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1. EXECUTIVE SUMMARY

The purpose of this study is to investigate the potential impacts of migrating radionuclides
from the activation zone around the proposed Spallation Neutron Source (SNS). Using
conservatively high estimates of the potentia inventory of radioactive activation products that
could form in the proposed compacted-soil shield berm around an SNS facility on the Oak Ridge
Reservation (ORR), a conservative, smplified transport model was used to estimate the potential
worst-case concentrations of the 12 long-lived isotopes in the groundwater under a site with the
hydrologic characteristics of the ORR.

Of the 12, only 3 isotopes showed any potential to exceed the U.S. Nuclear Regulatory
Commission (NRC) 10 Code of Federal Regulations (CFR) Part 20 Drinking Water Limits
(DWLS). These isotopes were C, ?Na, and **Mn. The latter two activation products have very
short half-lives of 2.6 years and 0.854 year, respectively. Therefore, these will decay before
reaching an off-site receptor, and they cannot pose off-site hazards. However, for this extremely
conservative model, which overestimates the mobility of the contaminant, *“C, which has a
5,730-year half-life, was shown to represent a potential concern in the context of this study’s
conservative assumptions. This study examines aternative modifications to the SNS shield-berm

and makes recommendations.

2. INTRODUCTION

Thiswork reports a preliminary assessment of the potential for radioactive activation products
to migrate from within the soil shield berm, which is to be around the beam tunnels' of the
proposed SNS. Using conservative models of the near-field (<10-m) transport mechanisms within
and adjacent to the shielding berm, this study estimates the potential rates and quantities of
radionuclides that could be released following 30 years of continuous accelerator operations and
during the initial postclosure period of a“mothball and abandon-in-place” decommissioning
scenario.

This study recommends modifications to the current compacted-soil shield-berm design to

mitigate the potential migration of the activation products. This work aso suggests |aboratory
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analysesto verify the conservatism of this study and to measure key transport parameters on the

site-specific native soils and proposed shield-berm components.

3. BACKGROUND

Accelerators produce particles that diffuse outward from the core of the beam into its halo.
These high-energy particles strike beam-line components.? As these high-energy particles (GeV)"
interact with matter, such as occurs in the beam magnets and other parts of the SNS structure, they
initiate a series of nuclear interactions. These interaction are called “stars.” These stars produce
secondary particles which aso interact with their surrounding matter, producing more starsin a
cascade until the particle energies of the stars fall below the thresholds for further nuclear
reactions—the megael ectron volt (MeV) level.

Some of these secondary particles escape the beam-line components, causing star cascadesin
the accelerator tunnel structures and surrounding soil, and activate the adjacent soils used for
shielding. The quantity of activation products in the adjacent berm is proportiona to the number of
stars produced in the shield’ s soil minerals and pore water. Analyses show that 99.9% of the curies
are contained within the first 4 m perpendicular to the beam tunnel® and beyond the outer surface
of the tunnel’s concrete structure. A genera approximation is that the star density decreases by a
factor of 10 (10™) for each meter of soil shielding.

Table 1 lists the principal isotopes with longer half-lives (>1 year) that are estimated to build
up in the shield-berm activation zone, assuming 30 years of continuous operations at 1 MW. This
isavery conservative, high estimate because the beam does not operate continuoudy over its
40 years of projected facility life. Therefore, the estimates of nuclide quantitiesin Table 2 are
much higher than those actually expected. Also, one of the goals of this new facility’s designisto
significantly reduce beam leakage, which, in turn, should significantly reduce the actua
concentrations of these activation products.

This study also assumes that these activation products remain in the matrix of the berm and do
not begin moving until the end of the facility’s operations. This assumption ensures that this study

is based on the maximum credible or “incredible” starting concentrations of activation products.

"1Gev = 1gigaelectronvolt = 1.60219 x 10 joule, where 1joule = 1 newtonx 1m.
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Also, this study assumes that the inventory of activation products within the tunnel’ s concrete

structure does not contribute significantly to the inventory of mobile nuclides.

Table 1. Propertiesof the principal long-lived isotopes of concern
in the activation of the SNS shield berm
NRC
Atomic . Specific . 10 CFR Part 20
Isotope weight Half-life activity Decay Energies, Drinking Water
(year) (Cilg atom) modes (MeV) Limit (DWL)
(uCilemd)
°H 3.02 1.23E+01 2.90E+04 Beta- 0.0186 1.00E-03
Be 10.02 1.50E+06 2.39E-01 Beta- 0.5561 3.00E-05
u“c 14.01 5.73E+03 6.24E+01 Beta- 0.1565 3.00E-03
ZNa 22.00 2.60E+00 1.37E+05 Betat+ 2.842 6.00E-06
A 25.99 7.15E+05 5.00E-01 Beta- 4.642 6.00E-06
%Cl 35.98 3.01E+05 1.19e+00 Beta- 0.7093, 0.11 2.00E-05
PAr 38.97 2.69E+02 1.33E+03 Beta- 0.565
K 39.96 1.27E+09 2.82E-04 Beta- 1.3212,1.50 4.00E-06
“Ca 40.96 1.03E+05 3.47E+00 Ec? 0.421
SMn 52.94 3.70E+06 9.67E-02 EC? 0.596 7.00E-04
“Mn 53.95 8.54E-01 1.53E+08 E.C? 1.377 3.00E-05
*®Fe 54.94 2.73E+00 1.31E+05 E.C? 0.2314 1.00E-04

®E.C. = orbital electron capture.

If the shield-berm soils are hydraulically connected to the local groundwater recharge and
transport system, thereisapotential for these radioactive activation products to migrate into the

area’ s groundwater supply. This potential for migration is the basis of this study.

4. ESTIMATESAND ASSUMPTIONS OF ACTIVATION PRODUCTSFOR THE
PROPOSED LINAC ACCELERATOR TUNNEL SHIELD BERM

The 493-m-long Linac beam, storage ring, and beam transition apparatus are to be contained
within 18-ft-square (outside dimension), reinforced concrete tunnels with atotal length of 958 m.
These tunnels are to be surrounded with a compacted mixture of local soil, clay, and sand (Fig. 1).
This compacted shield berm isto be at least 4 m thick and will be the primary shielding for the
activated beam components and the concrete tunnel structure. The soil mixture will be compacted

to a Darcy permeability” of lessthan 1 x 10" cm/s and will also be a hydrologic barrier to

"A standard unit of permeability equivalent to the passage of 1 cm®/s of water at 1 centipoise through a porous
media having a cross-sectional area of 1 cm? and a depth of 1 cm.
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advective”™ water and contaminant transport. The berm is then a barrier to groundwater transport

of the activation products distributed throughout its matrix.

JRML V5 DE-829T

Balance

___/
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Tumnel concrate

Figure 1 Thisillustrates the model used to calculate the activation products within
thefirst 4 metersbeyond the outer SNStunnel wall, where 99.99% of curies of
activation products are formed.

The current conservative estimates of the activation products formed in the proposed soil berm
of the Linac were performed by Jeff Johnson of the Oak Ridge National Laboratory (ORNL) (Jeff
Johnson, ORNL, personal communication to Les Dole, Chemical Technology Division, ORNL)
and are based on calculations using the worst-case beam leakage at the high-energy end of this
Linac beam, which has protons at 1 GeV with a beam power of 1 MW. His calculations used a
reference soil as the model for predicting the activation products and their quantities.

The reference soil used to estimate these nuclide quantities was an Aberdeen marine- deposited
soil and is expected to differ from the Copper Ridge dolomite residuum on the ORR. However, the

resulting activation products are determined by the elemental composition of a soil. While the soil

'y contiguous fluid moved by a pressure gradient.
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matrix varies grestly between the four aternative sites for SNS, the major constituents of silicon,
oxygen, and aluminum are common to all soils. Therefore, the suite of activation products at
ORNL, Los Alamos National Laboratory, Argonne National Laboratory, and Brookhaven
National Laboratory will not be identical to that at Aberdeen but will be close enough for the
intended purpose, which is to investigate the potential impacts of migrating radionuclides from the
activation zone around the proposed SNS.

The activation rates are based on projected particle leakage from the highest-energy section of
the beam at 1 GeV and are characteristic of the last 20 m of the 493-m-long Linac accelerator, the
beam storage ring, and the beam transfer tunnels.

This study conservatively assumed that these highest concentrations of activation productsin
curies (Ci)" were distributed over the entire length of the beam tunnel with both axial and linear
homogeneity. For the nuclides with haf-lives >1 year, the calculated results for the last 20 m are
summarized in Table 2. Since the total SNS beam-tunnel system is 958 m long, multiplying the
20-m quantities in the next-to-last column of Table 2 by 47.9 extrapol ates these worst-case

guantities over the entire length of the accelerator facility (Table 2, last column).

Table 2. Conservative estimates of the curies of long-lived nuclides formed after 30 years
of Linac operationsat 1 MW in thelast 20 m of highest beam energy with protonsat 1 GeV
extrapolated over the entire 958-m length of the SNS beam-tunnel system (47.9 times)
Total
Half-life Concrete Within 1st Within 1st
|sotope (year) tunnel ard and through through
(Ci) 1stm 2dm sthm 4th m of 4th m of

berm shield berm shield
over20m over 958 m
°*H 1.23E+01 5.44E-07 4.045E-04 5.711E-05 1.404E-05 4.757E-04 2.278E-02
Be 1.50E+06 2.09e-01 3.508E-06 4.952E-07 1.217E-07 4.124E-06 1.976E-04
“C 5.73E+03 1.07E+02 2.744E+00 3.874E-01 9.523E-02 3.227E+00 1.546E+02
ZNa 2.60E+00 2.22E-03 5.828E+00 8.228E-01 2.023E-01 6.853E+00 3.283E+02
Al 7.15E+05 2.55E+04 3.909E-03 5.518E-04 1.357E-04 4.596E-03 2.202E-01
%Cl 3.01E+05 4.82E+03 1.526E-03 2.154E-04 5.295E-05 1.794E-03 8.593E-02
OAr 2.69E+02 2.69E+01 6.738E+00 9.513E-01 2.339E-01 7.923E+00 3.795E+02
K 1.27E+09 1.50E+10 4.765E-05 6.728E-06 1.654E-06 5.604E-05 2.684E-03
“Ca 1.03E+05 9.83E+05 1.500E-02 2.118E-03 5.206E-04 1.764E-02 8.448E-01
=Mn 3.70E+06 3.00E+03 2.910E-05 4.108E-06 1.010E-06 3.421E-05 1.639E-03
Mn 8.50E-01 1.10E-04 5.079E+03 7.171E+02 1.763E+02 5.973E+03 2.861E+05
*Fe 2.73E+00 1.23E-01 3.910E+02 5.520E+01 1.357E+01 4.598E+02 2.202E+04
20-m concrete total 1.50E+10 Total 6.451E+03 3.090E+05

* A unit of radioactivity, equal to the amount of a radioactive isotope that decays at the rate of 3.7 x 10%°
disintegrations per second (becquerel).
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The conservative assumption is that the activation in the last 20 m of the Linac berm
represents the entire length of the facility’s berm tunnels. This resultsin a conservative estimate
that there would be a potential 3.09 x 10° Ci of radionuclides that has accumulated in the first 4 m
of the soil shield berm after 30 years of continuous SNS operations. This is a conservatively high
estimate of potential risks from neutron activations.

In the example of the SNS concrete tunnel structures, the coarse aggregate and the cement’s
high silica content, low permeability, and high akalinity tenacioudy sequester the activation
products. Consequently, the activation products in the tunnel’ s' load-bearing structures are not
available for transport. Therefore, there is a negligible contribution to the potential environmental

risks from nuclides in the SNS concrete tunnel.

5. POTENTIAL TRANSPORT MECHANISMSAND SIMPLIFYING ASSUMPTIONS

Two conditions make these analyses different from the usual contaminant-transport analyses,
which usually involve a spill of externa contamination that is carried through porous soils by a
flow of percolating groundwater. First, the activation products start from inside the soils' minerals.
Also, in the proposed soils at the Oak Ridge site, advective saturated groundwater flow is not the

principal mechanism by which water moves through pores of the soils.

5.1 ASSUMPTIONS OF TOTAL CONTAMINANT AVAILABILITY FOR TRANSPORT

Because the radionuclides are produced through activation by high-energy particles scattered
from the beam line, contaminants are produced within crystalline structures of the soil’s minerals.
These minerals form the finely divided primary soil phases. This phenomenon is the opposite of the
classic spill scenario during which the contaminants are carried by percolating water into clean
soils and their migration potentials are controlled predominantly by the interactions with the
surfaces of the soil minerals. In the SNS activation case, most contaminants start out trapped
inside the minerals and must first diffuse through the crystalline solids to their surfaces before
groundwater-transport phenomena can begin. Therefore, transport, as in the case of the proposed
SNS shield berm into the vadose zone, would be controlled more by the rates of solid-state
diffusion of the contaminants out of the soil phases than by the relative partitioning between

mineral surfaces and moving groundwater.
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However, there are few data that measure the behavior of these contaminants and their rel eases
from the soil phases of interest at the proposed SNS sites. While there has been some work on soils
and rocks from the proposed Superconducting Super Collider (SSC),* experimental results show a
high rate of releases from the local Ellis County, Texas, materials. These leaching experiments
were very short term (hours and days), and these tests did not address diffusion-controlled release
rates. The tests involved soluble mineral phases, such as calcium carbonate and dolomite
[CaMg(CO,),], that were exposed to distilled water.

Also, these experiments did not use representative regiona groundwaters, which are at
equilibrium with the local host soils through which they must move. Then, real groundwaters
would arrive already saturated with the local minerals' constituents, such as silica (S O,), dumina
(Al,O), dolomite [CaMg(CO,),], and iron oxide (Fe,O;). These native saturated groundwaters will
characterigtically have 350 ppm or more of total dissolved solids, an anount which would
substantially reduce the potential for solubilization of the berm soilS' minerals as a potential release
mechanism.

Based on these SSC data, this study conservatively assumes that over the projected SNS
facility life of 40 years and with the fine texture of the currently proposed shield-berm sails, all of
the activation products are immediately available for diffusion and subsequent hydraulic transport
to the groundwater.

5.2 NO ADVECTIVE FLOW THROUGH THE SHIELD BERM

The proposed SNS locations in Oak Ridge are in unsaturated surface soils located above the
groundwater table. In the upper unsaturated soil, which is referred to as the vadose zone, the pores
are not completely filled with water. The soil particles may be covered with a more-or-less
contiguous film of water, but thereisaso air in the rest of the pore spaces. Therefore, the water in
the vadose-area capillaries is not pushed through the soil by a hydraulic pressure gradient; rather, it
is drawn through the soil by capillary “wicking.” Since the capillary forces are greater in the
smaller pores, the ground’ s moisture is drawn preferentialy to the finer-grained soils.

Nevertheless, this study assumes that there can somehow be continuous saturated flow around
the outer surface of the shield berm to carry the contaminants to the water table below.
Infrequently, there are seasona episodes in which the vadose zone at West Chestnut Ridge has
become saturated, as have bands of saturation migrating from the surface to the water table. This

study assumes the unlikely case that saturated flow is constant. Even in this very extreme case, the
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difference in permeability between the berm and the surrounding native soils prevents significant
advection through the berm’s matrix.

Since the Darcy permeability of the compacted shield berm is estimated be less than
1 x 10’ cm/s and the surrounding native soils have permeabilities around 1 x 10 °cm/s, the berm
is 100 times less permeable than the surrounding soils. Therefore, saturated water transport must
go around the berm rather than through it.> Figure 2 summarizes this effect.

Hence, even if the surrounding soils could become saturated, no significant advective transport
through the berm matrix would occur, because of the relative difference in their permeabilities.
Therefore, any releases to the surrounding groundwater-transport system from the surface of the
shield berm must then be controlled by diffusion through the shield-berm matrix to its surface
contact with transportable groundwater.

ORNL DWG 98C-300

Native Soils with
a Permeability of
>10-5cm/s

Shield-Berm
with a Permeability of
<1 x 107 cm/s

Saturated Flow

Figure2 If groundwater will flow around, rather than through, the shield
berm matrix, releases will be diffusion controlled.



5.3 DIFFUSION FROM SHIELD BERM WITH NO RETARDATION INTO THE
SURROUNDING SOIL

If al the nuclides are assumed to be available for transport within the shield-berm matrix, the
individual rates of their diffusion will then depend on their interactions or partitioning constants
between the berm’ s solid phases and the free water in the berm’s pore structure. The most-
common expression for this partitioning coefficient is K5, which expresses the relative amount of
a contaminant species adsorbed/absorbed on a soil mineral versus the amount of contaminant
dissolved in the free water in contact with the soil. Equation (1) defines the K5 used most often by
researchers® who measure these adsorption/absorption factors. The units of this definition of Ky,g

arein milliliters per gram (mL/g):

[ mole of species )

_ mass of porous solid

M8 ( mole of species]
volume of liquid

Eqg. (1)

The K,z is measured by taking a distilled agueous solution with known initial concentrations of
specific contaminants and mixing it with the known mass of soil particles to form an agitated
slurry. After afew hours or days of equilibration, the solution is separated from the fine soil solids
by filtering and/or centrifugation. The final concentrations of contaminants in the separated
solution are measured, and the quantity adsorbed/absorbed is calculated by the difference between
theinitial and fina concentrations.

The ubiquitous use of these static values of K5 to describe dynamic contaminant transport in
groundwater systems is fraught with difficulty and misconceptions. First, using Kz as an
equilibrium constant in dynamic transport models is very tenuous because of the short contact
timeswiddy used in K,,; measurements. While ion exchange with the surfaces of the mineral
phases plays an important role in the adsorption of contaminants, many important common
minerals such as smectitic clays have even greater ion-exchange capacitiesin their internal
structures. Since access to these internal ion-exchange sitesis limited by slow absorption into these
minerals, short-term tests do not always measure their potentialy significant contribution to the

retardation of contaminant transport. Also, in these measurements, other relatively slow



10

mechanisms, such as coprecipitation, mineral component substitution, and secondary mineral
formation, are not given enough time to influence the K5 results. When using only asimple
partition coefficient, we cannot adequately describe the complex interactions that contaminants can
have with soil components.”

Furthermore, the measurement protocol itself has flaws. With fine-grained soils, particularly
with silt and clay phases, the clean separation of the liquid from the soil durry is very difficult.
The silt and clay particles with high ion-exchange capacities form stubborn, stable colloids that can
penetrate or blind most filters and prove very difficult to centrifuge. Since these soil colloids
adsorb/absorb arelatively larger fraction of the cationic contaminants, a small contamination of the
liquid phase by these soil colloids will strongly affect the analytical results. These colloids will
dissolve, releasing their contaminants, during the acid-oxidation digestion step of the sample
preparation for ion-coupled plasma or atomic adsorption analyses.

Also, under the shear in this protocol’ s agitated durry, the delicate, sometimes gossamer
secondary mineral coatings on the soils' primary minerals are torn off, dispersed, and dissolved in
the distilled water. These surface-alteration phases, which may include gelatinous hydrosilicate gels
and mixed aluminosilicates, have high exchange capacities and can contribute gresatly to the

retardation of contaminant transport.

5.3.1 Egimating the Retardation Factorsand the Diffusion Coefficients

First, Kyg is used to define a retardation coefficient that is aratio of a contaminant’s velocity
to that of the groundwater which carries it by advection through an open, porous soil. This simple
model uses adimensionless form of K, asaformal partition coefficient (K) between the stationary
solids of the soils and the moving, free pore water. Because the contaminants are moving only
when they are partitioned into the moving groundwater, K is a measure of the relative amount of
time that the contaminants spend on the sites’ stationary soils or in their moving groundwaters.
Equation (2) describes the dimensionless retardation factor (R), and Eq. (3) definesK in
relationship to Kyg:

) 1
R = [1+K} : Eg. (2)
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inwhich
( mole in species ]
volume of solid phase l1-¢€
K= : P = [pb : [—) : KMB} , Eq. (3)
mole in species €
( volume of quuid]
where

K = adimensionless contaminant species partition coefficient between pore water and
0il-berm minerals;

bulk density of porous soil, g/cm?®,

Pob

m
I

average open-pore void fraction (or effective porosity), dimensionless.

This concept of aretardation factor also applies to diffusion processes. In ageneral sense, a
diffusion coefficient, or diffusivity, is a statistical entity describing the relative shift in random
molecular movement relative to a concentration gradient within afluid or solid. Therefore, an
“effective diffusion coefficient” (D,) can legitimately be used to numerically summarize the
collective result of smultaneous transport mechanisms in a complex matrix of soil minerals.

In the mineral matrixes of the shield berm, water isin at least four states. Some water is
chemically bonded in the mineral structure as waters of hydration. Other (clathrate) water is
captured within the crystals or trapped in the silica-alumina hydrogels at the mineral surfaces.
Some water is adsorbed onto the mineral surfaces or constrained within the hydrodynamic
boundary of the ionic double layers of the minerds. Findly, in the saturated, open pores, thereis
“free water.” Without advection this pore water is stagnant. Within this stagnant, free water, the
contaminants can diffuse from pore to pore and from higher to lower concentrations. The diffusion
rates of contaminant species in this free water are controlled by the hydrodynamic radii of the ions
with their hydration spheres. For this study, a representative diffusion rate in free water (D) of
7 x 10°® cm?/s was chosen for all species.

Asin the advection cases, the contaminants are partitioned between the free pore water and the

surfaces of the berm minerals. Therefore, the retardation factor in Eq. (2) can also be used to



12

estimate the reduction in the pore diffusion (D;) and to calculate an effective diffusion coefficient
(Do), which is described in Eq. (4):

, Eq. (4)

where
D, = effective diffusion coefficient, cm?/s;
D; = freediffusion coefficient of contaminant species within pore water, cm?/s;
(assuming avaue for D; of 7 x 10 ® cm¥sfor al contaminants.);
K = dimensionless contaminant species partition coefficient between pore water and

soil-berm minerals [Eq. (3)].

In this study, the additiona factor, tortuosity (<), is also considered to affect the estimates of
contaminants D.. Tortuosity is the ratio of the length of the actua diffusion path to the surface
divided by the shortest geometric distance to the surface. The soil-berm matrix is a tortuous dif-
fusion labyrinth of diffusion detours around solid minerals. This labyrinth effectively creates
obstructionsin the direct path to the surface of the shield berm. In this study, the tortuosity was
estimated to be 2 for the fine-grained, compacted, native-soil berm. The addition of the tortuosity
factor and the full expansion of the definition of the effective diffusion coefficient result in Eq. (5):

Eq. (5)

where
T = tortuosity, dimensionless
(assuming that T was egual to 2 for the fine, compacted berm sails)) ;
pp = bulk density of porous soil, g/cm?;

€ = average open-pore void fraction, dimensionless.



Using measurements and estimates of K, for the key isotopesin Table 1, the effective
diffusion coefficients (D) and the retardation factors (R) were calculated using Egs. (5) and (2),
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respectively. Table 3 summarizes the results of these calculations.

5.3.2 Diffuson-Controlled Contaminant Releases from the Shield Berm

Using the derived effective diffusion coefficient (D.) from the previous section, the following
two diffusion models are applied to the SNS shield berm. The first, and smpler, semiinfinite-
medium model is used to calculate the initial release rates up until about 20% of a specific
containment is released. After that, the remaining releases to complete depletion are calculated

using a “geometry-specific’ model.

Table 3. Calculated effective diffusion coefficients (Dg) using Oak Ridge soils
for the compacted shield berm and retardation coefficients (R)
for the surrounding native, uncompacted soils

Assumptions:

Berm density =185 Free-water diffusion, D; = 7.00E-06 cm?/s

Soil density =135 Soil tortuosity =20

Compact porosity = 0.25 Compact tortuosity =20

Soil porosity = 0.35

ORNL Ky Dy calculated R, calculated
|sotope diffusion coefficients . .
(mL/g) 5 retardation coefficients
(cm?éls)

°H 0 1.750E-06 1
e 0 1.750E-06 1
¥c 10 3.097E-08 2.410E-02
2Na 15 2.077E-08 1.619E-02
A 3,000 1.051E-10 8.230E-05
%Cl 0 1.750E-06 1
PAr 0 1.750E-06 1
K 15 2.077E-08 1.619E-02
“Ca 3,000 1.051E-10 8.230E-05
SMn 25 1.237E-08 9.665E-03
“Mn 25 1.237E-08 9.665E-03
®Fe 468,000 6.738E-13 5.276E-07




14

5.3.2.1 Semiinfinite-Medium Diffusion M od€

The initial diffusion-controlled release of contaminants from the shield berm is based on the
source-term model shown in Eq. (6). As seenin this model, the surface-to-volume (S:V) ratio of
the berm controls the “window” size of contaminant transport into the surrounding environment,
and the effective D, controls the rate of transport from within the berm matrix. This general
“semiinfinite-medium” equation® describes an ever-decreasing release rate with time,® as a
depletion layer forms near the surface of the monolith. When the results of this model are compared
with those of more complex geometric models, the cal culations based on Eq. (6) represent an upper

bound on the potentia release of contaminants:

F(O) = 2[§} . \[E ct, Eq. (6)

where
F(t) = fractiona contaminant release with time, t;
S = berm surface area, cnv;
V = bermvolume, cm®;
D, = effective diffusion coefficient of contaminant, cm? s ..

This semiinfinite-medium model is accurate during the initial release scenario up to the loss of
about 20% of theinitia contaminant inventory from within the berm. At higher percentages of
release, a geometry-specific model, such as Eq. (7), should be used.

5.3.2.2 Geometry-Specific Diffuson Mode

For cases in this study in which more than 20% of the initial contaminant in the berm matrix is

released during the period of interest, a second geometry-specific model is used [Eq. (7)]. This

cylinder and sphere diffusion model must be used for many of these cases because (1) some of the
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values of D, are large [>10 cm?/s (see Table 3)] , (2) the SV ratio of the berm is large (0.192
cm'h), and (3) the period of the analysisis sufficiently long in most cases to release over 20% of a

specific contaminant.

T
—~
—+
—
1]

fractional contaminant release with time, t;

QD
I

cylinder radius, cm;

O
)
1]

effective diffusion coefficient, cn? s';

o, = mth postiveroot of azero-order Bessal function [J,(m)];

—
I

cylinder half-height, cm.

This geometry-specific model describes the diffusion from cylinders'® and can be used
successfully for approximated spheres’ as well. This model results from Nestor's analytical
solution™® in cylindrical coordinates. MathCad® calculations using these models on proposed berm
shielding for the SNS program are presented in the appendix to this report.

The application of these models severely overestimates the potentia releases of the
contaminantsin Table 1. Based on conservative values of K5, these models assume the total
availability of the nuclides for transport when many of them are trapped within the soil minerals.
Also, these models assume that throughout the berm matrix, this system is always at equilibrium
when intuitively the complex mechanisms of the contaminants' retention cannot be. Finaly,
because the activation products are not formed uniformly across the length and the radius of the
berm, the assumption of a uniform distribution of contaminants within the shield berm at the end of
the 30-year SN'S operations cannot be possible. Therefore, if the conservative results of these
analyses show that the calculated potential concentrations of contaminants are below the regulatory

limits, thereisahigh level of confidence that it is true.

A cylinder, a sphere, and a cube may be related if they have the same surface-to-volume ratio.
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54 SNSHYDROLOGICAL SETTING AND ASSUMPTIONS

The proposed Oak Ridge, Tennessee, site for the SNSis in the Ridge and Valley physiographic
province bordering the Cumberland Plateau. The rocks that form these ridges and soils were
deposited some 300 million years ago. The proposed West Chestnut Ridge site on the ORR lies at
an elevation of 740 ft above sea level on the residuum of the Copper Ridge dolomite sequence of
the Knox Group. The residuum is up to 98 ft thick, and the saturated groundwater table lies 60 to
80 ft below the site’ s surface. This study chose to consider a 33-ft- (10-m-) wide strip as an
arbitrary “zone of influence” around the SNS tunnel and shield-berm system (see Fig. 3).

The climate is indicative of the humid southern Appa achian region, with annual rainfall
amounts of 37 to 76 in. The local annual averages are in the range of 45 to 60 in. With corrections
for runoff and transpiration, the estimated annual groundwater recharge on the proposed siteis
between 15 and 30 in. This study assumed that the lower end of this recharge range would
minimize the dilution of the potential impacts of contaminant releases.

Forming the storm-flow zone, only the upper 1 to 2 m of soil saturates during heavy rain
events, and 90% of the surface stream flow in this area comes from surface runoff and discharges
from thisthin layer of surface soils. Below 2 m, this soil rarely becomes saturated. The proposed
SNS beam-tunnel system is to be installed below this depth in the unsaturated vadose soil zone
above the water table. Nevertheless, this study assumed that the berm’s outer surface was
continuously swept by moving water to maximize the potential impact of the contaminant
diffusion. If contaminants at the surface are not removed, the subsequent contaminant buildups at
the surface will come to equilibrium with the concentration gradients from within the berm and
contaminant transport out of the berm will stop.

Figure 3 depicts the hydrologic cross section used to calculate the flux of precipitation from
above and the flux of groundwater below a proposed Oak Ridge site. Assuming 10-m zones of
influence beyond the 22.8-m diam of the berm and assuming 15 in. of annual recharge, the cross
section of the 958-m SNS tunnel system has an effective area of 41,860 m?and an annual recharge
volume of 15,950 m*/year. The uncompacted soils have a porosity of 0.35 and a density of
1.35 g/lcm®. The mixing zone at the surface of the saturated groundwater table is assumed to be
3 m deep, and the groundwater velocity under this site is assumed to 2.9 m/year. Thus, the annual
horizontal contribution to the flux of groundwater under the SNS tunnels is only 29,780 m*/year.

This brings the total annual water balance under the SNS facility and its 10-m zones of influence
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to an annual turnover of 18,930 m*/year. This turnover rate along with the calculated transport

rates of the contaminants to the outer surface of the berm was used to calculate the dilution and

ORNL DWG 98C-299

Oak Ridge SNS Site Water Balance

958 m

Net Percolation
of Precipitation

Cross Section

15 in.fyear 41 860 m2
15,950 m3fyear Berm and
Tunnel
10m

I Zone Total Annual
I of Water Baéance
Groundwater 10m * Influence 18,930 mlyear

Velocity e e e T
2.9 miyear :

'

2,980 m3lyear

Water Table Upper Mixing Zone

Figure 3 Hydrologic cross section of the proposed SNS site used in the
calculation of potential contaminant concentrations at the boundary of a 10-m
zone of influence.

potential concentrations of contaminants in the groundwater.

While published estimates of the hydraulic conductivity in the vadose zone when it is saturated
are less than 0.2 m/year,™ this study chose to assume that it could be 1 m/year. If so, a packet of
percolating water with contaminants from the berm’ s surface could reach the boundary of the 10-m
zone of influencein only 10 years. This also assumes that this near-field zone may be disturbed by
congtruction activities and that there is no retardation of the migration of contaminants by

partitioning with the native soils.
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5.5 DECAY OF ISOTOPES DURING DIFFUSION AND TRANSPORT

These analyses applied isotopic decay factors to account for the radioactive decay of the
contaminants in Table 1, starting at the end of the 30-year operation of the facility and estimated
over the diffusion and migration travel times. Thisis an important factor for those isotopes with

high specific activities and short half-lives.

5.6 SUMMARY OF ASSUMPTIONSAND THEIR EFFECTSON THE ANALYSES

This section summarizes the assumptions used in this study and attempts to estimate their
impact on the final analyses. The assumptions are as follows:

e Thirty years of continuous operations over a projected life of 40 years results in maximum
credible concentration of activation products.

*  Thebuildup of activation products remains stationary until the end of operations.

*  Whilethe SNSfacility is placed on a very thick, load-bearing concrete pad, the activation and
transport analyses in Sects. 4 and 6 conservatively assume that the pad’ s thickness is the same
asthetunnels thinnest dimension.

e Theshield bermis hydraulically connected to the local groundwater recharge and transport
system.

» Theactivation rates are based on the highest-energy section of the SNS beam at 1 GeV.

* These highest activation levels are distributed over the entire length of the SNS beam system
and have both linear and axial homogeneity.

»  Because of the fine primary particle sizes in the compacted-soil shield berm, all activation
products are immediately available for transport.

» Thereare no significant contributions of activation products from the load-bearing concrete
tunnel structure.

»  Continuous saturated flow occurs over the outer surface of the shield berm and continuously
removes contaminants that diffuse to the surface and are carried to the water table below.

*  Movement of contaminants within the berm is controlled by diffusion, which is estimated using

a conservative saf-diffusion coefficient (D;) and partition coefficient (Kyg).
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* Thediffusion models used in this study imply that within the berm matrix the contaminants are
instantaneoudy at equilibrium everywhere within the system (using K,z as an equilibrium
constant).

« A representative diffusion rate in free water (D) of 7 x 10°® cm?/s was chosen for all species.

* Thetortuosity was estimated to be 2 for the compacted native-soil berm.

» Thelower end of the recharge range was chosen in order to minimize the dilution of the
potential impacts of contaminant rel eases and assumes that only about one-fourth of the annual
precipitation reaches the water table and that there is no dilution by run-on to the SNS site.

» Travel timeswithin the SNS berm’s zone of influence are five times those expected for
undisturbed native soils.

* Thecaculated nuclide concentrations are corrected for radioactive decay from the end of
operations and over the contaminant travel times.

* Thereisno retardation of the contaminant transport in the native soils.

The net effect of this cascade of conservative assumptions throughout these analysesisto
conservatively overestimate the potential concentrations in the groundwater below the SNS site.
When the resulting predictions show that the nuclides are below NRC 10 CFR Part 20 DWLSs,
there isavery high confidence that those limits can never be exceeded during the postoperation
period of the facility.

6. RESULTS

Sample calculations are presented in the appendix, and Table 4 summarizes the results of these
assumptions and analyses. Table 5 compares these results with the current NRC and U.S.
Department of Energy (DOE) groundwater guidelines. Since there are pilot studies under way to
establish the efficacy of having the NRC regulate some DOE facilities, the NRC 10 CFR Part 20
standards may become the appropriate groundwater guidelines for the SNS facility. Therefore,
while *C meets the DOE standard, it does not meet the potential future NRC standard.

Without considering the retardation of their migration by the native soils and with these severe
assumptions, only 3 of these 12 isotopes have any potential for impacting the quality of the
groundwater beyond the 10-m zone of influence of the SNS facility.
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In the cases of *Naand >*Mn, which have short half-lives of 2.6 years and 0.854 year,
respectively, their retardation factors (R) of 1.6 x 102 and 9.7 x 10 3 (Table 3), respectively,
ensure that these isotope will decay to levels below concern before they can reach the 10-m
boundary. With retardation in the Oak Ridge native soils, the expected travel time would be about
625 and 1000 years, respectively.

In the case of **C, which has a half-life of 5730 years and a retardation coefficient (R) of
2.4 x 102, retardation can increase the unretarded travel time of 10 m over 10 yearsin thissite's
soilsto over 400 years. This increased travel time of 0.07 half-life will reduce the potential amount
of **C by only 5%. Even with the expected actual water migration rate of 0.2 m/year, the
unretarded travel time would be 50 years and the retarded travel time could be aslong as
2080 years. This longer travel time would result in a decay reduction in **C of about 0.36 haf-life,
which is only a 22% reduction. However, these increases in travel timeswould also alow an

increase in the contaminant’ s potential dilution in the groundwater to between 5 and 208 times.

Table4. Estimated uniform distribution of isotopesin the SNS shield berm over itslength
and diameter at the end of 30 years of operations and no retardation in the surrounding soil
of theisotopes' migration to a distance of 10 m in thefirst 10 years after closure
Estimated
Total Ci Estimated por e-water
. - . NRC
Half-life within 1st 4 m homogeneous concentrations
I sotope - . 10 CFR Part 20
(year) of berm shield concentrations at 10 m after DWL (Ci/cm?)
over 958 m? in berm (.Ci/g) 10 years H
(uCilcm?®)
°H 1.23E+01 2.278E+08 4.66E-08 6.85E-08 1.00E-03
1Be 1.50E+06 1.976E-04 4.04E-10 1.04E-09 3.00E-05
1“c 5.73E+03 1.546E+02 3.16E-04 4.43E-04 3.00E-05
2Na 2.60E+00 3.283E+02 6.72E-04 5.54E-05 6.00E-06
BA| 7.15E+05 2.202E-01 4.50E-07 4.58E-08 6.00E-06
%Cl 3.01E+05 8.593E-02 1.76E-07 4.54E-07 2.00E-05
SAr 2.69E+02 3.795E+02 7.76E-04 2.00E-03
4K 1.27E+09 2.684E-03 5.48E-09 6.50E-09 4.00E-06
“Ca 1.03E+05 8.448E-01 1.73E-06 1.76E-07
SMn 3.70E+06 1.639E-03 3.35E-09 3.14E-09 7.00E-04
“Mn 8.54E-01 2.861E+05 5.85E-01 1.64E-04 3.00E-05
SFe 2.73E+00 2.202E+04 4.50E-02 1.09E-15 1.00E-04
Total 3.09E+05

8Data from Table 2, column 8.
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Table 5. SNS nuclide concentrations (in microcuries per gram)
compared with NRC and DOE regulatory guidelines
NRC® DOE derived
I sotope Atiostmiir(;/’r‘n 10 CFR Part 20 Dosfoggger concentration

DWL ' guide
°H 6.85E-08 1.00E-03 8.00E-05 2.00E-03
oBe 4.23E-10 3.00E-05 1.20E-06 3.00E-05
“c 4.43E-04 3.00E-05 2.80E-03 7.00E-02
2Na 5.54E-05 6.00E-06 4.00E-07 1.00E-05
BA| 4.58E-08 6.00E-06 4.00E-07 1.00E-05
%Cl 4.54E-07 2.00E-05 2.00E-06 5.00E-05
SAr 2.00E-03
4K 6.50E-09 4.00E-06 2.80E-07 7.00E-06
“Ca 1.76E-07 4.00E-06 1.00E-04
SMn 3.14E-04 7.00E-04 4.00E-05 1.00E-03
Mn 1.64E-04 3.00E-05 2.00E-06 5.00E-05
Fe 1.09E-15 1.00E-04 8.00E-06 2.00E-04

8Data from Table 4, column 5.

PNRC 10 CFR Part 20, based on 50-mrem ingestion exposure.

°DOE Order 5400.5, “Drinking Water System,” based on 4-mrem ingestion exposure—4% of derived
concentration guides (DCGs).

“DOE DCGs based on 100-mrem ingestion exposure.

These results show that the only nuclide that could be of potential concern is **C because of its
mohility, long half-life, and high specific activity. Nevertheless, these very conservative analyses
show that it is unlikely that the NRC 10 CFR Part 20 DWLs will be exceeded for any of these
activation products from a SNS shield berm made from compacted native soils on the ORR.

The following are recommendations to ensure that the conservative boundary conditions of
these analyses are never approached in the actual “as-built” shield berm. Specific admixtures are
also suggested as potential options to enhance the retention of *C , 2Na, and **Mn in the shield
berm to ensure an increased margin of safety.

7. RECOMMENDED DESIGN MODIFICATIONS AND SUGGESTED
LABORATORY MEASUREMENTS

These design recommendations are given in a graded approach from the easiest to implement to
the more complex and expensive. The suggested |aboratory measurements, using site-specific
materials, are to confirm the conservatism of these analyses and to verify the key transport

parameters for the 12 activation products of interest.
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7.1 RECOMMENDED SHIELD-BERM MODIFICATIONS

These shield-berm design modifications include (1) introduction of a“capillary break” to
disconnect the outer surface of the shield berm from the local hydraulic transport system,
(2) chemical additions to the berm matrix to immobilize specific activation products, and (3) a
concentric combination of coarse limestone, fine compacted clay, and coarse limestone. The first
two recommendeations are essentially needed modifications to the current SNS shield-berm design
and address specific potential problems with **C, #?Na, and >*Mn. The third recommendation
suggests a redesign of the shield berm to encompass functional criteria that were not in the original

concept.

7.1.1 Crushed Limestone Capillary Break To Isolate Berm from Local Hydrology

Because water transport within the vadose zone is controlled by the size of the fine capillary
pores of the soils, the outer surface of the shield berm can be “effectively” disconnected from the
surrounding hydrologic transport system by inserting alayer of coarse, crushed limestone.
Protected from the infiltration of fine particles by geomembranes, a coarse limestone layer forms a
“capillary break.” Any water recharge to the water table traveling through the vadose zone will
then “wick” through the fine native soils and around the outside of this coarser layer.
Consequently, this recharge water can never touch the outer surface of the shield berm and there
can be no transport of activation products through the vadose zone to the water table.

This smple, inexpensive modification aso protects the shield berm from root intrusion,
because root buds will follow the moisture that surrounds the SNS berm. Burrowing animals are
also thwarted by the difficulty of digging in this coarse limestone barrier. Furthermore, the coarse
limestone barrier can aso protect the integrity of the shield berm by reducing erosion of the berm
matrix during a site flooding from a surface run-on scenario.

Using standard construction practices for storm-runoff drains, this modification is easy to
install and requires little maintenance. It is very effective and ensures hydrologic isolation of the
SNS shield berm for decades.
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7.1.2 Calcium Hydroxide Berm Additive for **C Retention

These analyses have shown that **C is the principa activation product of potential concern,
probably because of the low K,z of 10 (Table 3) that was estimated for this nuclide. Because there
are several mechanisms by which carbon can be sequestered in the berm and native soils, this low
partition coefficient isintuitively very conservative. Nevertheless, there is a smple way to enhance
the retention of *C in the shield-berm matrix.

Because carbon is most likely transported as either carbon dioxide (CO,) or the bicarbonate
anion (HCO;"), smply adding a strong base to the matrix can bind these species in insoluble
minerals. An inexpensive and readily available choice is calcium hydroxide [Ca(OH),]. The

addition of calcium hydroxide to the berm matrix would result in the following reaction:

Ca(OH), + CO, CaCO, + H,0 . Eq. (8)

This reaction would capture *“C in the insoluble minera, limestone (CaCO,), and would
increase its effective K,z in the shield-berm matrix. This addition would ensure that **C could not
exceed the DWLs, even under the severe transport assumptions used in this anaysis.

Equation (8) shows the natural “carbonization” of hydrated lime. The water is aready in the
hydrated lime [also known as “daked lime” and “chicken lime” (Southern colloquial)]. Below
grade, the pore spaces are at arelative humidity that is determined by the finest pore radii of the
fine soils. Therefore, water vapor is saturated only within the finest pores of the compacted clay or
surrounding soil. Also, in construction, the moisture content of the clay is adjusted to achieve
optimum Proctor densities and low permeahilities. In addition, the concrete already has arelatively
large inventory of Ca(OH), (portlandite) as a by-product of the cement reactions and has excess
pore water from the tempered concrete mix. None of this water is free flowing. It iseither bound
as crystal water or trapped as pore water.

Calcium hydroxide could be introduced to the SNS shield-berm matrix by mixing it with either
“daked lime” [Ca(OH),] or “quick lime” (CaO). Because they are strong bases, both materias are
hazardous for workers to handle in the field; the latter is much more hazardous than the former.

Nevertheless, they are common agricultural chemicals.
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The fine compacted clay is from a sodium montmorillonite formation that has been in
equilibrium within the thermodynamic stability field associated with its sodium-alumina-silica
composition over geological time. By adding calcium and silica, the equilibrium is tipped toward
forming phases through slow metamorphism that sequesters the sodium and manganese cations
more effectively. It does not take much silica and/or calcium to effect this process for these trace
elements.

The minimum constraints the amounts of the silica and calcium additive of affecting
homogeneous mixtures with undesiccated materials of different textures depends on the rigor of the
mixing technologiesto be used. For example, the blending train at the ORR Hydrofracture Facility
could achieve excellent homogeneity with minimum additions of 8 to 10 wt % of fly ash to clay,
but using a backhoe and aroll-off box to mix these relatively dry materials would require a
minimum addition of 14 to 16 wt % of fly ash. Since water isto be added in order to compact the
clay, less expensive “ conditioned” fly ashes with moisture contents as high as 18 wt % could be
used in these blends. Thiswould require as much as 20 wt % as a minimum addition of
conditioned fly ash. These choices are driven by economic trade-offs between ease of mixing,

process rate requirements, equipment availability, and costs.

7.1.3 Berm Additive for ?Na and **Mn Retention (Amor phous Silica)

While these analyses showed that it is very unlikely that the short-lived nuclides *Na and **Mn
could ever exceed the DWLSs, there are inexpensive, readily available additives that could
significantly increase the retention of all alkali and transition metals in the berm matrix. For
example, the addition of reactive amorphous’ silica (SiO,) in the presence of calcium hydroxide
and clay mineras results in the formation of insoluble calcium aumina hydrosilicates, which are
then extremely effective in sequestering alkali and transition metals. This addition could increase
the effective K5 values of these metals by two or more orders of magnitude.

The least expensive sources of reactive silica pozzolans are fly ashes. In the western United
States, the most prevalent sources are American Society of Testing and Materials (ASTM) ClassC
fly ash, which comes with CaO already in it. In the eastern United States, thereis ASTM Class F
fly ash with very low levels of CaO. Oak Ridge lies in the power-generation system of the

"Note that common sand is quartz, a crystalline, unreactive form of SiO,.



25

Tennessee Valley Authority, which has generated high quantities of high-quality Class F fly ash.
These can be delivered at a cost of $8 to $12/ton. Other potential sources are volcanic pumice,
diatomaceous earth, and burnt rice hulls. These sources can be much more expensive.

The blending congtraints for the limes aso hold true for these silicas. However, some silicas
are much easier to mix and are sometimes added to facilitate the mixing of more difficult fine-solid
materials. The silica-addition option should be considered only if the SNS construction plan has
already committed to a berm-matrix, material-blending operation. Then the costs of adding the
handling and blending complexity of athird component should be compared with the potential

benefits of improving the retention of ?Na and **Mn.

7.1.4 Concentric Combination of Coarse Limestone and Compacted Clays

The previous recommended options are intended as “fixes’ to the current SNS shield-berm
design. However, this recommendation (a concentric combination of coarse limestone and
compacted clays) suggests a different design approach, which encompasses a significantly broader
range of functional criteria

The intent of this recommendation is to construct the shield berm from the onset asif the SNS
facility were to become a long-term, shallow-land-burial (SLB) site. While this approach increases
the initial construction costs of the SNS facility by as much as $20-22 million in year-2000
dollars, the reductionsin overall life-cycle costs with regard to future facility decommissioning
with year-2050 dollars could greatly outweigh the initial investment.

This recommendation takes advantage of our current knowledge of materials and applies our
best construction practices for multiple engineered barriers to contaminant migration from SLB
sites. This approach is summarized in Fig. 4, which depicts the proposed multibarrier system.

This approach has severa advantages:

» resultsin uniform and predictable shielding, leaching, and migration characteristics for all the
proposed sites;

» effects adefense in depth with multiple shielding, mechanical, and hydraulic barriers,

» applies common construction materials and construction practices that are applicable to al the
proposed sites;

* haslong-term stability with low maintenance;

» alows monitoring, collection, and trestment of potential contaminant migration; and

» may facilitate public acceptance of the SNS facility.
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Fig. 4. Details of the proposed concentric-barriers concept for the shield berm of the 1-GeV

SNSfacility .

Thisdesign, aswell asal of the others, uses athick, reinforced, load-bearing pad to support

the SNS tunnel structures and their beam apparatuses. The extra thickness of this concrete pad

greatly reduces the formation of activation products in the coarse limestone and native soil below

it. For conservatism in the previous activation and transport analyses in Sects. 4, 5, and 6, the

concrete pad’ s thickness was assumed to be the same as the concrete tunnels' thinnest dimension.

Summarized in Fig. 4, this approach alternates layers of coarse- and fine-grained materials to

effect multiple barriers to the hydraulic advection and migration of contaminants from the zone of

irradiated shielding closest to the outside surface of the structural concrete of the accelerator

tunnel. These same aternating coarse- and fine-grained barriers result in aternating layers that are
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mechanically semirigid and plastic. This condition then mitigates the propagation of mechanical
forces through the barrier system whether from without or within the SNS tunnel structures.

The coarse materia to be used in this shield system is common crushed limestone riprap.
Going from the surface of the accelerator tunnel outward, the innermost, coarse, crushed limestone
may be gap graded to achieve an average packing density of at least a 50% theoretical limestone
density ( 2.7 g/cm®) adjacent to the concrete accelerator tunnel. The thickness of the inner, coarse
shield barrier isto be determined by shielding calculations, by ease of construction, and by
considering that most of the activation products are formed closest to the beam within the first
2to3m.

Since these induced radioactive activation products are distributed throughout the mineral
phases, this minimizes the SV ratio in this coarse inner shielding. By maximizing the size of this
crushed limestone, the fraction of contaminants that is available for transport to the biosphere will
be minimized. Because the transport of the contaminants from within the limestone to its surface is
controlled by solid-state diffusion, the rates at which the radioactive isotopes could be available for
transport are several orders of magnitude less than the isotopic decay rates. Therefore, the
radioactivity smply decays completely before it can reach the surface of the limestone.

The coarse inner limestone is primarily for neutron shielding with the additional characteristic
of sequestering up to 99.99% of the activation products outside the tunnel walls. The coarse
limestone also has the capacity to hold these activation products until they decay in 3000 to 5000
years. In addition, it serves a secondary function as a redundant capillary break, preventing
leaching of the activation products that form within the concrete of the tunnels themselves.

On the ORR, significant amounts of water are anticipated because of potential heavy rains and
sheet flow off the land' s surface above the SNS site. Under normal conditions, the actual
percolation through the soils around the SNS tunnels is expected to be relatively low. Under upset
conditions to the runoff diversion trenches or infiltration of fines into the outer capillary break, the
inner limestone could be an important redundant barrier.

The next soft, impermeable layer of compacted clay hydraulically isolates the inner layer of
coarse limestone, thus disconnecting it from the local surrounding hydrogeology. This barrier
ensures that no transport can occur, even if a contaminant could make its way to the surface of the
inner limestone riprap. It is standard shallow-land-disposal (SLD) technology to compact sodium
bentonite to a darcy permeability of lessthan 107 cnmy/s. Then, relative to the surrounding native

soils, which are greater than 10°° darcy, there can be no effective advective transport of surface or
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groundwater through this clay hydraulic barrier to the inner shielding and accelerator tunnel (see
Fig. 2, Sect. 5.2) .

Using well-established principles in waste-buria technology, a second layer of coarse
limestone not only mechanically protects the compacted clay layer from burrowing animals and
root intrusion but also hydraulically disconnects the compacted clay layer from the transport of
moisture in the surrounding native soil. Moisture transport in unsaturated soils or vadose zonesis
controlled by the capillary wicking through the fine pores. After inserting a coarse layer with a
very large pore structure, the transport of water by percolation or transpiration will bypass this
shielding system. Water can travel only through the capillary pores of the native soil and thus not
be able to jump the coarse capillary break afforded by this outer layer of coarse stone. Therefore,
this system of crushed stone and compacted clay effects double mechanical and hydraulic isolations
of the inner shielding layer.

To ensure the long-term durability and to aid in the construction of these layered barriers, a
geofabric is placed at the interfaces of the coarse stone with the native soils and compacted clay.
This fabric reduces the infiltration of the fine soils and clay into the large pores of the crushed
stone and results in a passive, multiple-barrier system that requires very little maintenance.

Finally, should infiltration occur, this system is constructed on areinforced concrete pad into
which leachate collection gutters are formed to collect, monitor, and treat any unexpected leachate.

The inner and outer coarse limestones are connected in order to deal with atransient localized
flood from a breach in the cap in a catastrophic erosion scenario or some undiscovered long-term
leak in the cooling system inside the tunnels. This connection alows a saturated plug of water to
quickly pass out of the inner limestone. This system minimizes the contact time and the potentia
for leaching of the tunnel walls and the inner limestone surfaces. The short contact times,
infinitesimal diffusion-controlled releases, and the high dilutions will still result in acceptable
activity levelsin the groundwater.

In principle, these thicknesses of the limestone and clay layers will be determined more by the
neutron-shielding requirements and the practicality of construction rather than by hydraulic
congiderations. The configurations tested in these shielding cal culations seem to satisfy both
shielding requirements for the minimum thicknesses (1.5 to 3 m) that one can reliably install
around the rectangular SNS tunnels. With the vertical walls of the tunnels, the slump angles of the
loose limestone and clay will not allow the shield to be constructed exactly asin the preliminary
designin Fig. 4. Experienced construction experts will determine the actua final configurations of

the layers and their volumes.
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7.14.1 Case Studies of Concentric Combinations of Limestone and Compacted Clays

Two concentric shielding configurations were analyzed using the same activation mode! as that
described in Sect. 3 to estimate the concentrations of long-lived activation products within the SNS
shield berm. In these two cases, which are described in Table 6, the thicknesses of the limestone

and clay layers shown in Fig. 4 were varied from 1.5to 3 m.

Table 6. Summary of two concentric shielding configuration case studies
Compacte
Concrete . I nner d ‘Outer Soil zone
- limestone limestone -
Case | thickness . clay . thickness
thickness . thickness
(m) (m) thickness (m) (m)
(m)
1 0.457 2 15 15 35
2 0.457 3 20 20 15

7.1.4.2 Edtimates of Activation Products Formed in the Concentric Shield

The conservative estimates of the activation products formed in the proposed concentric shield
were performed by Jeff Johnson of ORNL (Jeff Johnson, Computational Physics and Engineering,
personal communication to Les Dole, Chemical Technology Division, ORNL) and are based on
calculations using the worst-case beam leakage at the high-energy end of the Linac beam, which
has 1 MW of pratons at 1 GeV. His calculations used a reference soil as the model for predicting
the activation products and their quantities. The activation rates are based on projected particle
leakage from the highest-energy section of the 1-MW beam at 1 GeV and are characteristic of the
last 20 m of the 493-m-long Linac accelerator, the beam storage ring, and the beam transfer
tunnels.

This study of two cases conservatively assumed that these highest amounts of activation
products (in curies) were distributed over the entire length of the accelerator facility’ s beam tunnel
with both axial and linear homogeneity. For the longer-haf-lived nuclides (with half-lives >1 year),
the calculated results for the last 20 m are summarized in Tables 7 and 8. Because the total SNS
beam-tunnel system is 958 m long, multiplying the 20-m quantities in the next-to-last column of
Tables 7 and 8 by 47.9 extrapolates these worst-case quantities over the entire length of the
celerator facility (Tables 9 and 10, last column).
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In case 1, an estimated 4.76 x 10° Ci is formed throughout the entire concentric shield. While
thisis dightly greater than the 3.09 x 10° Ci formed in the soil berm, as shown in Table 2, thereis

no significant activity in the outer limestone and surrounding soil. Beyond contact with the site

hydrology, 99.999% of the activity is contained within the inner limestone and compacted clay.

This configuration affords a very high level of isolation for the activation products.

Table7. Casel: Conservative estimates of the concentrations (in curies) of long-lived nuclides for case 1

formed after 30 yearsof Linac operation in the last 20 m of the highest beam energy with
1MW of protonsat 1 GeV extrapolated over the entire 958-m length of the
SNS beam tunnel system (47.9 times)

t

Total
within Total over

I sotope Concrete Inner Compacte Outer Soil zone 20m at 958 m of

limestone 1 d clay limestone 2 1MW concentric

of 1 GeV shield
protons

°H 2.03E+03 6.47E+02 4.09+00 3.10E-02 0? 6.51E+02 3.12E+04
oBe 6.32E-04 6.11E-03 0? 4.08E-09 0? 6.11E-03 2.92E-01
“c 1.14E+01 5.71E+00 1.29e-02 6.12E-03 0? 5.73E+00 2.75E+02
2Na 2.34E+03 1.06E+03 1.03E+01 1.95E-03 0? 1.07E+03 5.11E+04
BA| 3.76E-01 4.93E-03 9.46E-04 0? 0? 5.88E-03 2.82E-01
%Cl 1.02E-01 1.37E-01 3.72E-07 0? 0? 1.37E-01 6.55E+00
SAr 3.64E+01 1.98E+01 2.70E-03 4.22E-04 0? 1.98E+01 9.49E+02
2Ar 1.58E+00 3.95E+00 0 0? 0? 3.95E+00 1.89E+02
K 3.86E-05 3.63E-05 3.10E-08 4.82E-09 0? 3.64E-05 1.74E-03
“Ca 5.35E-02 4.76E-02 2.55E-06 6.11E-06 0? 4.76E-02 2.28E+00
SMn 1.86E-03 1.71E-04 4.89E-08 0? 0? 1.71E-04 8.20E-03
*Mn 9.75E+04 6.91E+03 1.24E+03 0? 0? 8.15E+03 3.90E+05
Fe 5.15E+02 3.59E+01 9.19E-02 3.24E-04 0? 3.60E+01 1.72E+03
Total 1.02E+05 8.68E+03 1.26E+03 3.99E-02 0? 9.94E+03 4.76E+05
Percen 91.158 7.722 1.120 0.000 0.000 Distribution between concrete
t and shield
Percen 87.333 12.666 0.000 0.000 Distribution in shield layers

a0 = lessthan 1E-9.

In case 2, an estimated 3.65 x 10° Ci is formed throughout the entire concentric shield. Thisis

approximately the same as the 3.09 x 10° Ci formed in the soil berm, as shown in Table 2, within

the accuracy of these calculations. Again, there is no activity in the outer limestone and

surrounding soil. Well beyond any contact with the site’ s hydrology, 99.99% of the activation

products are contained within the inner limestone. Less than 0.01% is contained in the compacted

clay. This configuration ensures the highest level of isolation for the activation products. The

percentages of activation products contained within the inner limestone are 87.333 and 99.99 for

cases 1 and 2, respectively.




31

with 1 MW of protonsat 1 GeV extrapolated over the entire 958-m length
of the SNS beam tunnel system (47.9 times)

Table8. Case2: Conservative estimates of the concentrations (in curies) of long-lived nuclides
for case 2 formed after 30 yearsof Linac operation in the last 20 m of the highest beam energy

t

Total
within Total over

I sotope Concrete Inner Compacte Outer Soil zone shield 20 m 958 m of

limestone 1 d clay limestone 2 at 1 MW concentric

of 1 GeV shield
protons

°H 1.94E+03 6.47E+02 4.09+00 0? (08 6.51E+02 3.12E+04
oBe 451E-04 6.11E-03 0? 0? (08 6.11E-03 2.92E-01
“c 1.11E+01 5.71E+00 1.29e-02 0? (08 5.73E+00 2.75E+02
2Na 2.50E+03 1.06E+03 1.03E+01 (0g (08 1.07E+03 5.11E+04
BA| 3.86E-01 4.93E-03 9.46E-04 (08 (08 5.88E-03 2.82E-01
%Cl 9.81E-02 1.37E-01 3.72E-07 (08 (08 1.37E-01 6.55E+00
SAr 3.79E+01 1.98E+01 2.70E-03 0? (08 1.98E+01 9.49E+02
2Ar 7.26E-04 3.95E+00 0? (0 (08 3.95E+00 1.89E+02
K 3.80E-05 3.63E-05 3.10E-08 0? (08 3.64E-05 1.74E-03
“Ca 5.04E-02 4.76E-02 2.55E-06 0? (08 4.76E-02 2.28E+00
SMn 1.81E-03 1.71E-04 4.89E-08 0? (08 1.71E-04 8.20E-03
*Mn 8.59E+04 6.91E+03 1.24E+03 0? (08 8.15E+03 3.90E+05
Fe 4.44E+02 3.59E+01 9.19E-02 0? (08 3.60E+01 1.72E+03
Total 9.08E+04 7.62E+03 7.61E-01 (03 (08 7.63E+03 3.65E+05
Percen 92.255 7.744 0.001 0.000 0.000 Distribution between
t concreteand shield
Percen 99.990 0.010 0.000 0.000 Distribution in shield layers

a0 = lessthan 1E-9.

7.1.4.3 Egtimates of the Concentrations of Activation Productsin the Concentric Shield

Based on the estimated number of curies reported in Sect. 7.1.4.2, the dimensions reported in

Table 6, and the configuration as shown in Fig. 4, the estimated concentrations were calculated.

Tables 9 and 10 show these results.
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Table 9. Conservative estimates of the concentrations (in microcuries per cubic centimeter)
of long-lived nuclides for case 1 formed after 30 years of Linac operation
in thelast 20 m of the highest beam energy with 1 MW of protonsat 1 GeV
Inner Compacted Outer .

I sotope Concrete limestone 1 clay limestone 2 Soil zone
°H 1.39e+01 6.85E-01 3.94E-03 2.33E-06 0
oBe 4.35E-06 6.47E-06 0 3.06E-13 0
“c 7.82E-02 6.05E+03 1.24E-05 4.59E-07 0
2Na 1.61E+01 1.12E+00 9.87E-03 1.46E-07 0
BA 2.59E-03 5.23E-06 9.11E-07 0.00E+00 0
%Cl 7.04E-04 145E-04 3.58E-10 0.00E+00 0
SAr 251E-01 2.10E-02 2.60E-06 3.17E-08 0
2Ar 1.09E-02 4.18E-03 0 0.00E+00 0
0K 2.66E-07 3.85E-08 2.99E-11 3.62E-13 0
“Ca 3.68E-04 5.04E-05 2.46E-09 4.50E-10 0
SMn 1.28E-05 1.81E-07 471E-11 02 0
*Mn 6.71E+02 7.32E+00 1.20E+00 0? 0
Fe 3.54E+00 3.80E-02 8.85E-05 2.43E-08 0
Total 7.05E+02 9.19E+00 1.21E+00 2.99E-06

Table 10. Conservative estimates of the concentrations (in microcuries per cubic centimeter)
of long-lived nuclides for case 2 formed after 30 years of Linac operation
in the last 20 m of the highest beam energy with 1 MW of protonsat 1 GeV
Inner Compacted Outer .

I sotope Concrete limestone 1 clay limestone 2 Soil zone
°H 1.34E+01 441E-01 2.87E-05 0 0
oBe 3.10E-06 4.25E-06 0 0 0
“c 7.65E-02 3.68E-03 1.36E-08 0 0
2Na 1.72E+01 6.57E-01 1.07E-06 0 0
A 2.66E-03 3.11E-06 5.81E-08 0 0
%Cl 6.75E-04 8.07E-05 155E-11 0 0
SAr 2.61E-01 1.31E-02 1.28E-07 0 0
2Ar 5.00E-06 2.95E-03 0 0 0
0K 2.62E-07 3.28E-08 1.54E-13 0 0
4Ca 347E-04 4.57E-05 1.13E-10 0 0
SMn 1.24E-05 1.13e-07 1.30E-12 0 0
*Mn 5.91E+02 3.61E+00 4.16E-04 0 0
Fe 3.06E+00 2.29E-02 2.64E-06 0 0
Total 6.25E+02 4.57E+00 4.47E-04

7.1.4.4 Retention of Activation Productsin the Inner Limestone

Carbonate minerals, such as limestone, are important sinks for trace el ements and control their
availability and mobility in natural systems.*> When the cationic radii of trace elements are 1 nm

or less, these elements fit into the crystal latices of carbonate minerals and are sequestered in the
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insoluble matrix of the mineral. The absorption and retention of trace el ements by carbonate
mineras have been documented, and the controlling solid-state diffusion mechanism has been
established.”® Solid-state diffusion coefficients in carbonate minerals at ambient temperature have
been measured™ to be near 8 x 10 % cm?/s.

Using this diffusion coefficient, the rel eases from coarse limestone were calculated for 3- and

6-in. riprap for 10,000 years. Table 11 summarizes these results.

Table 11. Diffusion-controlled fractional release
from 3- and 6-in. riprap limestone
with a D, of 8 x 102 cm?/s

Years 3in. 6in.
50 9.98E-06 4.99E-06
500 3.16E-05 1.58E-05
800 3.99E-05 2.00E-05
1,000 4.46E-05 2.23E-05
1,500 5.47E-05 2.73E-05
1,800 5.99E-05 3.00E-05
2,000 6.31E-05 3.16E-05
3,000 7.73E-05 3.87E-05
5,000 9.98E-05 4.99E-05
8,000 1.26E-04 6.31E-05
9,000 1.34E-04 6.70E-05
10,000 1.41E-04 7.06E-05

Over 2000 to 5000 years, the diffusion-controlled rel eases of activation products would range
between fractions of 3 x 10°° and 1 x 10 of the initial quantity sequestered within the carbonate
mineral phases. These very low releases would prevent groundwater concentrations from reaching
any of the limits listed in Table 5.

Figure 5 shows a plot of these release-fraction data. This graph illustrates the rates of
diffusion, the slope of the lines, and the decrease over time. This decrease reflects the growing
depletion layers near the surface of the minerals and the associated dlowing of the release rates.

While diffusion dows with time, the radioactive decay of the activation products remains
congtant. When one combines diffusion and radioactive decay, it is apparent that the chemical
release rates are much lower than the decay rates. If the integrity of the limestone is maintained, the

result is that the activation products decay before they can diffuse to the surface of the limestone.
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Fig. 5. Diffusion rates slow and the slopes of the plots decrease and flatten out
with time.
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Figure 6 illustrates the combined effects of diffusion and decay for **C, which has a half-life of
5730 years. Asthe decay rates overtake the diffusion rates in 3000 to 5000 years, upper limitsto
the apparent release fractions are reached at 2.8 x 10°t0 5.5 x 10°°.

Consequently, even if the outer two barriers, the compacted clay, and the outer limestone
capillary break or are compromised, the inherent safety of the system is maintained by the very
slow diffusion-controlled release of activation products from the inner coarse limestone and the
decay of these activation products. This multibarrier, concentric-shield concept resultsin long-

term, effective protection of the environment.
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Fig. 6. Combined effects of diffusion and radioactive decay of the activation
products from limestone riprap.

7.1.5 Revised ORR Shield

Because of the site hydrologic setting of Chestnut Ridge on the ORR, the full implementation
of the concentric shielding described in Sect. 7.1.4 is not believed to be required to ensure adequate
protection of the local environment. Based on the analyses in this study, an alternative baseline for
the design of the proposed ORR SNS facility shielding has been developed that still uses
compacted native soils but isolates them from the local hydrology by surrounding the shield berm
with a capillary break. Figure 7 shows this concept.
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Figure 7 Revised Linac shield-berm concept.

The capillary break around the entire tunnel shielding system of the SNS facility tunnels and
its foundations consists of three layers. They are 1.5 m of coarse limestone between two sheets of
geofabric, which prevent the infiltration of fine particles from either the surrounding soils or the
compacted shield berm. While water vapor can pass through it, the geofabric acts as afine filter
that ensures that the long-term performance of the limestone capillary break is maintained. This
encompassing capillary break effectively disconnects the activation products in the compacted-soil
shield berm from any potentia transport mechanisms into and through the adjacent unsaturated soil
of the ORR site vadose zone.

This revised soil-berm concept aso incorporates strategically placed drains in the bottom of
the capillary break in order to collect and monitor unexpected water under upset conditions to the
runoff diversion trenches or catastrophic site erosion and infiltration of finesinto the capillary

break. If episodic flooding of the capillary break occurs, these drains ensure that the transient
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water drains away from the inner soil berm before significant leaching can occur. In such a
scenario, the water will be sent to a collection basin for monitoring and treatment as required.

Thisdesign, aswell asal of the others, uses athick, reinforced, load-bearing pad to support
the SNS tunnel structures and their beam apparatuses. The extra thickness of this concrete pad
greatly reduces the formation of activation products in the coarse limestone and native soil below
it. For conservatism in the previous activation and transport analyses in Sects. 4, 5, and 6, the

concrete pad’ s thickness was assumed to be the same as the concrete tunnels' thinnest dimension.

8. REFERENCES

1. National Spallation Neutron Source Conceptual Design Report, Vols. 1 and 2,
NSNS/CDR-1/V1& 2, Lockheed Martin Energy Research Corp., Oak Ridge National
Laboratory, Oak Ridge, TN, May 1997.

2. Radiological Safety Aspects of the Operation of Proton Accelerators, STI/DOC/10/283,
Technical Report Series No. 283, International Atomic Energy Agency, Vienna, 1988.

3. J. S. Bull et a., “Groundwater Activation at the Superconducting Super Collider: A New
Design Model,” Health Physics, 73(5), 800-807, November 1997.

4. S.|. Baker, J. S. Bull, and D. L. Goss, “Leaching of Accelerator-Produced Radionuclides,”
Health Physics, 73(6), 912-919, December 1997.

5. A. Atkins, “The Influence of Waste Form Permeability on the Release of Radionuclides from
a Repository,” Nuclear Waste Management, 5, 203-214, May 1985.

6. H. W. Godbee et al., “Waste Confinement Systems and Waste-Form Durability,”
pp. 125-141 in Effective Waste Management: Interfacing Sciences and Engineering with
Monitoring and Risk Analysis, ed. R. L. Jolley and R. G. M. Wang, Lewis Publishers, Boca
Raton, FL, 1993.

7. J. Dragun, “Overview: How Soil Governs Water Quality,” pp. 1-15 in The Soil Chemistry of
Hazardous Materials, Hazardous Materials Control Research Institute, Silver Spring, MD,
1988.

8. R.D. Spenceet d., “Interpretation of Leaching Data for Cementitious Waste Forms Using
Analytical Solutions Based on Mass Transport Theory and Empiricism,” pp. 143-161 in
Effective Safe Waste Management: Interfacing Sciences and Engineering with Monitoring
and Risk Analysis, ed. R. L. Jolley and R. G. Wang, Lewis Publishers, Boca Raton, FL,
1993.

9. L. R. Dole, “Report on Monolith Design and Performance,” in Final Report on Remedial
Action: Pepper’s Seel and Alloys Superfund Ste, Medley, Florida, Florida Power and Light
Company, Juno Beach, FL, June 1989.



10.

11.

12.

13

14.

38

C. W. Nestor, Jr., Diffusion from Solid Cylinders, ORNL/SDTM-84, Union Carbide
Corp.—Nuclear Division, Oak Ridge National Laboratory, Oak Ridge, TN, January 1980.

Performance Evaluation of the Technical Capabilities of DOE Stes for Disposal of Mixed
Low-Level Waste, p. 19 in Vol. 3: Ste Evaluations, DOE/ID-10521/3, Sandia National
Laboratories, Albuquerque, NM, March 1996.

H. E. Doner and M. Zarvin, “The Role of Carbonates in Trace and Minor Element
Chemistry,” Advances in GeoEcology, 30, 407—422, 1997.

S. L. Stipp et d., “Cd?* Uptake by Calcite, Solid-State Diffusion, and the Formation of Solid-
Solutions: Interface Processes Observed with Near-Surface Sensitive Techniques (XPS,
LEED, and AES),” Geochimica et Cosmochimica Acta, 56, 1941-1954, 1992.

N. Lahav and G. H. Bolt, “ Self-Diffusion of “*Cainto Certain Carbonates,” Soil Science,
9(5), 293-299, May 1964.



	Untitled
	Untitled

