary 
waters (sample numbers New 28, New 30 and New 33) exhibit lower 
concentration but higher activity ratios than do waters of the 
main stream (sample numbers New 29, New 31 and New 34). 
Tributary-main stream pairs (NeW 28/29, New 30/31, and New 33/34) 
show a consistent relationship of low concentration/high activity 
ratio for the tributary samples versus high concentration/low 
activity ratio for the main stream waters (Fig. 8), the sample 
set related by leaching at low AR of Figure 4. 

Sample No. AR C 

NeW 28 - Tributary 1.300 .042 
NeW 29 - Main stream 0.960 .082 

NeW 30 - Tributary 1.570 .002 
NeW 31 - Main stream 1.080 .008 

NeW 33 - Tributary 1.210 .034 
NeW 34 - Main stream 1.090 .110 

Along the main trunk of the river, the dissolved uranium 
concentration increases downstream (from New 31, New 29 and New 
34) coupled with a parallel decrease in the activity ratio (Fig. 
8) • 
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unconfined/Yorktown aquifers 

Wells in the Yorktown and the unconfined aquifers include the 
Pasquotank County, Perquimans and Elizabeth City wells. Figure 9 
shows that the plot of these well samples has a slightly lower 
slope than those from the Castle Hayne/Chickahominy-Piney Point 
aquifers. Water isotopic characteristics vary even within these 
aquifers. 

Three wells from near Winfall have a very low excess and uranium 
concentration values. Two wells from Bethel, NCW 45 and 46 
plotted up much higher in the diagram. However, almost all of 
the samples lie along a trend line (Figs. 9 & 9a), except for 
some outliers (NCW 19, 20 and 26). NCW 19 sample is a blend from 
several well waters after it has been pumped out and stored. 
oxidation and leaching may explain the higher c value. This 
trend is very close to the surface water trend line. 

Castle Hayne/Chickahominy-Piney Point aquifer 

The Castle Hayne samples lie along a probable trend line (Fig. 
10). However, two of the samples, NCW 57 and 58, came from an 
equivalent aquifer in Virginia, the Chickahominy-Piney Point and 
plotted outside the trend line. This is not unexpected since it 
is essentially a different aquifer from the Castle Hayne in terms 
of lithology and recharge environment. 

The City of Edenton well numbers 1 and 3 (NCW 36 and 37 
respectively), and the Chowan County well numbers 6, 7 and 8 (NCW 
38, 39 and 49) are in the Castle Hayne aquifer and all plotted 
along a trend line with an AR of slightly greater than 1, 
signifying a leaching relationship involving high AR waters (the 
sample set related by leaching at high AR of Fig. 4). Their 
isotopic signature is similar to that of the overlying 
aquifers however, and probably reflects discharge from the 
Yorktown or directly from the surficial aquifers. Two sam~les 
from the Chickahominy aquifer (NCW 57 and 59) have higher U 
equivalents than the Edenton and Chowan wells, probably due to 
the different recharge location and to the fact that it is 
non-continuous with the Castle Hayne. 

Black Creek aquifer 

The three Black Creek samples (NCW 17, 18 and 35) plotted on the 
upper high concentration end of the Castle Hayne trend line of 
Fig. 10, and may signify recharge from the overlying Castle 
Hayne. NCW 17 and 18 in Windsor, which have AR close to 1.0, are 
only 200 to 300 feet deep. However, the Black Creek sample NCW 
35 in Edenton found at a greater depth of 600 feet is related to 
NCW 17 and 18. All three samples belong to a sample set being 
enriched by n4U recoil as the ground water flows downdip to 
greater depths. 

27 



f\) 
(X) 

...-... 

..0 
a. 
a. 

""""-'" 
+J 
C 
Q) 

1.000:r'-------------------------------~ 

19 26 
DO 

20 
D 

co .> 0.01 AR=1.0 
::J 
0-

W 
V 
C') 
N 
:::> 

43 
o 

22 
D 

44 
o 

27 
o 

0.000 1 <' I I I I I I I I I 
0.000 0.001 0.010 0.100 

U238 (ppb) 

Fig. 9 Plot of Unconfined and Yorktown Samples 



......-... 

.0 
0. 
0. 

"'-'" ......, 
C 
Q) 

CO 
.> 
::J 
0-

t\.) W 
\0 

~ 
('t) 
C\J 
:J 

0.300hl~----------------------------------------------------------------------------~ 

0.25 

0.20 

0.15 

0.10 

0.05 

19 [J 

26 0 

Trend Line _____ 

45 
46D 

... _-------------_ .• _-_ .. _ ..... _------_ ........ __ .• _ ... _.-------

27 0.005 0.010 0.015 

U238 (ppb) 

Fig.9a Plot of Unconfined and Yorktown Samples 
(Arithmetic Scale). 

AR=1.0 

0.020 



....-... 

..0 
a. 
a. 

"-'" 
~ 

C 
CD 
rn 
.> 
::J 
C-
w 

w ~ 
0 C') 

C\J 
::> 

0.100 " 

3S.:!-l 
5~ 

~ 
59Al 

""7 AR=1.0 

O'O1-~ 4a=J 

/ EXPLANATION 

Chickahominy 

38AD 
WIJ Piney Point 

-I /' / 
0 Castle Hayne 

83 Black Creek 

0.001 I 1/' I I ( I I I I I I 
0.000 0.001 0.010 0.100 

U238 (ppb) 

Fig. 10 Plot of Black Creek and Castle Hayne/Chickahominy
Piney Point Samples 



Cape Fear/upper and middle Potomac aquifers 

The Cape Fear/upper to middle Potomac aquifer samples in general 
exhibit a more homogeneous isotopic composition. One of the 
Caledonia well samples (NeW 7) has an anomalous value on the 
equivalent 234U - U concentration plot (Fig. 11). This is 
probably due to improper sampling procedures (not enough flushing 
time). The Cape Fear and the lower to middle Potomac water 
samples tend to have a higher concentration than do the shallower 
Castle Hayne and Chichahominy-Piney Point samples. The 
difference may be due to longer residence time accounting for 
more leaching. The homogeneous isotopic composition reflects the 
fact that equilibration may have been proceeding for some time. 

Mixed lower and middle Potomac aquifers 

The homogeneity of the plot of the lower Cretaceous/lower Potomac 
aquifer (Figs. 12 and 13) is probably due to the fact that all of 
the lower Potomac samples came from the Union Camp wells in 
Franklin, Virginia. These 7 wells have screens in the middle 
Potomac, lower Potomac or both. As a result, there has been 
mixing of the middle and lower Potomac aquifers waters, and that 
is probably the reason why the trend lines of the Cape Fear/ 
middle and upper Potomac samples intersected that of the mixed 
lower and middle Potomac (Fig. 13). 

The two basement samples, NCW 4 and 5, show a possible sample set 
related by leaching of a high AR solid (Fig. 4). The reason for 
this is unclear at the present time. More sampling is in order 
to be able to further study this trend for the basement aquifer. 
However, the basement trend may be differentiated from the 
Potomac sample set trend. 
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