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Appendix 9

IMPACTS OF CONTINUOUS ELECTRON BEAM ACCELERATOR FACILITY
OPERATIONS ON GROUNDWATER AND SURFACE WATER

A9.1. INTRODUCTION

The operation of the proposed Continuous Electron Beam Accelerator Facility
(CEBAF) at Newport News, Virginia, is expected to result in the activation and
subsequent contamination of water resources in the vicinity of the accelerator. Since the
proposed site is located in the headwaters of the watershed supplying Big Bethel Reservoir, V
concern has been expressed about possible contamination of water resources used for '
consumption. .'

Data characterizing the surface water and groundwater regime in the site area are
limited. A preliminary geotechnical investigation of the site has been completed (LAW
1985). This investigation concluded that groundwater flow is generally towards the
southeast at an estimated velocity of 2.5 m/y. This conclusion is based on groundwater
and soil boring data and is very preliminary in nature.

This analysis makes use of the data and conclusions developed during the preliminary
geotechnical investigation to provide an upper-bound assessment of radioactive
contamination from CEBAF operations. A site water balance was prepared to describe the
behavior of the hydrologic environment that is in close agreement with the observed data.
The transport of contamination in the groundwater regime is assessed using a one-
dimensional model. The groundwater model includes the mechanisms of groundwater flow,
groundwater recharge, radioactive decay, and groundwater activation. The model
formulation results in a closed-form, exact, analytic solution of the concentration of
contamination in the groundwater. The groundwater solution is used to provide a source
term for a surface-water analysis. The surface-water and groundwater models are prepared
for steady state conditions such that they represent conservative evaluations of CEBAF
operations.

A9.2. GROUNDWATER ANALYSIS

An analysis of the generation and transport of contamination from accelerator
operations in groundwater requires consideration of the hydrodynamics and the associated
transport phenomena. They are discussed below separately.
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A9.2.1 Hydrodynamics

Given the limited data characterizing the geohydrologic environment, several
assumptions are necessary to permit an analysis. For this analysis, consider the flow regime
to be one-dimensional with a constant groundwater velocity « (2.5 m/y). Also, assume a
constant groundwater recharge velocity ur. The value of ur is calculated from The water
balance analysis presented in Sect. A9.3 (8.9 cm/y). Consider the aquifer to have a
variable thickness in x, with the thickness of the aquifer vanishing at a point
x = — f upgradient of the source of contamination, which is located at x = 0. These
assumptions allow the construction of a simple model of the geohydrologic regime that
defines an envelope of the groundwater resource to be subject to contamination from
CEBAF operations.

Consider the differential volume shown in Fig. A9.1. In this figure, x indicates the
direction of groundwater flow; z indicates the thickness of the aquifer that is variable in x\
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Fig. A9.1. Differential element of aquifer.



v indicates the width of the aquifer; and p denotes the density of water. Noting that the
differential volume can be expressed as

it can be seen that

dV = vlxz(x) ,

mass flux in = pu z(x)y + pur A.x y ,

mass flux out = pu + — (pwA.x)
dx

z{x

mass geaerated = dV = —— [y A.x z{x
at at

Applying continuity, or conservation of mass,

mass out — mass in = mass generated ,

or

pu + —(pu)lx
dx

— pu z(x)y

pur Xxy = - —at

Expand and simplify to get

PM[Z(JC + J L O - Z{X)]
du , _ dp

z(x

- p « r A . v = - ^ z
at

Now note that

(1)
dx

(2) Fluid is incompressible, or

Dt
in



Substituting and simplifying gives

_ ^ = _ M. [z(x) - z ( j c + A.*)]

Now, take the limit as A.v — 0 to get

which gives

pll-r pur = 0 ,
dx

dz_ = _"r_

Solving this gives

o

u
As noted earlier, assume the boundary condition,

z ( - f ) = O .

Hence,

The aquifer thickness at x = 0 for various choices of f is shown in Table A9.1, using the
prescribed values for ur, u of 8.9 cm/y and 2.5 m/y. respectively.

Now, proceed to analyzing the transport of contamination.

Table A9.1. Aquifer thickness at location of source
for different values of {()
(All values are in meters.)

r -(0)

25 0.9
50 1.7
75 2.6
100 3.5
150 5.2
200 6.9
300 10.4
500 17.3
1000 34.5
2000 71.2
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Fig. A9.2. Differential element for contaminant transport.

A9.2.2 Contaminant Transport

Consider the differential volume shown in Fig. A9.2, where C indicates the
concentration of the contaminant. The geometry of the differential element is identical to
Fig. A9.1. As before, the differential volume is

dV = y Ax z(x) .

From Fig. A9.2 it can be seen that

mass flux in = uC :(x) v ,

mass flux out = uC + — (
dx v:(x + Ax) ,

mass generated = ~\CDECAY + CACTIVATION]
 dV •



In the expression for the mass generated, D/Dt, indicates the substantial derivative
and CDECAY< CACTIVATION

 a r e t n e source terms resulting from radioactive decay and
groundwater activation.

First, consider radioactive decay. The concentration of the contaminant in the fluid
from radioactive decay can be described as

where X is the decay constant and C\ is the initial concentration. Hence,

f --«:,.---«:.
Now, consider groundwater activation. Activation of groundwater is the result of a

source located at x = 0 that is associated with the photoactivation of neutrons at the
beam dump. The resulting 3H and "Na produced in the soil and leached to groundwater >t

decreases as the distance from the origin increases because of the spatial dispersion of ther-
neutrons. Consider the source term from groundwater activation to be

Combining the effects of mass generated by decay and activation gives

mass generated = [ — XC + 5(.x)],vA.x z(x) .

Now, apply continuity,

mass out — mass in = mass generated ,

uC + — (iTC)A.x
ddx

Expand and simplify this expression to give,

uc r(-v + Ax) - z{x) + J_
Ax dx

Take the limit as Ax — 0. and note.

(1) ^- = — -
dx u

(2) f=

v z(x + Ax) - uC z{x)y =[-\C + S(x )]>• Ax z(x) .

\x) =•• -\Cz(x) + S(x)z(x) .



Performing these operations and simplifying gives

dx

This differential equation can be expressed as

c =
S(x)

where

= exp + ±dx

The general solution is

1C(a)

The activation source term included in the above expression is a line source, through the
aquifer thickness, located at the origin. The source term is derived from the beam of the
accelerator and attenuated by the dispersion of neutrons within the beam dump and any
shielding incorporated in the beam dump design. The entire neutron flux is projected into
the aquifer. For this analysis, the effects of shielding are considered to provide a modest
attenuation of 10~3 in addition to the dispersion of neutrons within the beam dump for the
determination of the source term. Since the beam is a point source, the neutron flux
beyond the outside wall of the beam dump is

Kx) =
4irr,(.x)-

where

where

x
-U)

q

i(.x)2 = —— J [{x + Rof + «2]rfa , -v > 0 ,
- v. w n

average distance from the beam to x throughout the aquifer depth,
half-width of beam dump,
distance from outside wall of beam dump,
aquifer thickness at x, and
neutron flux from beam outside the beam dump.



Simplifying the expression for r^x) gives

Using the expression for z(x) in Sect. A9.2.1 gives,

3

x > 0 .

/U) =

In like manner, for x < 0 ,

r

J i

Ro

9

" + T
ur

u (x + n2

. r > 0 .

- f < . r < 0 .

The production of contamination at a point x is expressed as

S(x) = \C0(x)e-M ,

where

X = decay constant,

Q(.t) = concentration in the groundwater of conlamination at .x, and

= neutron absorption length.

The production of contamination in the groundwater at saturation at the origin (x = 0 ) is

where

« = macroscopic cross section,

9 = moisture content of the soil, and

Cf = 27.27 pCi/Bq

The production of contamination in the groundwater at a point .x is



Substituting the expressions for /0(.x) and introducing the saturation value gives,

Ro)
2 + |

.x>0 ,

+

and

(.x - Roy- + ~

-f<jc <0 .

With the source term now determined, the concentration at the origin can be expressed
from the general solution as

C(0) =
7,(0) :-r+«)c(-r + 5) .

This expression requires the boundary condition, which is

5 is chosen such that the concentration in the aquifer vanishes before the aquifer
thickness vanishes. This is a necessary condition to avoid having a singular
differential equation a t ' the upgradient location where the thickness of the
contaminated portion of the aquifer vanishes, which is physically reasonable
because the neutron density decreases much faster than the aquifer thickness.
Applying the boundary condition and simplifying the expression gives the
concentration of contamination in the aquifer at the origin as

t+ ±0 + ±

where

u

a = l + 4-



b = -2RQ+ - , and

The integral in the above expression is a characteristic of ihe mode! and can oe determined
by the use of exponential integrals. The integral can be expressed as

B

- a a

where

a — a

B = , a n d

a — a

The two terms in the integrand are exponential integrals with complex arguments that can
be shown to simplify to

For a complex argument z, E\(z) can be expressed as

to give

xx\y

Now introduce the notation,

a — p + iq ,

= p -iq ,



= "0 + 'v'o

P([a- .t,]) = «1 + iv, .

Substituting this notation allows the integral to be simplified to give

" l

The integral can now be calculated using tabulated values for the exponential integral to
get C(0) (Abramowitz and Stegun 1972). Having the concentration at the origin known,
the determination of the concentration for x > 0 can be made. The general solution gives,
for x > 0,

JJ(.X) I •'o u

Substituting for the terms in the general solution gives

where

a —

d =

\

il

1 + 1
3

e = z

a Jo

i", and

/ = Rl + l

Since the integral has the same form as the integral from — f + 5 -* 0, the expression can
be simplified to give

C(x)=~-e "
1 rr , I

- f+5



With this formulation, calculations can be performed. The data presented in Table A9.2
were used to provide bounding calculations at the site boundary. The values of f were
selected for minimum and maximum values of the aquifer thickness at the location of the
beam dump (see Table A9.1). The calculated results at the site boundary (200 m) are
presented in Table A9.3. These results include the effect of the dispersion of neutrons
within the beam dump and within the aquifer. A major simplification in the calculations
can be made by neglecting the dispersion of neutrons in the aquifer.

Table A9.2. Model parameters used for calculating
activation in groundwater"

Parameter

Recharge velocity (u,)

Groundwater velocity (u)

Neutron absorption length I

Tritium decay constant (X)

Half-width of beam dump (Ro

Macroscopic cross section (2)

Neutron flux (q)

Activation

0.086 m/y

2.5 m/y

0.059 m

0.057 y"1

7.6 m

7.7 x lO~4cm2g~'

2 x 10" ns"1

These data were tr.ed to provide bounding calculations
at the site boundary.

Table A9.3. Calculated concentrations of radioactive groundwater
resulting from the proposed Continuous Beam Accelerator

Facility (CEBAF) operation"
(All values are in pCi/mi.)

isotope

]H
22Na

Low

Beam
dump

36

50

dilution

Site
boundary*

0.213

2.6 x 10"12

Beam
dump

7.7

11

High dilution

Site
boundary6

0.072

7.6 x I0"1 2

•"Results include the effect of the dispersion of neutrons
within the beam dump and within the aquifer.

*At 200 m.

To consider a similar calculation neglecting the dispersion of neutrons in the aquifer,
consider the production term to have the form



where

XQ

KCS

The general solution for x < 0 is

C(.x) =
f+x /:„.' C(-f+6)

The concentration at the origin, after applying the boundary conditions, simplifies to give »»
r r

C(0) = - ? r - 7 ( r - « + «e"f/") •

This expression does not include the evaluation of the exponential integrals and is much
simpler. For x > 0, the general solution simplifies to

x
X

C(.x) =
Cs\e

 u

- ex/°

11 + T
ur

U

2

~R~o

ex/°) + xex'°]

Using the data included in Table A9.2 gives the results presented in Table A9.4. The
concentration at the site boundary is 3% greater for f = 1000 m and 11% greater for
f = 300 m. These results suggest that the neglect of neutron dispersion gives slightly
m^re conservative results that are easily obtained. They also suggest that neutron
dispersion within the aquifer is not an important consideration in the evaluations of the
potential contamination of the aquifer.

A9.3. SITE WATER BALANCE

Data for determining surface water runoff and groundwater recharge at the Newport
News, Virginia, site are limited. However, quantitative estimates of surface water runoff
and groundwater recharge are needed for a reasonable analysis of contamination of water



Table A9.4. Calculated tritium concentrations in groundwater resulting from
the proposed Continuous Beam Accelerator Facility (CEBAf)

operation, neglecting neutron dispersion in aquifer

X

vm)

0
1
2
4
6
8

10
20
40
60
80

100
150
200
250
300
400
500

1000

3H ax) (pCi/ml)

High dilution
f = 1000 m

4.1
7.3
7.7
7.5
7.1
6.8
6.5
5.1
3.2
2.0
1.2
0.76
0.23
0.072 (site boundary)
0.022
0.0068
0.00064
0.000061
5.2 x 10-'°

LOW dilution
f = 300 m

20
35
37
36
34
32
31
24
14
8.5
5.1
3.1
0.87
0.25
0.073
0.021
0.0019
0.00017
1.2 x 1 0 - '

resources. An approximate water balance has been developed for determining these
estimates. The results are surprisingly close to those data that are available. The water
balance includes estimates of evapotranspiration, precipitation, runoff, and recharge, using
data considered applicable to the site.

A9.3.1 Evapotranspiration

Evapotranspiration (ET) from the site has an important role in the overall hydrologic
behavior of the site. A suitable model of ET for the Eastern United States has been
developed by Thornthwaite (1944). This empirical model provides monthly estimates of ET
from mean monthly air temperature. The mean monthly temperatures are used to calculate
a temperature-efficiency index expressed as,

T E =
12 1.514

where t = mean monthly temperature (°C).

The ET is then calculated as,

E T = 1.6
TE

(cm)



where a = 6.75 x 10~7 (TE)3 - 7.71 x 10~5 (TE)2 + 1.792 (TE) + 0.49239.

Monthly mean temperatures for Norfolk, Virginia, were used (NOAA 1977). The period
of record is 1941-1970. The calculations result in unadjusted rates of potential
evapotranspuation. Adjustment factors developed by Criddle (1958) are then applied to
account for the variation in the number of days in a month and the variation of the
number of hours of daylight in a day with the change in the season for varying latitudes.
The unadjusted ET, correction factors, and adjusted ET for the Newport News site are
shown in Table A9.5.

Table A9.S. Evapotranspiration (ET) estimates for Newport News, Virginia"

Month

Jan
Feb
March
April
May
June
July
Aug
Sept
Oct
Nov
Dec

Mean
temperature4

(°C)

4.72
5.22
8.94

14.33
19.28
23.61
25.72
24.94
22.11
16.50
10.89
5.72

Unadjusted
ET

(cm)

0.83
0.98
2.33
4.98
8.04

11.16
12.82
12.20
10.04
6.26
j.20
1.13

0.86
0.84
1.03
1.10
1.22
1.23
1.25
1.17
1.03
0.97
O.i'i
0.83

Adjusted
ET

(cm)

0.71
0.82
2.40
5.48
9.81

13.73
16.02
14.27
10.34
6.07
2.72
0.94

"Source: Table is based on the empirical ET model for the Eastern
United States (C. W. Thornwaite. et al., 1944, "Report of the Committee
on Transpiration and Evaporation, 1943-1944," Trans. Am. Geophys.
Union, Vol. 25, Pt. V).

bSource: National Oceanic and Atmospheric Administration, 1977,
Comparative Climatic Data Through 1976, Asheville. N.C.

^Source: Adjustment factors account for variations in the number of
days in the month, number of hours of d&yiight in a day with the change of
season for varying latitudes [based on factors developed by W. D. Criddle,
1958, "Methods of Computing Consumptive Use of Water," Proc. Am.
Soc. Civ. Eng., J. Div. Irrig. Drain, 84(IR1)].

A9.3.2 Precipitation

Precipitation represents the source for the hydrologic water balance of the site.
Monthly precipitation data from Norfolk, Virginia, were used (NOAA 1977). The period
of record is 1941-1970. Data are presented in Table A9.6.

A9.3.3 Surface Water Runoff

No perennial surface water streams are located on the site. As a result, surface water
runoff for the site is considered to be composed of only overland runoff. Data describing



Table A9.6. Estimated water balance for Newport News, Virginia, site

Month

Jan
Feb
March
April
May
June
July
Aug
Sept
Oct
Nov
Dec

Totals

Precipitation"
(in.)

3.35
3.31
3.42
2.71
3.34
3.62
5.70
5.92
4.20
3.06
2.94
3.11

44.68

ET6

tin.)

0.28
0.32
0.94
2.16
3.86
5.40
6.31
5.62
4.07
2.39
1.07
0.37

32.79

Runoff*
(in.)

0.64
0.63
0.65
0.51
0.63
0.69
1.08
1.12
0.80
0.58
0.56
0.59
8,49

Recharge*
(in.)

2.43
2.36
1.83
0.04

-1.16
-2.47
-1.69
-0.82
-0.67

0.09
1.31
2.15
3.40

"Source: Comparative Climatic Data Through 1976, National
Oceanic and Atmospheric Administration, 1977.

*ET = evaportranspiration.
'Source: Estimates were calcuated from: data collected at College

Park, Maryland, Monthly Precipitation and Runoff for Small Agri-
cultural Watersheds in the United States. U.S. Agricultural Research
Service, 1957.

''Groundwater recharge was calculated by invoking a mass or
water balance for the site (recharge = precipitation — evaportran-
spiration — runoff).

runoff for the site are not available. An estimate of the runoff characteristics was
developed using empirical results for annual runoff from small agricultural areas. Runoff
from agricultural lands are dependant on several factors including soil type, land use, and
drainage area. Data collected from a 8.2-acre, cultivated area in College Park, Maryland,
with soil types similar to those at the Newport News. Virginia, site were used to estimate
surface water runoff (ARS 1957). Data collected at College Park, Maryland, suggested
that the most important factor for describing the variation in runoff yield was the soil type.
The site had been monitored for a 15-year period of record. These data showed that the
annual runoff was equivalent to 19% of precipitation. Calculations used for determining
the estimated monthly distribution of the annual runoff are included in Table A9.6.

A9.3.4 Groundwater Recharge

Groundwater recharge was calculated by invoking a mass or water balance for the
site. The calculation was made using the relation.

Re = P - ET - Ru ,



where

P = monthly precipitation,
ET = monthly evapotranspiration,
Ru = monthly runoff, and
Re = monthly recharge.

The results of the water balance calculation are presented in Table A9.6.
Water balance calculations generally are not accurate since any errors in the estimates

of the various components of the water balance are expressed in all of the other related
components. As a result of the limited available data, the water balance presented in
Table A9.6 is vulnerable to this weakness. To provide some insight into the likely errors
included in the water balance, a check of the recharge calculations was performed using
the data developed in the preliminary geotechnical investigation (LAW 1985).

The preliminary geotechnical investigation was performed in the summer of 1985, and
monitoring of the installed piezometers occurred in late August and early September. This ?*
period corresponds to the end of the water year when the piezometric surface is typically
at its lowest level. For the 11 piezometers monitored by LAW the average depth of the ! •
piezometric surface was 7.6 ft. During the wet season, the piezometric surface rises to
approach the ground surface, as was observed during a site visit on April 5, 1984. For the
purposes of this calculation, assume that the seasonal rise in the piezometric surface is
7.6 ft.

Soil samples collected by LAW during the drilling of soil cores were subjected to
laboratory tests to determine their moisture characteristics. The field moisture content and
the saturated moisture content of the soil was determined in the laboratory. For soil
samples above the piezometric surface, the difference between moisture contents from the
field condition to the fully saturated condition ranged from 4 to 20%. The average
variation in moisture content was 12%. Using this value as a moisture content variation
indicative of the site and assuming that the average rise in the piezometric surface of
7.6 ft is only the consequence of the seasonal recharge of groundwater, the net seasonal
recharge can be calculated as

(7.6ft)(0.12)(12in./ft)= 11 in.

In Table A9.6, the recharge from October through April is 10.20 in. The similarity in
these two results is striking and suggests that the es:imated water balance presented in
Table A9.6 is a reasonable representation of the actual site water balance.

A9.4. SURFACE WATER ANALYSIS

Consideration of the potential impacts to surface waters necessitates an understanding
of the surface water source term and surface water regime. The water balance for the site
is used to determine the surface water regime at the site. A conservative source term is
used. The scurce term is defined by taking the average dilution within the contaminated



zone defined by the groundwater analysis. The volume of contaminated water is assumed
to be equivalent to the contaminated area surrounding the two beam dumps with a
thickness equivalent to the runoff depth. These factors are combined to provide an estimate
of the dilution available within the site area.

To quantitatively estimate the source term, the overall volume of contaminated
surface water must be estimated. Consider the contaminated surface water volume to be
contained within the area defined by the groundwater analysis (Sect. A9.2.2) having
concentrations in excess of 2 pCi/ml. The value of 2 pCi/ml is selected since the water
quality standard is 1 pCi/ml (Commonwealth of Virginia 1982), and any contaminated
groundwater released to surface water is assumed to be diluted by an equal amount of
surface runoff in the process of being released from the ground to the surface water
regime. The depth of the contaminated surface water is assumed to be equivalent to the
surface water runoff (Sect. A9.3). The annual contaminated water volume, using these
assumptions, is estimated to be 8.6 x 104 ft3 and 2.5 x 105 ft3 for f equal to
1000 m and 300 m, respectively. The site dilution factor can be calculated knowing the
annual site runoff volume, which is

V, = AR = 6 . 5 x 106 ft3

where

A = site area (210 acres) and
R = annual runoff (8.5 in.).

The site dilution factors are calculated to be 76 and 26 for f equal to 1000 m and
300 m, respectively. The average dilution factor of the contaminated groundwater
released to the surface water can be calculated from the results of Sect. A9.2.2 to be 140
and 380 for f equal to 1000 m and 300 m, respectively. Multiplying the average
dilution of the contaminated water and the site dilution gives an overall dilution of
1 x i f for both cases. The groundwater dilution at the site boundary (200 m) is
3.4 x 104 and 9.6 x 103 for f equal to 1000 m and 300 m, respectively. These
estimates suggest that the concentration of activated water in the surface waters will be
nearly equivalent to the groundwater, using an extremely conservative scenario for the
release of contaminated groundwater to surface water. As a result, it is reasonable to
conclude that surface water at the site boundary is not expected to be contaminated to an
extent greater than groundwater.

A9.5. DISCUSSION AND CONCLUSIONS

The magnitude of the maximum concentration of activated water cannot be defined
until the beam dump design and its associated shielding configurations are completed. As
of this writing, the beam dump design and shielding are incomplete, but a reasonable
upper bound for the maximum concentration is 2400 pCi/ml. Using the results presented
in Tables A9.3 and A9.4, the Virginia water quality standards of 1 pCi/ml would be met
within the site boundary. Since the groundwater model is steady state and all assumptions



are conservative, this result clearly demonstrates that no contamination of Big Bethel
Reservoir from activated water is expected. Surface water dilution is similar to
groundwater dilution at the site boundary. Consequently, offsite concentrations of
contamination in water resources can be expected to be less than the Virginia water
quality standard for /i-emitting isotopes.

Since water resources in the vicinity of the accelerator are expected to exceed the
Virginia water quality standard, the necessity of monitoring and mitigation still exists.
CEBAF staff have expressed their intent to minimize the potential for groundwater and
surface water contamination in the preparation of the facility design. Incorporation of
monitoring and mitigation plans that will allow early detection and control of
contaminated water remains an important element in minimizing the potential for
contamination of water resources.
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