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ABSTRACT

ANDREW MORROW BARRON, Geol ogi ¢ and Hydr ol ogi ¢
Characteristics of Existing Low Level Radioactive Waste

Di sposal Sites in the Eastern United States - Inplications
for North Carolina

The geol ogi ¢ and hydrol ogi ¢ characteristics of |ow

| evel radioactive waste (LLRW disposal sites in the eastern

United States are reviewed in this technical report. Since
J North Carolina has been designated as the next host for a

LLRWfaciltiy by the Southeast Conmpact Comm ssion, this

i nformation coupled with the geol ogy/ hydrol ogy of North

Carolina can be used in the identification of potentia

siting constraints. In North Carolina, engineered barriers

wi |l be incorporated into the selected LLRWtechnology. In

this report concrete degradati on mechani sms are revi ewed.

Based on this information, possible geol ogic/hydrol ogic

constraints of siting a LLRWdisposal facility in North

Caroli na are di scussed.
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CHAPTER 1.

I KTRODUCTI ON

The di sposal of |owlevel radioactive waste (LLRW in
the United States has evol ved over the years in response to
comerci al use of radioactive nateri al s. LLRWis defined in
Title 10, Code of Federal Regul ations Part 61 (10 CFR Part
61), as all radioactive waste that is not classified as
hi gh-1 evel waste, transurani c waste, spent nucl ear fuel, or
uraniumor thoriummne tailings. Since LLRWis defined by
exclusion, a small fraction of LLRWcan contain fairly high
concentrati ons of radi onuclides.

Low Level Radi oactive Waste enconpasses a broad range of
wastes. Any industry, hospital, nedical, educational or
research institution, private or governnent |aboratory, or
facility involved in the nuclear fuel cycle, that utilizes
radi oactive materials generates LLRW Due to the diversity
of generating facilities, LLRWis produced in many physi cal
formse and volunes. Table 1. lists radionuclides typically
found in LLRWfrom several types of generating facilities.
Specific activities of LLRWcan vary fromfractions of
mllicuries per cubic foot (e.g., |aboratory w pes) to
hundreds of curies per cubic foot (e.g., seal ed sources).

The Nucl ear Regul atory Conmi ssion (NRC) defines LLRW

into four classes. The waste classes are differentiated by
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TABLE 1. T(¥pi cal radilgngclides in LLRW by generators

rom Lee, 1986).

React or s | ndustry Gover nment Medi cal Acadeni c
Co- 58 P-32 P-32 P- 32 C 14
Co- 60 C 14 Cr-51 Co- 57 Cr-51
Cs- 134 Co- 60 Co- 58 Co- 60 H 3
Cs- 137 H 3 co- 60 Cr-51 1-125
Mh- 54 1-125 H 3 H 3 Ir-197
Sr-90 U 238 Mn- 54 S- 35 p- 32
Zn- 65 Ra- 226 1-125 S-35

Tc-99m Sr - 90
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concentrations of specific radionuclides within the waste,
as set forth in 10 CFR 61.55 of the NRC regulation. d ass
A, B, and C wastes are generally suitable for near-surface

di sposal. Waste that exceeds the Class Climt on

radi onucl i de concentrations is not consi dered suitable for

near - surface di sposal and was nade the responsibility of the

federal governnent by the Low Level Radioactive Waste Policy

Amendments Act of 1985. In general the human toxicity

increases fromC ass A to Class C wastes and this increase

is reflected in the nore stringent disposal requirenents.
Initially comrercial LLRWwas deposited at off-shore

di sposal sites approved by the U S. Atom c Energy Conmi ssion

(AEC). In response to econonic factors and probl ens

associ ated with nonitoring ocean disposal, the AEC

determ ned that | and di sposal of LLRWwas a nore practica

met hod. | n 1960, two interimdisposal sites were designated

and began accepting both federal and commercial LLRW In

1962, the first commercial LLRWAdi sposal facility opened at

Beatty, Nevada; later in that sane year the Maxey Fl ats,

Kent ucky di sposal site began operation. Eventually other

sites were | ocated at West Vall ey, New York, Hanford,

Washi ngton, Sheffield, Illinois, and Barnwel |, South

Carolina. Al six comercial LLRWddi sposal facilities

enpl oyed shallow | and burial technology. In this technol ogy,

waste containers are placed in an excavated trench which is

backfilled with sand or simlar material, conpacted, and

covered with earthen material. Due to problens associ ated
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with infiltration of precipitation, |eachate accumul ation,
and radi onuclide mgration (primarily tritium, three sites
have been cl osed, though the disposal sites at Beatty,

Bar nwel I, and Hanford have continued to accept waste.

Gowth in the volune of LLRWand the projected cl osings
of |licensed disposal sites have required the devel opnent of
additional capacity. In 1980, Congress passed the Low Level
Radi oactive Waste Policy Act, which established a new
framewor k for LLRW nanagenent. The Act placed the
responsibility for LLRWdi sposal on every state, but
recommended the use of regional disposal facilities as the
nost appropriate nmeans for resolving the problem As a
result, nost states have forned regi onal conpacts and nany
are involved in the process of siting a LLRWdi sposa
facility. The Sout heast Conpact includes Al abama, Ceorgi a,
Fl orida, M ssissippi, North Carolina, South Carolina,
Tennessee, and Virginia. On Septenber 11, 1986, the
Sout heast Conpact Conmm ssion designated North Carolina as
the first host state to replace Barnwell and ruled that they
must provide a LLRWdi sposal facility by Decenmber 31, 1992.

North Carolina has accepted its host state status;
however, in light of the performance history of the six
exi sting LLRWdi sposal facilities. North Carolina has
enacted | egislation which affects the type of disposa
technology ultimately chosen. [In 1987 North Carolina
enacted |l egislation that prohibits shallow | and burial,

requi res engi neered barriers, and specifies that the bottom
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of the LLRWfacility nmust be at |east seven feet above the
seasonal high water table. These engineered barriers wll
be designed to conpl enment or inprove the perfornmance of a
di sposal site but are not intended to substitute or
conpensate for a site deficiency.

Sonme w dely considered alternative nethods for near
surface disposal include: bel owground vaults, above-ground
vaul ts, earth-nounded concrete bunkers, augered hol es, and
m ned cavities. The technology selected by North Carolina
could be any one of these alternatives or a conbi nati on of
different technol ogies. These alternatives cover a w de-
range of disposal technol ogi es and have been di scussed by
many authors (Baird et al.. 1986; National Low Level Waste
Managenent Program 1987; Illinois Departnment of Nucl ear
Safety, 1987) in detail. A general description of these

di sposal alternatives foll ows:

0 Above-Gound Vaults - This disposal technol ogy
consi sts of placing LLRWcontainers in engi neered
concrete structures | ocated above the ground
surface. This nethod does not enploy an earthen
cover but relies on the structure to isolate the
LLRWfromthe bi osphere. The naterial used to
construct this facility would likely be reinforced
concrete, however, due to the |lack of long-term
experience wth nodern concrete it is difficult to

project the lifetinme of such a facility. It is
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known t hat degradation nmechani snms exist in the

envi ronnent which could | ead to structural
failure. It should be noted that sone

nmodi fications of this technol ogy involve an
earthen cover. This design would be described as

bei ng above- grade but bel ow ground.

Bel ow- Ground Vaults - This technol ogy pl aces the
LLRWin engi neered concrete structures | ocated

bel ow t he natural surface grade. The bel ow ground

vault is covered with an earthen cover simlar to
covers used in shallow | and buri al . The structure
consi sts of reinforced concrete floors, walls, and
roof. The incorporation of a bel ow ground vault
and an earthen cover restricts water infiltration,
prevents human or biol ogical intrusion, and

reduces exposure rates fromgamma radi ation at the

| and surf ace.

o Earth-Mounded Concrete Bunker (EMCB) - This
di sposal technol ogy has been used for France.
This method incorporates both above-ground
di sposal of LLRW(C ass A waste) within an earth
covered tumul us and bel ow ground di sposal of waste
(Cdass Band C) in a concrete bunker. At the

French site, the tunmulus is built above the
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concr et e bunker. The bunker uses

reinforced concrete in the construction of floors,
wal | s, and roof. The tumul us and cover are
constructed of earthen materials. As a hybrid

t echnol ogy involving the integration of trench

di sposal, vaults, and conpl ex waste packagi ng, the

EMCB is a relatively conplex option to inplenent.

o Modul ar Concrete Cani ster D sposal (MCCD) - The
di sposal of LLRWby this nmethod involves placing
i ndi vi dual waste containers in nodul ar concrete
cani sters which, in turn, are placed bel ow t he
natural grade of the site. Wth the exception of
t he use of concrete canisters, this disposal
net hod resenbl es shall ow | and burial and bel ow
ground vault disposal (the concrete canisters
provide structural stability). By using both

eart hen cover and concrete cani sters, the
i sol ati on of radionuclides fromthe environnent is

enhanced.

0 Augered Hol es (Shaft Disposal) - Augered hol es or
shaft di sposal involves the disposal of
radi oacti ve waste in shafts or boreholes that are
drilled, bored, or augered by conventiona
nmet hods. These shafts may be unlined or |ined

with fiberglass, netal, or concrete. Liners help


NEATPAGEINFO:id=4D590714-A60F-4157-AB89-053D42CF5630


reduce water infiltration into the disposal unit
and inprove the structural integrity. Bel ow

grade, the upper ten feet of the shaft is seal ed
with an engineered barrier and the whole unit is

covered with a 5 to 10 ft thick engi neered

barri er.

o M ned Cavities - Mned cavities have been
suggested for the disposal of LLRWin the United
States and are currently a disposal nethod used in
West CGermany. This technol ogy could use an
al ready existing mne or one specially

construct ed. M ned cavities can be |ocated in

salt, coal, granite, or |inestone beds. Although
m ned cavities would not have the surface
degradation problens associated with other

di sposal nethods, the reguirenents stated in

10CFR61 are not satisfied by this nethod and,

therefore it could not be |licensed for use in the

u. s.

Al t hough these alternative nmethods briefly sunmarized
above are workable and currently |licensable under 10 CFR
Part 61 (except mined cavities), the NRC has focused its
resources on buried placenent technol ogi es and on di sposa
techni ques that incorporate cenentitious materials (Baird et

al .. 1987). The focus on earth-covered technologies is
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based on the know edge that an engineered LLRWfacility is
required to performon the order of 300 to 500 years. Such
a structure will nost probably be constructed of Portland
cenent-type concrete (Baird et al.. 1986; Pittiglio and
Tokar, 1987; National Low Level WAste Managenent Program
1983). Although Portland cenent has been in use only 150
years, cement specialists in general agree that the |ong-
termdurability of concrete requires additional protection
fromacid-rain, freeze/thaw cycles, and erosional processes.
An earthen cover woul d provide protection from environnental
degradation and al so provide an additional barrier to

radi onucl i de rel ease and intruder protection. The NRC

al ready has substantial experience with earth-covered
structures and this know edge could be used in devel oping an
effective disposal technology. This report focuses on the
degradati on nmechani sns that effect concrete engi neered
barriers.

Since engineered barriers cannot substitute or
conpensate for a site deficiency, geological and
geohydrol ogi cal characteristics remain critical factors in
preventing the mgration of radionuclides through the
groundwater. In this technical report the geol ogy and
geohydrol ogy of LLRWfacilities in the eastern United States
will be reviewed. The disposal sites are |ocated at
Barnwel I, South Carolina; Maxey Flats, Kentucky; Sheffield,
Il1linois; and West Valley, New York. The geol ogic and

geohydr ol ogi ¢ shortconmi ngs that have contributed to
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radi onuclide mgration will be discussed. Since

envi ronnental conditions exist that pronote barrier failure,
this report will exani ne the degradati on nechani sns of
concrete engi neered barriers. Based on this infornation,

t he general geol ogy/ hydrol ogy of North Carolina, and
constraints enacted by North Carolina' s legislation, this

report will identify possible geol ogic and geohydrol ogi c

conditions in North Carolina that are not suitable for

radi oacti ve waste i sol ati on.

10
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CHAPTER 2

VI AXEY FLATS, KENTUCKY

Site Hi story

Maxey Flats was opened as a LLRWdisposal facility in
January 1963 under agreenent between Kentucky and Nucl ear
Engi neering Co. (now U. S. Ecology, Inc.). The burial site
whi ch consists of 102 ha (252 acres), is |located on a flat
top ridge in rural Flemng County, 109 km northwest of
Lexi ngton, Kentucky (Fig. 1). The site was operated until
problems with radi oactive waste mgration and | eachate
accurmul ation within the burial trenches forced facility
closure in Decenber 1977. Maxey Flats is currently in
shutdown status, with the required mai ntenance, nonitoring,
and evaporation of |eachate fromburial trenches being
performed by Hittnman Nucl ear Devel opnent Corporation

The burial site consists of 46 closed trenches, one open
trench, a nunber of hot wells, and several special pits.
The trenches are generally unlined and vary considerably in
size from46 to 207 m (150 to 680 ft) in length, 3 to 22 m
(10 to 75 ft) in wdth, and 2.7 to 9 m(9 to 30 ft) in depth
(Aancy et al.. 1981). The trench floor slopes one degree
toward a sunp constructed at the | ow end for dewatering
purposes. The trenches have been backfilled with a m ni num

of 1 meter of soil to insure that a nmaxi mum exposure of
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FIGURE 1. Location of Maxey Flats disposal site

(from Zehner, 1983).
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2 nR/hr at the trench surface is not exceeded. Wen a trench
was filled with waste, a mnimumof 1 m (3.3 ft) of clayey
soi | was backfilled and conpacted in layers. To assist in
wat er runoff, a nounded cap was constructed and shal | ow
rooted vegetation planted to inpede erosion.

Bet ween 1963 and 1978 approximately 135,089 m”" of waste
was di sposed at Maxey Flats. This waste contains
approximately 2.4 mllion curies of by-product material, 431
kg of special nuclear fuel (plutonium uranium 233, and
enriched uranium235), and 242 x 10"" kg (533 thousand
pounds) of source material (uraniumand thoriumnot included
in special nuclear material). The mpjority of the waste was
received in solid form however 2.2 mllion liters (58
t housand gallons) of liquid waste was accepted and

solidified in urea-fornal dehyde before burial

Geol ogi ¢ Characteristics

The subsurface geol ogy of the disposal site consists of
gently dipping sedimentary rocks of Silurian, Devonian, and
M ssi ssi ppian Age. These sedinentary rocks are conposed of
cl ayey shales, siltstones, sandstones, and carbonaceous
shales. The soils at this site consist of |ight-brown clay
ranging in depth from.3 to 3 m(1 to 10 ft). These clays
were formed fromthe in-situ weathering of the underlying
sedinentary rocks. The sedinentary rocks found directly

13
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beneath the site in ascending order are: 1) the Upper Crab
O chard (Silurian); 2) the Chio Shale (Devonian); 3) the
Bedf ord Shal e (Devonian to M ssissippian); 4) the Sunbury
Shal e (M ssi ssippian); and 5) the Borden Formation

(M ssi ssi ppi an) conposed the Henly Bed of the Farmers
Menber, the Farnmers Menber, and the Nancy Menber. A

di agranmati c cross-section of the Maxey Flats site is shown
in Figure 2.

The Crab Orchard is predoninantly a clayey shale nostly
greenish gray to gray. This shal e does not have a high
fracture density and is relatively inperneable. The Crab
O chard is assuned to be the | ower hydraulic boundary, wth
all groundwater flowing to the side of the hill and
eventual ly discharging into the stream system

The OChi o Shal e averages approxinmately 56 m (184 ft)
beneath the Maxey Flats site and is a dark-gray to bl ack,
hi ghly carbonaceous shale. The Chio Shale forns steep
slopes and is well exposed at the burial site. G eenish-
gray shale beds up to 3 m (10 ft) thick occur 15 mto 18 m
(50 to 60 ft) below the top of this unit.

The Bedford Shale is approximately 8 m (25 ft) thick
at the burial site and occurs as a greenish gray to |ight-
olive-gray silty shale. The Bedford Shal e has poor
fissility (property of splitting easily along cl osely spaced
paral l el planes) and weathers to irregularly shaped chi ps.

Locally thin sandstone | enses occur several feet above the

base of this unit.
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Col | uvi um and al | uvi um
-Typical burial trench .
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FIGURE 2. Diagranmatic cross-section of the Maxey Flats

site (from Zehner, 1983).
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The Sunbury Shale is approximately 5 m (18 ft) thick at
the burial site and is a dark gray to black carbonate rich
rock. This unit is highly fissile and forns steep sl opes.

The Borden Formation is conposed of the Henly Bed of
the Farnmer Menber, the Farner Menber, and the Nancy Menber.
The Henly Bed at disposal site is approximately 2 m (6 ft)
thick and is greenish shale. The Henly Bed comonly
contains a few sandstone lenses .3 to .6 m(1 to 2 ft)
thick in its upper section. The Farmer Menber is sandstone
unit with interbedded shale and is approximately 11 m (36
ft) thick at the site. The sandstone is very-fined grain
and occurs in tabular beds up to 1.2 m(4 ft) thick. The
i nt erbedded shal es are nostly greenish gray and occur in
| enses less than .91 m (3 ft) thick. The Nancy Menber is
predom nantly a shale with two distinct marker sandstone
beds at the Maxey Flats site. This unit is approximately
14 m (45 ft) thick. The shale is blue to greenish gray and
poorly fissle. The marker sandstone | enses are yell ow sh-
brown and occur as two beds up to .6m (2 ft), near the base
of the Nancy Menmber (McDowell et al.. 1971).

Al t hough the rocks in this region are not presently
subjected to regional stresses, all rock units above the
Crab Orchard have characteristic fractures. These fractures
occur in sets (dips of 80 to 90°) and were generated by
unknown regional stresses. The fractures exhibit iron-oxide

al teration bands deposited by groundwater novenent (Cahill,

16
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1982). Since the burial trenches are |located within the
Nancy Menber, fractures present may serve as a pathway for

radi onucl i de m gration

Hydr ol ogj ¢ Characteristics
Sur f ace Wat er

Surface water drainage fromthe LLRWdi sposal site is
by Drip Springs Hollowto the west, Rock Lick Creek to the
Sout h, and the unnamed streamto the east (Fig. 3 ).

Surface flow occasionally ceases in all the streans; however
pool s of water are always present in |low areas wthin the
stream bed and indi cate subsurface flow. Seventy-five
percent of the surface runoff fromthe burial site flows
down a snall valley into the unnamed stream Drainage from
these tributaries flows into Fox Creek and then into the
Licking River (National Low Level Radioactive Waste
Managenent Program 1982).

The climate at Maxey Flats is humid continental,
characterized by warm hum d summers and cold winters. Mean
annual precipitation ranges from109 to 119 cm (43 to 47
in). The driest nonths are |ate sumer and autum; the
wettest nonths are usually during spring and sumer (C ancy
et al.. 1981). Streanflow data fromthe United States
Ceol ogical Station at Rock Lick Creek indicates that average
discharge is approximately .2 [a*/s (7 ft-'/s) with baseflow

17
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accounting for approximately 10 percent of the tota

di schar ge.

Gr ound Wat er

Hydr ol ogi ¢ contacts correspond to stratigraphic
contacts bel ow the Farnmers Menber. Four hydrologic units
above the Farmers menber which do not correspond to the
stratigraphy are: 1) the weathered section (regolith) of the
Nancy Mei nber which includes the upper and | ower sandstone
mar ker beds, 2) the unweathered section of the Nancy Menber,
3) the shal e-sandstone sequence at the base of the Nancy
Menber, and 4) the predom nantly sandstone section of the
upper Farners Menber (Zehner, 1983) .

The stratigraphic section, which includes the regolith
and bedrock above the shal e-sandst one sequence at the base
of the Nancy Menber, is of hydrologic inportance since this
Is the strata where the disposal trenches are |ocated. The
bottons of nobst trenches at Maxey Flats are at the | ower
sandstone bed in the Nancy Menber. \Water |evels in nost
trenches do not appear to correspond to a particular
hori zon, but vary from 315 to 317 m (1033 to 1040 ft) above
sea-level. Due to the accunulation of water in the
trenches, the upper groundwater system has been altered from
its original state. The irregular water table could be due
to | ocal groundwater nmounds or |ocal depressions from

punpi ng | eachat e.
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The uppernost water table is |ocated at the base of the
regolith in the trench area. Decreasing heads with depth may
i ndi cate perched water tables or a vertical gradient in
saturated rock. Water table levels and the correspondi ng
rock type are as follows: 1) 304 mto 309 m (997 ft to 1014
ft) above sea-level in the Lower Nancy Formation; 2) 296 m
to 297 m (971 ft to 974 ft) above sea-level in the Lower
Farnmers Menber; 3) 286 mto 287 m (938 ft to 942 ft) above
sea-level in the Sunbury Shale; and 4) 230 mto 237 m (755
ft to 778 ft) in the Chio Shale.

The ground-water system at Maxey Flats probably
consi sts of sequences of saturated and unsaturated zones,
with nore than one sequence in sone hydrologic units. The
t hi ckness of the unsaturated zones in nbst rocks is |ess
than 12 m (39 ft) thick and possibly only a few neters thick
in some units. The | ower sandstone bed of the Nancy Menber

is saturated at the waste site and the | ower shal e has

vari able | evels of saturation. Mst rocks between the | ower

part of the Farmers Menmber and the Chio Shale are probably

saturated, with the possible exception of the upper Sunbury

Shal e.

Cores taken fromwells at Maxey Flats show hydraulic
conductivities that range from10~*° to 10~" cnfs (10~" to
10"~ ft/d) in the sediments above the bedrock. Hydraulic
conductivity is the ability of a porous material to transmt
wat er and depends on a variety of physical factors

I ncluding: porosity, particle size, particle packing.
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secondary fractures, specific weight and the dynam c
viscosity of the fluid. The secondary conductivity due to
joints and fractures has been estimated to be on the order
of 10" cm’'s (10"" ft/d). Due to the overall |ow
conductivity of rocks fromthis site, the primary ground
wat er mgration occurs through the secondary perneability
(fractures) in the shale units and the interlinking

sandst one beds (Cdancy et al., 1981).

G ound water entering the surface at the burial site
flows vertically downward through the unsaturated zones and
has vertical and horizontal flow conponents in the saturated
zones. Flow is predomnantly vertical in the unweathered
Nancy Menber, Henly Bed, and Bedford Shale. Lateral flow
occurs in the | ower sandstone nmarker bed of the Nancy
Menber, the upper part of the Farmers Menmber, Sunbury Shal e,
and Chio Shale. A generalized flow diagramis shown in
Fi gure 4.

Model s by Zehner (1983) indicate that 70 percent of the
water entering the burial site discharges to the hillside
col luvium fromrocks above the | ower part of the Farners
Member. Twenty percent of the flow discharges fromthe
units between the Cnhio Shale and the The upper Farmers

Menber. The remaining flow di scharges by way of the Chio

Shal e.

21
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Farmers Menber and |ower part of the
Ohio Shale are saturated. Cther units
above the Chio Shale may be saturated
(as shown by flowines), or may be

; Typi ca )
unsaturated. Upper part of the Chio (7 enches Rai nf al |
Shal e i s unsaturated.

Evapor ati on and
transpiration

\\eat hered shal e regolith
Lower sandstone narker bed

M JEVVVAALNN LY s e e

, Farmers Menber

Lower part of the
VV\ A\ NNV \ Farmers Menber
yHenl ey Bed
Col | uvi Sunbury Shal e
and usv(l)ium Bedf ord Shal e
Chio Shale
Col | uvi um
and soil
Drip
Springs
Aluy- "o _
ium Upper part of Crab Orchard Formation

VERTI CAL EXAGGERATI ON 3

Arrows below ground |evel represent flowines. Length and density
of flowines do not indicate velocity or volume of flow

Figure 4. Diagranmatic hydrogeol ogi ¢ section of the

Maxey Flats site (from Zehner, 1983).
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Pr obl ens Encount er ed

In the early 1970's, Kentucky becane concerned with the
accumul ation of water in the conpleted trenches and the
increase in the volume and activity of the wastes received
for disposal. Wter accunulated as result of a high rate of
precipitation (112 cmyr) coupled with the deconposition of
waste, creation of new voids, and trench cover subsidence.
These conditions have lead to water mgration through the
cap and the accunul ation of contam nated water in the
trenches known as the "bathtub effect”. In 1973, Kentucky
requi red the site operator. Nucl ear Engineering Co., to
initiate a water nmanagenent program This programinvol ves
punpi ng the contam nated water fromtrenches to above ground
hol di ng tanks, floculating and filtering, evaporating the
wat er (process uses a conbustion evaporator), and
transferring the evaporator concentrates to a storage tank
for later disposal.

Anal ysis by Weiss and Col unbo (1980) showed t hat
| eachate is contamnated with a variety of radionuclides,
including: "H7"°Co, MSr, A°Sr, AMACs, A'cs, MAPn and
MNPy, Tritiumconcentrations were the greatest, ranging
from1l.1 X 10" to 2.3 X 10" pG /L. Concentrations of
radi onuclides differ between trenches and are a result of
the quantity, waste form and type of nuclide buried.

Radi onucl i des have been detected in the ngjor drainage

way on-site and in the streans off-site (Mntgomery and

ot hers, 1977). Radionuclides (maximum concentration in
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pCi /L) detected in sanples fromthe burial site include:
Tritium (45,000 pG /L), cobalt-60 (5 pC /L), strontium 90
(90 pG /L), niobium95 (.9 pG /L), zirconium95 (<.6 pG/L),
rut henium 106 (<.4 pC /L), and cesium137 (.2 pCG/L).

Sanpl e | ocations and concentration of dissolved

radi onucl i des detected outside the burial site were: unnaned
stream tritium (13,000 pG /L) and strontium90 (6 pC/L);
Drip Springs Holl ow near Rock Lick Creek, tritium (4,700

pC /L) and strontium90 (.9 pC/L); Rock Lick Creek bel ow
unnamed val ley, tritium (4,700 pC /L) and strontium90 (5.8
C/L); and Crane Creek, strontium90 (2 pG/L). Waste

radi onuclides in the stream water nmay have nmoved fromthe

di sposal site by base flow, or by overland runoff carrying
contanmi nates soil fromthe waste site (Zehner, 1983).

The nobst significant radionuclide, based on
concentration in groundwater, has been tritium Sanples
taken fromthe wells at Maxey Flats vary dependi ng on the
well, the location and tine of year. Concentrations of
tritiumvary fromless than 200 pG/L to 6.8 x 10" pG/L
(Zehner, 1983). In addition to tritium strontium 90 and
pl ut oni um 90 have been found in water sanples; however these
radi onucl i des nmay have been introduced during drilling, well
conpletion, or fromsurface runoff from contamn nated soi
and sanples fromnost wells are of limted value in
determ ning the quality of ground water.

Factors contributing to radi onuclide rel eases at NMaxey

Flats site include the | ow perneability of near surface
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soi |l s and poor disposal practices. These factors have
resulted in the subsidence of trench covers, increased
infiltration of precipitation, accunul ation of |eachate. At
Maxey Flats radionuclides are mgrating both through the
surface water and the ground water. Due to the small base
flowin this area, the principal route for radionuclide

rel ease i s through surface water runoff. Although

radi onucl i de rel eases have and continue to occur fromthe
Maxey Flats LLRWfacility, studies performed by the NRC and
ot her investigators conclude that there is no significant

public health problem associated with the radionuclide

r el eases.
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CHAPTER 3

WEST VALLEY, NEW YORK

Site History

The West Valley LLRWfacility is |ocated at the Nucl ear
Service Center, 50 "km (31 mles) southeast of Buffalo, in a
rural area near West Valley, New York (Fig. 5). The Nucl ear
Service Center, which is owed by the New York State Energy
Research and Devel oprment Authority, includes: 1) a nuclear
fuel reprocessing center, 2) a spent fuel recovery and
storage facility, 3) a heavy liquid storage area, 4) a high
| evel radioactive waste disposal facility, and 5) a LLRW
di sposal facility. The LLRWsite, operated by Nucl ear Fuel
Servi ces, was opened as a commercial facility in 1963 and
accepted LLRWfromthe northeast and niddle Atlantic states.
In 1971 water | evels began rising in a few of the burial
trenches. By 1975 the water |evel reached the ground
surface in trench 4 and broke through the cover of the
trench. This radioactive seep had a flowrate of 3.8 L/d (1
gal /d) (National Low Level Radioactive Waste Managenent
Program 1982). As a result of this | eakage problem
Nucl ear Fuel Services term nated commerci al operations.
Since 1975 the di sposal site has been in shutdown condition
and punpi ng of | eachate has been perforned.

The di sposal site consists of 14 trenches located in a

nort hern and southern area (Figure 5). Seven trenches
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(numbered 1 to 7) are located in the northern area and were
used for disposal from 1963 to 1969. Trenches are

approxi mately 240 m (787 ft) in length, 10 m(33 ft) in

wi dth, and 6m (20 ft) in depth. Trench six is actually a
series of augered holes for burial of materials requiring

i medi ate shielding. Trench seven is a |long and narrow
concrete vault used for waste entonbnent. The seven
trenches in the southern area (nunbered 8 through 14) were
used for LLRWdisposal from 1969 to 1975. The di nensions of
t hese trenches are approximtely 180 m (590 ft) in length,
10 m (33 ft) inwidth, and 6 m (20 ft) in depth (dancy et
al .. 1981).

Bet ween 1963 and March 1975, approxinmately 66,837 m”" of
waste was buried at West Valley. This waste contained
704,500 G of by-product material, 465,394 Kg of source
material, and 56 kg of special nuclear material (including
4 Kg of Plutonium). The nost abundant radionuclide buried
at.West Valley based on activity is tritium (106,000 C).
LLRWis no |longer accepted at West Valley and there are no

current plans to reopen the facility.

Geol ogi ¢ Characteristics

The West Valley LLRWdi sposal facility was selected
because of the absence of shallow aquifers at the site, the
good surface drainage at this site, and the | ow perneability
of the silty till soil. The disposal site is located on a

28
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plateau with a surface elevation of about 420 m (1,377 ft)
above sea level. The soils are 3 to 3.5 m(10 to 11 ft)

t hick and consist of weathered till. Underneath the surface
soils lies 46 to 89 m (151 to 292 ft) of unweathered til
conpl ex which was deposited by two ice sheets of Wsconsian
age, 14,000 to 22,000 years before the present (Al banese et
al.. 1984). The stratigraphy of the sedinents is given in
Table 2. A geologic cross-section and its |ocation are

shown in Figures 6 and 7.

The bedrock, which underlies the Wsconsin til
conpl ex, is conposed of Devoni an Canadaway G oup siltstones
and shal es approximately 300 m (984 ft) thick. These rocks
dip southward at 6 to 8 mkm . The bedrock shows no
faulting or folding in the upper |layers (upper 180 m, but
joints or fractures are common. This bedrock |ater served
as parent material for the till conplexes deposited during
the Wsconsian age glaciation and generally 85 to 95 percent
of the pebbles in the till are fragnents of the |ocal shales
and siltstones (Prudic, 1986).

The till conplex includes an upper till, kame deltas,
| acustrine sequence, a lower till, and the bottom | acustrine
deposit. The sediments in this region were deposited by the
advanci ng i ce sheets or the associated neltwater; the
shal es and siltstones of the Devoni an bedrock being the
primary source. Tenporary glacial |akes forned in the
val l eys as glaciers blocked the northward drai nage of

streans, trapping large volunes of silt and clay. Some of
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TABLE 2.
Uni t Thi
(1) 0.
(2) o
(3) o
(4) o
(5) S
(6) o
(V) ©
(8) ©
(9) 6
(10) 3-
(11) ?
(12)

Strat
LLRW
Prudlc

i ckness

3-1 m

-16 m

10 m

? Till,

30

aphy of the sedinments at the_\Wst Valley
te (nodified fromLaFl uer, 1979 and
1986) .

Li t hol ogy

Soft, plast|c ebbly silt, found on
on slopes | uvi um f or ned by
soi|l creep and sl unps.

G avel, pebbles to | arge cobble and
sand. Stream deposits found in valley

bott ons

Gavel and silt, underlies terraces
along Butterm |k Creek

G avel and sand, noderately silty.
Al luvi al fan deposits.

Till, predom nantly clay and silt.
For med by gl aci er readvance.

Layered clay or clay-silt rhythmtes.
Deposited 1 n proglacial |ake by
advanci ng i ce.

G avel and sand deposits. Deposited in
del tas or streans.

Wel | sorted and stratified sand,
i nterbedded with silt at depth.
Deposited in glacial |ake by streans.

| nterbedded silt and clay, found in
rhythmc layers up to 30 nmthick.
Deposited in glacial |ake.

Till, simlar to unit 5. Deposited
by advancing gl aci er.

Predom nant |y claﬁ clayey silt and
and silt in rhythmc layers. Simlar
tounit 9, formed in gIaC|aI | ake.

oy & §andyfOUIn togge% Ehéan units

Nhy be an upl and faC|es of unit 10,
or an older till deposit.
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these | acustrine deposits have been preserved while others
were eroded as gl aci ers advanced over them Sands and
gravel were deposited locally, primarily in deltas where
streans entered gl acial |akes and on alluvial fans of
streans that devel oped during interglacial periods

At the disposal site the trenches are located in the
upper till. This till which is approximately 28 m (92 ft)
thick, is conposed predom nantly of clay and slit; cores
taken fromthe burial site contained 50 percent clay, 27
percent silt, 13 percent sand and 10 percent fine gravel on
the average. Distributed randonmy throughout the till are
pods and irregular lenses of stratified sand and gravel and
rhythmc silt and clay (Prudic, 1986). This till unit was
deposited by a tongue of ice that readvanced as far south as
West Valley. Lafleur (1979) has correlated this readvance
with the Lavery readvance in Chio. During this readvance
the glacier apparently floated free fromthe substrate and
al l oned beds of silt and clay to accunul ate.

Beneath the Lavery till, Kane deltas up to 8 m (26 nm
thick occur in the burial site vicinity. These units are not
continuous and are randonly located. Wen present, this
sequence is conposed of pebbles and small cobbles and is
absent near the burial site. Deposits east and southeast of
the site may have originated as deltas in a declining
postglacial |ake or as an alluvial fan deposit which spread

across the former |ake floor (Lafleur, 1979).
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The next unit is the lacustrine sequence which has an
approxi mate thickness of 12 m (39 ft) beneath the buri al
site. The lacustrine deposit consists of interbedded coarse
silt, fine silt, and clay in rhythmc layers. This unit is
typi cal of bottom deposits in a glacial |ake characterized
by icebergs and occasi onal readvances of a floating or
grounded ice tongue. This unit is found in all cores which
penetrate the Lavery till and Kane deltas.

The next unit is atill simlar to the Lavery til
whi ch was deposited during a readvance of a glacier during
the Kent readvance. This unit is approxinmately is
approximately 3 to 10 m (10 to 33 ft) thick in the burial
site vicinity and is conposed predom nantly of sand and silt
with sonme deformed slivers of coarse silt interbedded.

Post gl aci al erosion began during the Hol ocene (9,900 to
13,000 years ago). Immediately after retreat of the |ast
gl aci er and the subsequent drainage of postglacial |akes,
meltwater fromice to the north and runoff fromthe
hillsides spread gravel over large areas of the Cattaraugus
Creek basin, including the Buttermlk Creek valley. The
incision by Cattaraugus Creek initiated erosional processes
whi ch continue to the present.

Because of this postglacial incision and the fine
grained texture that characterizes the till conplex, the
Vst Valley area is prone to |andslides. Landslides have
been observed along the streans bordering the LLRWsite. In
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the long term larger landslides will eventually encroach on

site boundary (Al banese et al..1984).

Hydr ol ogi ¢ Characteristics

Sur f ace WAt er

The West Valley Burial site lies entirely within the
Butterm | k Creek drainage basin. Franks Creek, a tributary
to Butterm |k Creek, drains the east, south and sout hwest
parts of the burial site (Fig 7); an unnamed tributary to
Franks Creek drains the north and northwest sections.

The climate at the West Valley burial site is humd
continental, wth annual precipitation averaging 100 cm
(39.4 in). Most of the runoff fromthe burial site flows
into Lake Erie via Franks Creek, Butterm |k Creek, and
Cattaraugus Creek or returns to the atnosphere by

evapot ranspi rati on.

Gr ound Wat er

The stratigraphy of the naterials at the LLRWsite
plays an inportant role in the movement of ground water.
The upper parts of the underlying |acustrine sedinents are
unsaturated, but the deeper l|acustrine sedinents are
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saturated and provide a mgration pathway for |ateral flow
t hrough the coarse sedinments, eventually discharging into
the bluffs along Butterm |k Creek. The unsaturated
conditions in the lacustrine units result from| ow vertical
perneability of the Lavery till and thus, result in |ow
recharge through the till. The lacustrine sequence acts as
a drain to the Lavery till and produces downward hydraulic
gradi ents.

Information froma well drilled on the eastern side of
the di sposal site, shows that the depth to ground water is
31 to 38 m (102 to 125 ft) and is located in |acustrine
sedi nents. Trenches at West Valley were dug to a depth of 6
m (20 ft); the trench bottoms lie from25 to 32 m (82 to 105
ft) above the water table (Clancy et al.. 1981). This
aqui fer does not yield usable quantities of water. The
shattered upper section of the Devonian is the major aquifer
in this stratigraphic sequence.

Detail ed studies of the LLRNdisposal site hydrol ogy

have been confined to the Lavery till since the trenches are
located in the till. Trench covers were constructed from
reworked till, and studies (Prudic, 1986) show t hat

radi onuclide mgration has not extended through or beyond
the Lavery till. The Lavery till is not a honmobgeneous body,
but conposed of a weathered section, a unweathered section,
and distorted | enses of stratified sand an gravel.

Prudic (1986) exam ned 28 core sanples taken fromthe

unweat hered till at West Valley. These sanples had an
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average porosity of 32.4 percent. Analysis of thin sections
show no preferred orientation of clay grains and suggests
little anisotropy. Field and | aboratory tests have neasured
a hydraulic conductivity that ranges from2 x 10"" cm's
(5.67 X 10" ft/d) to 6 X 10" cns (1.7 x 10" * ft/d) in the
unweat hered till.

The upper 2 to 3 m(7 to 10 ft) of till is weathered
and contains intersecting features. These fractures have
firmoxidized borders and extend down approximtely 5 m (16
ft) to the unweathered till (Prudic and Randall, 1979).
Conput er simulations of ground water flow indicate the
weathered till is ten times nore perneable than the
unweat hered till.

Randomly distributed |enses or pods of silt, sand, and
clay are found in the Lavery till. These distorted |enses
of stratified material nake up approximately 7 percent of
the total mass of sedinents. These units are discontinuous,
deforned and randomy rotated. Values for hydraulic
vertical and hydraulic conductivity vary from3 x 10~° cni's
(8.51 x 10"-~ ft/d) to 6 X 10" ¢nfs (1.7 x 10"~ ft/d), two
orders of magnitude greater than the unweathered till.

The hydraulic gradient in the till surrounding the LLRW
site is predomnantly downward. In general, ground water
flows vertically dowward fromthe trench floors through the
till and the unsaturated part of the underlying |acustrine
sequence about 23 mbelow the trench bottom Gound water

then flows laterally northeasterly through saturated
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l acustrine sedinments until discharging along Butterm |k
Creek. Figure 8 shows an idealized view of ground water
flowin the vicinity of the LLRWdisposal site. Conputer
simul ations of possible ground water flow at West Valley
suggest that water leaving a trench would take 300 to 2,300
years to travel 23 m (75 ft) to the underlying |acustrine
sequence. The shortest distance for surface discharge is
840 m (2,756 ft) and this would require an additional 500

years.

Pr obl ens Encount er ed

Water levels in the trenches have been nonitored

regul arly since 1966 by Nucl ear Fuel Services, Inc.
Significant increases in water levels in trenches 3 through
5 (north site) was observed in 1971. In March 1975, trench
wat er seeped out through the trench cover along the side of
trench 5 and the northern end of trench 4. The burial of
comrerci al LLRWwas stopped after the discovery of this
seep. From March 1975 through October 1976, approxi mately
6.4 mllion liters (1.69 mllion gal) of |eachate was punped
fromtrenches 3, 4 and 5 (Clancy et al.. 1981). Leachate

was transferred to the on-site reprocessing plant for

decont am nati on.
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The principal cause of the water accunulation in the
trenches at West Valley was the infiltration of
precipitation through the trench covers rather than from
ground-wat er seepage fromthe till. Seasonal drying and
subsi dence fromwaste deconposition resulted in cracks
forming in the trench covers. These cracks provided
efficient pathways for precipitation to the trench. The |ow
permeability of the till coupled with the norna
precipitation rate, prohibited rapid mgration of the trench
water and resulted in the accumulation of Iarge vol unes of
wat er .

Radi ochem cal analysis indicates the trench [eachate is
contamnated fromthe buried LLRW Goss al pha activity
ranges from8.9 x 10~ to 8.2 x 10~" uG/nL. Goss beta
activity ranges from7.6 x 10"" to 3.1 x 10"" uCl/nL. The
concentration of tritiumvaries from3.1 x 10" to 4.3
uG/nL. The major gamma emtting radionuclides found in the
| eachate are M""Cs, MACs, M°Co, and "ksa. The
concentration of «' @\ACs ranges from4.9 x 10" to 1 x 10"
uG/nL and "*' *Cs ranges from6.4 x 10" to 1.3 x 10""
uG /L. The concentration of *Co Varies from9.9 x 10 to
7.0 X 10"" uC/nL. The smallest concentrations are for
Moo Am this value ranges from2.1 x 10"* to 2.0 x | O
UG /L (Prudic, 1986).

Radi onuclide mgration is evaluated primarily on

information fromcores taken al ongsi de and beneath trenches

and the radi onuclide concentration in trench | eachate.
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Radi onuclide mgration can occur both laterally and downward
fromthe LLRWtrench sites. At West Valley mgration has
occurred both outward and downward, but not at significant
rates to endanger the public.

Anal ysis of cores taken from29 test holes at distances
of 225to5m(8.2to 16.4 ft) fromthe burial sites (Prudic
and Randal |, 1979) indicates that triti\amhas m grated
lateral ly approximately 2.5m (8.2 ft) through the
unweathered till at two sites. Lack of w despread |atera
mgration of tritiumsupports the conclusion that mgration
is primarily downward at West Valley. Lateral flow from
trenches occurs only when water levels in the trench
i ntersect the nore perneable weathered till or the reworked
till used in constructing the cover.

Cores coll ected beneath trenches 4, 5, and 8 indicate
the downward mgration of radionuclides fromthe trenches at
Vst Valley. The principal radionuclides that have mgrated
downward at this site are tritium "®C and *Sr; the
remai ning radionuclides identified in the |eachate do not
show significant mgration. Tritiumis the nmost nobile
radi onucl i de of those buried and has been detected to a
depth of 3 mbeneath trench 8. Cores taken fromtrench 5
show that -®"C has mgrated up to 1 mbeneath the trench
floor. Strontium90 was detected beneath trenches in only a
few cores and its downward migration varies 0.14 mto 0.70 m
(.46 to 2.29 ft) (Prudic, 1986).
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Since the novement of ground water and radionuclides at
Vst Valley is prinmarily downward, Prudic (1986) uses a one
di mensi onal nodel to determne mgration rates for tritium
A°Sr, and M *C. The maxinmumdistance tritiumis predicted to
mgrate after 100 years ranges from10 to 14 m (33 to 46 ft)
dependi ng on nodel paraneters. Due to this slow mgration
rate, tritiumis confined to the weathered till and
unlikely to discharge into Buttermlk Creek. Models
indicate that the maxinmumdistance that *°Sr can mgrate and
still be detected is between 3 to 6 m(10 to 20 ft) in 500
years. This mgration rate is smaller than the value for
tritiumand is attributed to the sorption of ~Sr on the
till particles and a smaller diffusion coefficient. Carbon-
14 woul d require between 1500 to 20,00 years to travel 23 m
(75 ft) to the saturated | acustrine sedi nents.

M gration of radionuclides at West Valley is severely
limted by the geologic and geohydrol ogi ¢ characteristics of
the site. The |ow pernmeability and thickness of the
unweat hered till has retarded radi onuclide mgration.

Radi onuclides are unlikely to reach the environment through
subsurface mgration. There has been no significant

m gration of radionuclides through the ground water and no
significant problens with surface contamnation. The ngjor
probl emat West Valley has been the accunul ation of |eachate
within the burial trenches. Cracks in the trench covers
facilitate infiltration of precipitation though the |ow
perneability of the till prevents mgration fromthe trench.
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CHAPTER 4

SHEFFI ELD, |LLINAO S
Site History

The Sheffield LLRWdi sposal site is |ocated
approximately 5 km (3.1 m) southwest of the town of
Sheffield, Illinois (Fig. 9). The facility began accepting
commercial LLRWin August 1967 and was operated by
California Nuclear, Inc.. In March 1968 the operating
license was transferred to Nucl ear Engineering Conpany, Inc.
(NECO), presently U S. Ecology Inc. 1In 1975, NECO requested
a nodification to its license that would all ow t he
construction of conpacted fill trenches which were intended
to increase the capacity and burial lifetime of the
facility. The Nuclear Regul atory Comm ssion (NRC) approved
construction of conpacted fill trenches but wthheld
approval for waste burial in these new trenches. In 1976,

U S. Ecology filed an application to the NRC and the State
of Illinois for expansion of the burial site from8 ha (20
acres) to 81 ha (180 acres). Wile this request was under
eval uation, U S. Ecology requested permssion to build a new
trench (Trench 15) within the original 8 hectare site. In
March 1978, the NRC ruled that LLRWcould not be buried in
Trench 15. The last trench was conpletely filled on Apri

18, 1978 and U.S. Ecol ogy ceased burial operations at the
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Figure 9. Location of Sheffield disposal site

(from Foster et al.” 1984).
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Sheffield facility (National Low Level Radioactive Waste
Managenent Program 1982).

Shal | ow | and buri al was the disposal technol ogy used at

the Sheffield site. At the tinme of closure 22 trenches had
been constructed and filled with LLRW Typical trench

di mensions range from40 to 80 m (131 to 262 ft)in | ength,
12.2 to 24.4 m (40 to 80 ft) in width, and 6.1 to 12.2 m (20
to 40 ft) in depth. N neteen of the trenches were excavated

|l eaving a nmininum of 3 m between the trench bottom and the

saturated zone. Two of the trenches were constructed above
the existing surface grade by constructing walls of
conpacted silty-clay (Clancy et al., 1981).

From 1976 until 1978, LLRWwas buried in the 21
trenches at the Sheffield facility. During this period,
approximately 90,513.1 '™ (3,196,017 ft*) of waste was
buried. This included 60,205 C of by-product naterial, 54
kg of special nuclear material, and 270,840 kg of source
material (Healy et al.. 1986). Although di sposal has ceased

at Sheffield, radionuclide mgration and general upkeep of

the site continues in this shutdown nopde.

CGeol ogi ¢ Characteristics

The Sheffield LLRWfacility in located in rolling
terrain underlain by Pleistocene glacial deposits that

average 18 m (59 ft) in thickness. These unconsol i dat ed
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gl aci al deposits overlie Pennsyl vani an shal e approxi mately
137 m (449 ft) thick (Clancy et al.. 1981). A generalized
cross-section (Fig. 10) shows the stratigraphic relationship
of the various rock units beneath the LLRWSsite. The
| ocation of the cross-section is given in Figure 11.

Beneath the gl acial deposits lies a section of the
Car bondal e Formati on of the Pennsylvanian period. This
section is conposed predoni nantly of nudstones and
fossiliferous shales. Sanples of weathered shal e range from
silty clay to a clayey silt. This thick sequence of shale
and nudstone isol ates the regional ground-water aquifers

fromthe hydrol ogic system of the overlying glacial

sedi nent s.

The Pl ei stocene gl acial sedinments |ie unconformbly
over the Pennsyl vani an bedrock. The gl acial deposits are
conposed of d asford Formation, the Roxana Silt, the Peoria
Loess, and fill. The d asford Formation is further divided
into: the Duncan MIIls Menber, the Hulick Till Menber, the
Toul on Menber, the Randor Till Menber, and the Berry C ay
Menber (Foster et al.. 1984).

The ol dest gl aci al sedinents are the Duncan Ml I s
Menmber. These sedinents are a thick sequence of |acustrine
deposits fornmed during the Illinoian ice age. The Duncan
MIlIls Menber consists of silty clays interbedded with silt,
clay and sandy silt layers. This section is found in the
bottons of old valleys and reaches a maxi mumt hi ckness of

16.7 m (55 ft) (Foster et al.. 1984).
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The Hulick Till Menber overlies the Duncan MI11ls Menber
and underlies nmost of the LLRWsite. This unit was deposited
during the Illinoian glacial period and is conposed of
sands, silts, and clays. This unit has an average thickness

of 2 m(6.6 ft). In places where the glacier incorporated

nore | acustrine sedinents the Hulick Till has an increased

silt content.
The Toul on Menber overlies the Hulick Till Menber. The

Toul on Menmber is an outwash plain deposit of the Illinoian
glacial period. These outwash sedinments grade from
noder at el y-sorted pebbly-silty sands at the western site
area to well-sorted pebbly sands in the eastern area. The
Toul on Menber is approximately 5 m(16.4 ft) thick and is
absent in the southwest and northwest sections of the LLRW
site.

During the final stages of the Illinoian glacial
period. The Randor Till Menber was deposited. This unit
overlies the Toulon and is approximately 3 m (9.8 ft) thick
when present. This till unit consists of interbedded
cl ayey-silts and non-continuous sand-silt |enses. The
Randor Till Menber is distinguished fromthe Hulick Till
Member by its higher clay content, 72 percent to 56 percent
(Foster et al., 1983).

Overlying the Randor Till Menber in the upland areas of
the site is the Berry Cay Menber. The Berry Cay Menber was
formed during the Sanganoni an Stage after the Illinoian

glaciers had retreated. The Berry Cay Menber is gley soil
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formed by the in-situ weathering of the Randor Till Menber
(WIlman and Frey, 1970).

During the Wsconsian Stage, continental ice sheets did
not cover this area of Illinois and, therefore, the
characteristic till and | acustrine sedi nents are absent.
Aeol i an sands and silts were deposited at this tine and are
represented at the Sheffield site by the Roxana Silt and the
Peori a Loess. The source material for these units was the
| ake deposits along the M ssissippi River and the outwash
plains. The Roxana Silt is conmposed of Lower W sconsian
Silts and ranges from.4 to 2.2 m(1.3 to 6.6 ft) in
t hi ckness. The overlying Peoria Loess, Mddle to Upper
W sconsi an, covers the entire site and ranges in thickness
from.6 to 9.1 m(1.9 to 29.8 ft) (WIlliamand Frey, 1970).

The present soil is fromthe weathering of the Peoria
Loess. This soil is predomnantly a clayey silt and, when
present, varies in thickness from0.6 to 2.7 m(2 to 9 ft).
In the construction of the burial trenches, the soil has
been renoved or covered by fill. The fill is the youngest
unit at the LLRWsite and consists of clayey silt to silt.
This material was used in trench cap construction and in the
filling of | ow areas. Thickness of the fill varies fromO.6
to 7.1 m(2 to 23.3 ft) depending on the site area (Foster

et al.. 1984).
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Hvdr ol oqi ¢ Characteri stics

Sur face Water

The Sheffield LLRWfacility lies within the headwater
tributaries of Lawson Creek, which at its nearest point is
1.6 km (.99 m) east of the site. Surface water drains from
the site by three streans which discharge into Lawson Creek.
Flow fromthe Lawson Creek eventually reaches the
M ssi ssi ppi Ri ver.

Northwest Illinois's climate is humd continental, wth
warm summers and cold winters. Precipitation averages 89.1
cmyr (35 in/yr) (Healy et al.. 1985). This value is broken
down into recharge to the saturated zone (6.2 cnm, surface

runoff (22.9 cm), and evapotranspiration (60 cm).

Gr ound WAt er

The variable lithology of the glacial sedinents that
overlie the Pennsyl vani an bedrock provides a conpl ex
hydrol ogic system at Sheffield. The site hydrol ogic system
is conposed of glacial sedinents fromthe ground surface to
t he bedrock. The unsaturated zone and the shal |l ow sat ur at ed
zone are contained within the glacial sedinents. The deeper
regional aquifers are isolated from possible radionuclide
m gration by the Pennsyl vani an bedrock (Healy et al.. 1985).
Recharge of the hydrologic systemis fromprecipitation

since no significant underflow is present.
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At Sheffield the unsaturated zone averages 12 m (39 ft)
in thickness. Wth the exception of the Duncan Menber which
is always saturated, the unsaturated zone nay i ncl ude,
depending on site location, the Peoria Loess, Roxana Silt,
The Berry Cay Menber, the Randor Till Menber, the Toul on
Menmber, and the Hulick Till. The glacial sedinments found in
t he unsaturated zone have a range of textures and,
therefore, a wide range of perneabilities. The Peoria Silt
is asignificant unit at this LLRWand has a an average
vertical hydraulic conductivity of 1.1 x 10" cm's (3.1 X
10"~ ft/d) and an average horizontal conductivity of 8.8 x
10"" cm's (2.5 X 10"M ft/d). Burial trenches were placed in
the unsaturated zone (wth the exception of trench 18) and
rely on the sorption characteristics of this zone to inpede
radi onucl i de fl ow.

In general, the glacial sedinments at Sheffield have
average vertical and horizontal conductivities on the order
of 10"" to 10"" cm's (10" to 10"-* ft/d) . The pebbly sand
of the Toul on Menber is an exception, however, with
horizontal conductivity of 5.5 x 10"* cm's (1.6 x 10" ft/d)
(Foster et al., 1983) . Burial trenches were placed in the
unsaturated zone at Sheffield (wth the exception of trench
18) to take advantage of the | ow conductivities of the
sedi nents to inpede radionuclide flow.

Ground wat er that noves through the soil flows
vertically downward through the Peoria Loess to the

saturated zone. In addition to this flow water is
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apparently noving laterally in the unsaturated zone in

subsurface areas where the Peoria Loess contacts the

pebbl y-sand unit of the Toul on Menber and at the basa
contact of the Toul on Menber with the Hulick Till.

This | ateral novenent of water in the unsaturated zone may
account for the rapid tritiummgration at the southeastern

area of the site.

The saturated zone includes all glacial sedinents
between the water surface and the bedrock. The saturated
zone averages 6 m (20 ft) in thickness and the water table
ranges from6 to 15 m (20 to 49 ft) bel ow the ground surface
(Cancy et al., 1981). Most sedinments have | ow perneability
with the exception of the course pebbly-sand sedinents.
Dependi ng on site, the saturated zone may include the Duncan
MIls Menber, the Hulick Till Menber, the Toul on Menber, and
the Peoria Loess.

The Duncan MIIs Menber is fully saturated beneath the
waste site and overlies the Pennsylvani an bedrock. The
average vertical hydraulic conductivity is 6.7 x 10"" cnis
(1.9 X 10"~ ft/d).

The Hulick Till Menber acts as a sem -inperneabl e
barrier to vertical flowin the saturated zone. This unit
overlies the Duncan MIIls Menber in the valleys, and
overlies bedrock in topographically higher regions. The
average vertical hydraulic conductivity is 1.5 x 10 ® cmi's
(4.3 X10'-* ft/d) and the average horizontal conductivity is
5.5 X 10""" cm's (1.6 X 10"-" ft/d) (Foster et al. . 1983).
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The Toul on Menber underlies 5.7 ha (14 acres) of the
LLRWsite, 4 ha (10 acres) are partially to conpletely
saturated. The hydraulic conductivity of this unit varies
with its lithology and ranges from2.2 x 10"" to 5.5 x 10""
cnms (6.2 X 10"2 to 1.6 X 10" ft/d) (Foster et al.. 1983).
The difference in these values is a function of the anpunt
of silt present in the pebble units. The pebbly-sand unit
of the Toul on Member has the hi ghest neasured conductivity
and is the controlling factor in the mgration of water
into, through, and across the LLRWsite.

The Peoria Loess is predomnantly in the unsaturated
zone; however in a few locations it extends into the
saturated zone as nuch as 3.6 m(11.8 ft). The average
vertical hydraulic conductivity is 8.8 x 10"" cnm's (2.49 x
10~" ft/d) and the average horizontal conductivity is 1.1 x
10"M cm's (3.1 x 10"2 ft/d).

In this conplex hydrol ogic environnent, water will nove
faster in the lithologic units with the higher hydraulic
conductivities. At the Sheffield LLRWsite ground water
flows fromthe west to the east and minmics the surface
drai nage pattern. There are two principal flow paths for
this site. The primary flow path, extending fromoffsite
to northeast of the site, is through the saturated pebbly-
sand unit of the Toul on Menber. The secondary flow path is
through the silt of the Peoria Loess. Discrepancies in the
cal cul ated and observed m gration rates suggests that ground

water is noving along the interface of the Peoria Loess and
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t he Toul on Menber (Foster et al.. 1984). Possible flow

paths are shown in Figure 12.

Pr obl ens Encount er ed

The performance of the Sheffield LLRWsite has shoxim
some of the sanme problenms as Maxey Flats, West Valley, and
Barnwel |. Three maj or problens have been encountered at the
Sheffield LLRWdi sposal site: erosion, trench cap
subsi dence, and radi onuclide mgration fromsone trenches.
These problenms are discussed in the follow ng sections.

Surface erosion fromprecipitation has resulted in the
formation of gullies and rills in the drainage ways between
t hose trenches on sl opes which were created by the building
up of trench walls. Surface runoff is concentrated in the
smal | drai nage ways between caps. This channeling of water
has resulted in deeply incised gullies. |In sone |ocations
these gullies have exceeded 2. 1m (6.9 ft) in wdth and 3 m
(10 ft) in length. Interbranch gullies can be elimnated by
grading the surfaces to a nore gentler slope. Gentle slopes
woul d al |l ow sheet fl ow over trench surfaces and thus
elimnate flow in narrow channel s between caps. This
erosion process can |lead to danage to the caps and | oss of
cap integrity (Kahle and Row ands, 1981).

Trench subsi dence has occurred at the Sheffield LLRW

site and is dependent on the amount of surface water
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infiltrating the trench cap. Trenches at this site have the
potential for subsidence due to soil consolidation, piping,
and waste deconposition. Holes occasionally formin the
trench cap when voi ds devel op below the trench cap. These
col l apsed holes vary in size from.6 to 4.0 m(1.9 to 13.1
ft) across and 1.2 to 3.0 m (3.9 to 10.0 ft) in depth
(Foster et al.. 1983). This situation |eads to increased
infiltration of trench caps by precipitation and a greater
potential for radionuclide nmigration through the

gr oundwat er . In contrast to the problem of | eachate
accumul ati on at Maxey Flats and West Vall ey, water has not
accunmul ated in the trenches at Sheffield due to the nore
pernmeabl e soils at the burial site.

As a result of erosion and trench subsi dence,
precipitati on has been able to infiltrate the trenches and
interact wwth the LLRWat Sheffield. Analysis of trench
water (Foster et al., 1983) has detected "H "°Co, ""Na,
AN'ACs, AMACs, A°Sr, ANSr, AANh. Tritiumwas the nost
abundant radi onuclide detected with values ranging from 157
nCi/1 (trench 18) to 620 nG /L (trench 14a). The maxi mum
rate of tritiummigration is greater than 7. 6m per year and

has occurred at the sout heast corner of the disposal site

fromtrench 11.
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CHAPTER 5

BARNHELL, SOUTH CAROLI NA

Site History

The Barnwell LLRWsite is | ocated near the eastern

boundary of the Savannah River Plant, approxinmately 8 lcm (5
m) west of Barnwell, South Carolina (Fig. 13). The site
was opened for commercial disposal in 1971 by Chem Nucl ear
Systens, |Inc. under a | ease arrangenent with South Carolina.
The Barnwell facility was originally licensed for above
ground storage of radioactive wastes in 1969, however, the
license was anended to all ow LLRWdi sposal in 1971 (Nationa
Low Level Radi oactive Waste Managenent Program 1983).

Bar nwel | has accepted LLRW from nucl ear power plants and
commercial institutions and will continue to operate until
Decenber 31, 1992. At this tinme. North Carolina becones the
next operating LLRWdi sposal facility for the Southeast
Conpact .

The Barnwel |l site enpl oys shallow | and burial using
standard or "slit" trenches. The standard trenches are used
for the bulk of the LLRWthough the di nensi ons have
increased fromthe initial 15 m (49 ft) in width by 152 m
(499 ft) in length to 30 m (98 ft) in width by 305 m (1000
ft) in length. Trenches are usually 6.7 m (22 ft) in depth.
Slit trenches are used for high activity waste (non-fuel

bearing reactor core conponents) and have di nensions .9 m
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(3 ft) in width, 152 m (499 ft) in length, and 6 m (20 ft)
in depth (Clancy et al.. 1981). Slit trenches reduce
occupati onal exposure during offloading of waste.

Through 1987, 559,643 nmt (19,760,989 ft”") of LLRW has
been buried. This waste contains 3,696,797 C of by-product
material, 2,4 02 Kg (5,3 08 Ib) of special nuclear fuel, and
9, 456, 600 kg (20,851,898 | bs) of source material (Autry,

1988) .

Ceol ocfic Characteristics

Barnwell is located in the Atlantic Coastal Plain
geol ogi ¢ province and approxi mately 72 km (45 m) sout heast
of the Fall Line which separates the Piednont fromthe
Coastal Plain provinces. Subsurface geol ogy consists of
unconsol i dat ed sedi ments (305 mthick) ranging from upper
Cretaceous to Quaternary Period (approximtely 98 mllion
years ago to present). These unconsolidated sedinments dip
1.8 to 6.1 mkm (6 to 20/ft/m) and rest upon older Triassic
(208 to 245 mllion years old) rocks. The stratigraphic
colum is shown in Figure 14.

The Triassic sedinmentary rocks occur in the Dunbarton
Basin. This Triassic basin was fornmed during the opening of
the Atlantic ocean. The rapid accumul ati on of sedinents
within this basin produced tightly-cenented red cl aystone,

siltstone, fine grained sandstone, breccia, and
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Self Potential Resistivity
SO nmillivolts 25 ohms

Stratigraphic unit . , 0 , Li t hol ogy
Hawt horn and Bar nwel | Red, yellow, and purple
For mat | ons sandy clays with white and
dark brown sands
100
<« McBoan For mat i on Medi um to coarse brown,
white, and yellow sands
>>
200
at
Coarse white and brown
E<I( Congar ee For mation sands with some quartz
gravel
300
Oay unit Dark gray to bl ack m caceous
clay and sandy clay
El |l enton Fornation
400
Medi um to coarse white and
sand uni t gray sand with streaks of
brown clay and quartz gravel
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o
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at
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700 -
M ddendor f Format i on .
Brown and white, coarse
sand and gravel with streaks
of brown and white clay
800 *
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Hard brown clay
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Fi gure 14. Stratigraphy and lithol ogy of the Bar nwel | LLRW

site (fromCahill, 1982).
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congl omerate. Near the upper surface of the basin the rocks

are weathered to | ess consolidated clays, silts, and sands.

The Cretaceous system consist of the non-marine

M ddendorf formation and the marine Ellenton formation. The
M ddendorf fornation consi sts of crossbedded ni caceous
quartzite and estuarine deposits of coarse sand and gravel
I nterbedded with clay beds or |lenses. This fornation rests
on top of the Triassic rocks.

The contact between the sands of the M ddendorf and
El l enton can be determ ned by m neral ogi c changes. Al t hough
the two sands are simlar, the Ell enton contains an
abundance of glauconite, pyrite, lignite, and selenite
(McDonal d, 1984). The Ellenton predom nantly consists of
dark gray to black m caceous clay interbedded with quartz
sands. This mcaceous unit, 12 to 15 m (40 to 50 ft)
thick, is located in the upper section of the Ellenton and
hydraulically separates the | ower sedinments fromthe
overlying Tertiary sedi nents.

The Tertiary systemis conposed of the Congaree, MBean,
Barnwel | Formations of Eocene age, and the Haw horne
formation of Mocene age. Mbst of the perneable zones are
sands and occur in the Congaree and MBean formations. The
Hawt hor ne and Barnwel | formations contain clays.

The Congaree Formation is recogni zable at the contact
with the Ellenton by the contrast between the dark clays of

the latter with the sandy gravel of the forner.
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The McBean Fornmati on consists of white to tan cl ays
i nterbedded with quartz sands. The contact between the
McBean and Congaree occurs at approxinmately 58 m (190 ft)

bel ow t he surface, where purple clays | enses are interbedded

with sands of the McBean Fornmati on.

Above the McBean is the Barnwell Formation, this unit
consists of red to brown clayey sand which grades into
yel l ow sand at the McBean contact. The Barnwel | sedinents
usual |y occur below the water table and contain sand | enses

i nterbedded with silts and cl ays.

Hydr ol ogi ¢ Characteristics

Sur face water

Barnwell is |located within the Lower Three Runs Creek
(LTRC) watershed. About 98% of the drai nage flows toward
t he Savannah River (Fig. 14). The topography of the site is
gently rolling hills varying from73 to 80 m (240 to 260 ft)
above sea-level. LTRCis 4.6 km (3.8 m) south of the
facility and, as a result of the low surface relief, the
LTRC is a relatively slow fl owi ng stream whi ch has an
average width of 9.8 m (32 ft). The closet tributary of
LTRC is Marys Creek that originates froma spring .9 km (.56
m) south of the Barnwell site.

Preci pitation averages 119 cm (47 in) per year. Most

surface runoff is directed by gravity flow away fromthe
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di sposal trenches to hol ding ponds al ong the western margin
of the site. The highest amount of precipitationis
recorded in the sumer, while the highest streanflow occurs
during the winter. This seasonal difference is due to the

I ncreased rate of evapotranspiration during the sunmer.
Approximately thirty-five percent of the rainfall percolates
downward and recharges the Shallow aquifers. These aquifers
then discharge into the LTRC and Marys Creek and, therefore,

are possi bl e pathways for radionuclide mgration

Ground WAt er

Due to its relatively sinple geology, ground water
characteristics are fairly well understood at the Barnwel |
site. The ground water systemis conposed of the
unsaturated zone and four najor water bearing zones (Fig.
15). Gound water at Barnwel|l occurs under water table,
sem -confined, and artesian conditions. The upper 91 m
(300 ft) of sedinents exhibit water table or sem-confined
conditions; below 137 m (450 ft), artesian conditions
prevail. Under water table conditions, the water surface is
free torise and fall. In the artesian aquifer, the aquifer
Is overlain by a |ess permeable formation that acts as a
confining bed.

The unsaturated zone consists of aeolian sands and the
upper portion of the Hawthorn Formation, which is mainly

fine-grained sands mxed wth clays and silt. The
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unsaturated zone is that part of the sedimentary columm in
whi ch voi d spaces are not conpletely filled with water. The
unsat urated zone extends fromthe |and surface to just above

the water table. Al wastes at Barnwell are buried in the

Hawt horn formation, 10 to 20 m (32 to 66 ft) above the water
t abl e.

Because of the gentle slope and the absorptive sand
cover, surface water occurs only after heavy rainfall.
Approxi mately 38 cm (15 inches) of the annual precipitation
infiltrates to recharge the ground water. The water that
m grates downward is controlled by the hydraulic
conductivity and percent saturation of the unsaturated zone.
Porosity varies from30 to 40 percent in the sedinents at
Barnwel I, but the hydraulic conductivity is generally |ow
due to the presence of silts and clays in pore space
fillings. Hydraulic neasurenments performed on sedi nment
cores fromthe bottomof trench 23 (Cahill, 1982) show that
sedi nents which are 50 percent saturated have a hydraulic
conductivity of less than 3.5 x [O'-"-* ¢cms (1 x 10" ft/d) .

Zone 1 is conposed of the | ower Hawt horn Formation and
t he upper Barnwell Formation. These sedinents are nostly
sands interbedded with silt and clay which forma water
table aquifer. This zone extends fromthe water table to
approximately 21 m (70 ft) below | and surface. The
saturated zone thickness varies seasonally from6.7 m (22
ft) at the northern boundary to 9.7 m (32 ft) at the

sout hern boundary.
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Water flowin zone 1 is southerly and di scharges into
Marys Branch Creek. Vertical hydraulic conductivity varies
from1.9 X 10"* to 1.6 X 10O'-' cm's (average 7.1 x 10""
cn's,.02 ft/d). Horizontal hydraulic conductivities 2.0 x
10" to 2.8 X 10"" cm's (average 5.3 x 10" cm's, 1.5 ft/d).

Water in zone 1 mgrates primarily horizontally, however
sone water noves downward i nto Zone 2.

Zone 2 is conposed of predom nantly sands of the | ower
Barnwel | Formation and the upper part of MBean Fornation.
Zone 1 is separated from Zone 1 by a silty-clay unit of the
Barnwel | Fornmation. Discontinuous clay lenses in this zone
range frominches to a few feet in thickness. The top of
this aquifer is approximately 21 m (70 ft) below the surface
and is approximately 30.5 m (100 ft) thick. This aquifer is
the main water source in the Barnwell area and can produce
up to 757 L/mn (200 gal/mn). Water percolates at the
burial site from Zone 1 to Zone 2. Hori zontal water
movenent in this zone is southerly and nost of the recharge
entering this aquifer will discharge into Mary's Branch
Creek. Vertical hydraulic conductivity varies from9.9 x
10"M to 5.3 X 10"" cm's (2.8 X 10""" to 1.5 x 10" ft/d).
Hori zontal hydraulic conductivity varies from2.1 x 10" to
4.2 x 10" cm's (6.0 X 10"'* ft/d to 1.2 x 10" ft/d), the
average is 3.5 x 10"-" cm's (9.92 ft/d) (Cahill, 1982).

Zone 3 consists of fine to nmedium grained sands in the
| oner McBean Fornmation and the upper Congaree Formation.

The sands in this aquifer are generally subrounded quartz
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beach sands. Interbedded clay |enses and |inestone units
occur wthin this aquifer. Zone 3 is located from52 to 107
m (171 ft to 351 ft) belowthe surface. Silt and clay beds
separate zone 3 fromzone 2 and the bottomis delineated by
the Ellenton Formation. Wells penetrating this artesian
aquifer yield 757 to 2,460 L/mn (200 to 650 gal/mn).

The city of Barnwel|l obtains its water fromthis
aqui fer; however, the wells are not in the flow path of
groundwater fromthe LLRWsite. This zone prinarily
di scharges into the Lower Three Runs Creek. Verti cal
hydraulic conductivities vary from8.8 x 10"" to 7.8 x 10""'
cm's. Horizontal hydraulic conductivities vary from5.3 x
10" to 6.7 X 10"-* cm's, average 6.0 x 10"-* cnm's (Cahill,
1982).

Zone 4 consists of 137 m (450 ft) of the M ddendorf
Formation between the silty clay base of the Ellenton and
the top of the Dunbarton Triassic Basin. This aquifer
consi sts of mediumto coarse sand and gravel beds
i nterbedded with cl ays.

This aquifer is the nost productive and wells drilled
have yielded 7,575 L/mn (2,000 gal/mn) for 1,075 hours.
Siple (1967) prepared a potentiometric surface of this
aqui fer and showed that nost of the water discharges into
t he Savannah River.

The upper three aquifers and the streanms in the
Barnwel | site vicinity are interrelated. Water enters the

area through precipitation and recharges the aquifers and
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ultimately is discharged into the streans. Zones 1 and 2
i nclude | ocal recharge and discharge into Marys Branch

Creek. Zone 3 does not receive significant recharge from
Zones 1 and 2 and discharges into Lower Three Runs Creek.

Zone 4 is hydrologically isolated and discharges into the

Savannah Ri ver.

Pr obl ens Encount er ed

Al t hough no significant problems have occurred at the
Barnwel | Di sposal site, sone |imted radionuclide mgration
has occurred fromthe trenches. Analysis of trench
| eachate, noisture in sedinment cores, and water sanples
indicate tritiumlevels higher than background levels (1 x
10-* to 3 X 10"" pG/L) . This mgration has progressed at
| east 10 feet fromthe ol der trenches at this site (Cahill,
1982) .

Brookhaven National Laboratories analyzed | eachate from
trenches 5, 6, 7, 8, 13, and 22. The results fromthese
studies (Colonbo et al., 1978) show that all trench |eachate
had detectable levels of tritium Trench 7 had the highest
tritiumactivity, approximtely 6.4 x 10" pG/L.

In addition, water sanmples fromwells W\, WA5, WA,
CN-1E, CN-3N, CN-4Wwere taken from Zone 1. Analysis of
these sanples indicate that lateral tritiummgration was
detectable only in water sanples fromCN-4W which is
| ocated 3 m (10 ft) fromtrench 8. Water fromthis well
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has val ues of tritiumactivity that range from1 x 10" to 2
X 10" pG/L. This indicates that tritiumhas mgrated at
least 3 m (10 ft) fromtrench 8. Sanples taken fromthe
Zone 2 aquifer indicate that tritiumhas not mgrated into
this unit (Colonmbo et al.. 1978).

Sedi ments cores were taken fromselected wells (CN1
through 7) for analysis of gamma-emtters and tritium
Anal ysi s of the noisture content in cores shows the greatest
tritiumactivity near the land surface adjacent to buri al
trenches. The greatest tritiumvalue, 1.8 x 10" pG/L, was
measured froma core taken fromwell CN-4 at approxinmately
3 mbel ow the surface. The occurrence of high tritium
val ues in the unsaturated zone suggests that tritium
mgrates upward either as a vapor or with soil noisture
evaporation. Sedinment cores have been collected beneath
trenches 2,5 7, and 8 to a depth of 3 m (10 ft) above the
water table. Al core sanples had detectable tritium
activity with the highest value, approximately 1 x 10"7
pG /L, beneath the west end of trench 7. In addition,
anal ysis of cores beneath trench 2 showed the presence of
A°Co. This isotope was detected in the unsaturated zone to a
depth of 1.8 mbeneath the trench but is considered
statistically insignificant (Autry, 1988).

The time required for radionuclides to mgrate to the
nearest stream (Marys Branch Creek) is difficult to
estimate. Cahill (1982) has model ed the area and cal cul at ed
streamdischarge fromthe aquifers and the water velocity
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within the major aquifers. Zone 1 has an average horizontal
velocity of 1.4 x 10"" cnis (.04 ft/d) and an average
vertical velocity of 2.5 x 10"" cm's (.007 ft/d). Tritiated
water will take approximately 10 years to travel to zone 2.
The average horizontal velocity in zone 2 is about 8.8 x
10~ cm's (.25 ft/d). The mnimumtravel time for tritiated
water to mgrate fromthe disposal site to Marys Branch
streamis approxi mately 50 years, based on vertical ground
fl ow through zone 1 and horizontal flow through zone 2.
Assumng an initial activity of 2 x 10" pG/L of tritium

t he eventual discharge over 50 years will approach
background levels (1 x 10" to 3 x 10"* pG/L) due to

radi oactive decay, dispersion, and dilution
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CHAPTER 6

General Ceol ogy And Hydrol ogy of North Carolina

North Carolina lies in three physiographic provinces of
the United States (Figure 16): the Blue Ridge, the
Pi ednont, and the Coastal Plain. Each province has its own
distinctive history which reflects its geol ogi ¢/ hydrol ogic
characteristics. A study of this variation in

geol ogy/ hydrology will be helpful in locating a site with

t he best overall characteri stics.

Bl ue Ri dge

The Blue Ridge province in western North Carolina is
characterized by steep slopes dissected by narrow stream
val l eys. This province is bounded on the west in Tennessee
by the Vall ey and R dge province; the Piednont bounds the
eastern edge of the Blue Ridge. The Blue Ridge is underlain
by netanor phosed i gneous and sedi mentary rocks, collectively
referred to as bedrock. Exposed bedrock is found in road
cuts, valleys and river beds. Typically the bedrock is
covered by saprolite, varying froma less than 1 m (3.3 ft)
to 30 m(98 ft) thick. Saprolite is an unconsoli dated
material formed fromthe weathering of bedrock (Heath,

1980) .

The Blue Ridge is a region that underwent severe
def ormation during netanorphic and erogenic events. Faults
and shear zones are common in this province and reflect the

conpl ex geol ogic history. The Blue Ridge is bordered on
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both sides by major faults: the Blue Ridge to the west and
the Brevard fault on the east (Hatcher and Zietz, 1980).

The ground water system (Fig.17) in the Blue Ridge is
conposed of two parts: (1) the saprolite which underlies the
surface and (2) the crystalline bedrock with its fracture
system (LeGrand, 1984). Pore spaces in the saprolite serve
as reservoirs for ground water. Bedrock does not have
primary porosity and ground water is stored in the nunerous
fractures of the bedrock. Myst fractures appear to be non
wat er - bearing bel ow a depth of 91 to 122 m (299 to 400 ft)
(Heath, 1980).

Anal ysis of 507 wells in the Blue Ridge by Daniels
(1986) gives an average depth of 11.3 m(37.1 ft) to the
water table in the unconfined aquifer (Table 3). The
I nfluence of topography on the depth to the water table is
apparent. The effect of the higher relief and nore rugged
t opography in the Blue Ridge is reflected by the greater
depths to the water table than in simlar topographic
settings in the Piedmont. Seasonal fluctuations for the
i ndex well of the Blue Ridge, nonitored by the U S
Geol ogi cal Survey (Ragland et al.. 1987), is shown in Figure
18. The ground water systemin the Blue Ridge is recharged
by precipitation on the interstreamareas; average

precipitation for the Blue Ridge is 13.56 c¢m (53.39 inches)
(Davis, 1988).
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Figure 17.

A X

Fractures 7

G ound-water situation in the Blue Ridge
and Pi ednont (from Heath, 1980).
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Bl ue Ridga Pi adnont
Val | charactariicle
Draws and’ Slopes and Hlls and Al Nunber Draws and Slopes Hills and Al
val | eys flats ridges ' wells of wells wvalleys and flats ridges wells
Aver age water | evel 23.4 37.5 62.9 37.1 507 22.1 29.3 36.8 31.3
(feet below | and surface)
!
Medi an wat er | evel 18 35 50 30 507 20 25 32
(feet below | and surface)
Aver age casi ng 50. 1 57.7 6". 6 56. 8 698 52.7 53.2 50. 0 52.0
(feet)
NMedi an casi ng 43 SS 60 53.5 698 45 46 41
(feet)
Aver age saturated thicknass 32.2 27.6 20.s 28.0 422 - 33.6 24.6 20.4 24.0
of regolith (feet)
Medi an saturated thickness 28 20 10 20 422 28 15 9
of regolith (feet)
- Topography of bedrock surface cannot ba detami nad. Influence of topography on well yield in Coastal Plain is unknown.
Tabl e 3. Summary statistics for wells in the Blue R dge, Piednont,

and Coast al
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Pl ai n ( Coast al

(from Daniel, 1987).
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Nunber
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2.326
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2.685
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1.749
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All
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18.

15
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water year in North Carolina (fromRagland et al.” 1987).
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Pi ednont

The Piednont province enconpasses approximately forty
percent of the land area in the state of North Carolina.
The el evation of the land varies from 152.2 m above sea-
| evel along the Coastal Plain to 610 malong the Blue Ridge
boundary. The Piednont contains igneous, netamorphic and
sedinentary rocks that range in age fromPrecanbrian to
Triassic. As in the Blue Ridge, the Piedmont contains
faults and zones of deformation. The Piednont can be
divided into a nunber of northeast trending geol ogic belts.
Areal |y, the most significant are the Charlotte, Carolina
Slate, and Ral ei gh belts.

As in the Blue Ridge, the bedrock may outcrop along
steep hillsides, streamchannels, and readouts. In other
areas, the bedrock is overlain by unconsolidated materi al
(saprolite) which ranges in thickness fromless than 1 m
(3.3 ft) upto 30m(98 ft). Soil is present as a thin
mantle on top of the saprolite and is also derived fromthe
bedr ock.

The ground water systemof the Piedmont province is
simlar to that of the Blue Ridge (Fig 17). The system
consists of two parts: (1) the saprolite which underlies the
| and surface and (2) the crystalline bedrock. In the
saprolite, ground water is stored in pore spaces between
rock particles (typical porosity 20 to 30 percent). Because
bedrock does not have primary porosity, the water is
contained in the fractures, a common feature of Piednont
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rocks. Most fractures are non-water bearing below a depth
of 91 (299 ft) to 122 m (400 ft). Analysis of 2,326 wells
in the Piednont (Daniels 1986) gives the average depth to
the water table of 9.5 m(31.3 ft) below the [ and surface
(Table 3). As in the Blue Ridge, the effect of topography on
the depth to water table is apparent. 1In addition, an index
wel |l monitored by USGS in the Piednont shows seasonal
fluctuations (Figure 18). Gound water recharge in the
Piedmont is through precipitation on the interstream

di vides; average precipitation in the Piednont is 10.93 m
(43.03 inches) (Davis, 1988).

Coastal Plain
The Coastal Plain includes approxinately fifty percent
of the land area of state and extends fromthe Fall Line to

the Atlantic Ocean. The formations of the Coastal Plain are

different fromthe predomnantly crystalline rocks of the

Pi ednont and Blue Ridge. The Coastal Plain is conposed of a
sequence of sedinmentary rocks that overlie the basenent
conplex (part of the Piednont). These sedimentary rocks are
conposed primarily of interbedded |ayers of sand, silt,

clay, shale, and |inmestone that range in age fromLate
Jurassic to Recent. These sedinmentary rocks forma wedge-
shaped mass that thickens eastward (dip approxi mately 15
ft/m); the sediment thickness at Cape Hatteras is

approxi mately 3,048 m (10,000 ft) (Ll oyd et al.. 1985).
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The Coastal Plain is underlain by a sequence of
aqui fers. Gound water occurs in perneable sands, silty
sands, and |inmestone. Aquifers are confined and unconfined.
The confining beds are conposed of clay and silt, with
estimited range of hydraulic conductivity from3.5 x 10"" to
3.5 X 10" cnfs (1 X 20"-* to 1 X 10"~ ft/d) (Lloyd et al. .
1985). LeGand (1984) depicts the ground water in three
general zones: the zone of unconfined water at shallow
depth, 2) the zone of fresh artesian water, and 3) the zone
salty artesian water (Figure 19). The depth to the water
tabl e decreases coastward and is at surface in the swanpy
areas. Analysis of 145 wells in the western Coastal Plain
by Daniels (1986) gives an average depth of 5.7 m(18.8 ft)
to the water table (Table 3). Measurenments taken by the
USGS (index well NC 143 Pasquotank County) indicates that
average nonth-end levels are within 1.5 m(5 ft) of the Iland
surface (Figure 17). Recharge of the ground-water systemis

fromprecipitation and averages 128.25 cm (50.49 in)
(Davi s, 1988).
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Figure 19. Generalized occurrence of ground water in the

Coastal Plain, sequence of rocks and beds

are diagranmatic (fromLeGand, 1984).
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CHAPTER 7

ENG NEERED BARRI ERS

The alternative technol ogi es proposed for LLRW disposal

Incorporate a variety of engineered barriers. An engineered
barrier is a man-made structure or device that is intended

to inprove the land disposal facility's ability to neet the
performnce objectives of 10 CFR 61 in Subpart C (Table 4).
In these regulations, NRC requires that Cass C waste be

pl aced beneath at |east 5 meters of cover or behind intruder
barriers that nust remain effective for at least 500 years.
This 500 year tinme frame can be applied to concrete used in
the construction of a LLRWdisposal facility, not just
intruder barriers. A though engineered barriers may differ
in design, materials, and construction, they share the
common goal of meeting these performance objectives. Five
common engi neered conponents of various LLRWtechnol ogi es

are as foll ows:

0 Cover - An earthen cap designed to neet 10 CFR 61
requirements for mtigating erosion, water

infiltration, and intrusion.

0 Structure - A stabilized enclosure, seal ed against
water infiltration and providing long termstructural
stability.
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Performance Qbj ectives
(10 CFR 61 Subpart C

61.42 Protection of the general population fromreleases of radioactivity

Concentrations of radioactive material which may be released to the
general environnent in ground water, surface water, air, soil, plants or
animal's nust not result in an annual dose exceeding an equivalent of

25 millirens to the whole body, 75 millirems to the thyroid, and

25 mllirens to any other organ of any nenber of the public

Reasonabl e effort should be made to maintain releases of radioactivity in
ef fluents to the general environment as low as is reasonably achievable

61.42 Protection of individuals frominadvertent intrusion

Design, operation, and closure of the |and disposal facility mst ensure
protection of any individual inadvertently intruding into the disposal site
and occupying the site or contacting the waste at any tine after active
institutional controls over the disposal site are removed

61.43 Protection of individuals during operations

Cperations at the land disposal facility must be conducted in conpliance
wth the standard for radiation protection set out in Part 20 of this
chapter, except for releases of rad|0act|V|t% in effluents fromthe |and
disposal facility, which shall be governed by 61.41 of this part. Every

reasonabl e effort shall be made to maintain radiation exposures as |ow as

i's reasonably achievable
61.44 Stability of the disposal site after closure

The disposal facility must be sited, designed, used, operated, and closed
to achieve long-termstability of the disposal site and to elimnate, to the
extent Frapticable,.the need for on%oing active mintenance of the
disposal site following closure so that only surveillance, monitoring, or
mnor custodial care are required
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Di sposal System Functions
(Failure Analysis)

Prevention of radionuclide
rel ease to the atnosphere

Prevention of radionuclide
rel ease to surface water

Prevention of radionuclide
rel ease to ground wat er

Prevention of inadvertent

intrusion during the post
closure period

o Mnimzation of radiation

dose to workers during
the operational period

« Maintenance of stability

of disposal site

Tabl e 4. Performance objectives for LLRWdi sposal
facilities and disposal system functions

(fromQis, 1986).
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o Fill - Materials placed in the voids between waste
containers. Fill (grout, sand, gravel etc.) prevents
the novenent of water and provides structural stability
in preventing trench cap subsidence.

o Container - Mdular receptacle designed to provide
additional structural stability and resistance to

corrosion by | eachate.

0 Waste Form- Waste formacts as a direct safety feature
by controlling the release rate of the radionuclides in
any infiltrating water. Materials such as concrete or
bitunmen are commonly used to bind wastes in a solid

matri x.

Qis (1986) performed in depth functional analyses of

engi neered conponents and determned that earthen covers and
structural barriers (vaults, roofs, floors, walls) are the
nost inportant engineered barriers for LLRWdisposa

systems. The principal material used in structural barriers
Is reinforced concrete. Because nost designs for the

di sposal of LLRWuse reinforced concrete structures, the
degradation of concrete is critical to facility performnce.
Since a variety of mechanisns can lead to engineered barrier
failure and potential radionuclide mgration, it is
essential to identify site-specific degradation mechanisns.
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Properties of Concrete

Concrete is conposed of two nain conponents: aggregates
and cenent. Aggregates are sands and gravels, or crushed
rock. Aggregates can be divided into fine (particle size
less than 1/4 inch) and coarse (particle size greater than
1/4 inch) categories. Mst cenents used currently are based
on Portland Cenent which was patented in 1834 by an English
bricklayer after he burned |linestone and clay together in
his kitchen. Wien ni xed with water, cenent powder acquires
mud | i ke consistency. Concrete hardens by hydration, a
chemi cal process in which the chemical conpounds in cenent
i ncorporate water into their structure.

The nobst inportant reaction occurs when water and
tricalciumsilicate conmbine to form cal ci um hydr oxi de and
calciumsilicate hydrate. Calciumsilicate hydrate is a
gelatinous material that coats cenent grains and bridges
them together. This interwoven network of hydrated cenent
grains, unreacted cenent grains and the aggregates (sand and
gravel) is primarily responsible for concretes strength
(Wi sburd, 1988).

Concrete has high conpressive strength but the tensile
strength is only 8-10 percent of the conpressive strength.
In order to provide added tensile strength, steel or wel ded
iron mesh can be conbined with concrete. Rei nf or ced
concrete is a conmon material and provi des the necessary

stability for structures such as engineered barriers.
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Concrete Aacfreqates

Aggregates general ly occupy 60 to 75 percent
of the volume of concrete. Sand, gravel, crushed stone and
air-cool ed blast furnace slag are comonly used aggregates
whi ch produce concrete wei ghing approxi mately 145 [ bs per
cubic foot. The properties of the aggregate vary with the
source of materials and nust be considered in choosing the
proper concrete.

The conposition of an aggregate can have a significant
effect on concrete performance. Certain siliceous reactive
aggregat es undergo expansive reaction with al kali conpounds

(K20 and Na20) to formalkali silicates. These reactions
are deleterious to concrete's performance and lead to

abnormal expansion, cracking, and | oss of strength. The
gradi ng and maxi num si ze of the aggregate affect the

rel ative aggregate proportion and water requirements,
porosity, perneability and shrinkage of the concrete.

Absor ptive aggregates are prohibited fromuse when concrete

I's subjected to freezing and thaw ng.

Portl and Cenent Types

The performance of concrete is dependent on the
conmposition of the cenment paste used in construction
Assum ng the use of appropriate water/cenment ratios, as well
as proper aggregates and construction procedures, strong and

dur abl e concrete can be produced.
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Five types of Portland Cenent have been identified by
the American Society For Testing and Materials. The cenent
selected for a LLRWrepository depends on the site
envi ronnental conditions and structural requirenments. Table
5 indicates the najor conponents of Portland Cenent and the
correspondi ng type as specified by industry.

The proportion of conpounds used in Portland Cenent

determnes its type. Tricalciumsilicate (C3S) provides

early strength to the concrete; however, in the curing
process, C3S releases a considerable amunt of cal cium
hydr oxi de. Cal ci um hydroxi de protects reinforcing steel from
corrosion but increase the susceptibility of sulfate attack
Dicalciumsilicate (CoS) cures slowy and is not suitable
for structures requiring early strength. Due to its slow
hydration rate, the rate of heat generation is small and
cracking due to thernmal expansion is mnimzed. Tricalcium
alumnate (C3A) reacts rapidly and has a rate of heat
l'iberation approximately twice that of C3S. C3A provides
high early strength and accounts for nmuch of the shrinkage
in cement. Tetracalciumalumnate-ferrite (C*AF) provides
little strength, heat liberation and vol ume change. C‘AF is

much nore resistant to sulfate att ack.

Type | cenent (Table 5) is a general purpose cenent.
This cenment is used when concrete is not subject to sulfate
attack or to an excessive tenperature rise due to the heat

generated by hydrati on.
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Type of Cement
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| Il 111 (A% \Y
Hi gh
Moder at e Early Low Sul fate
Conmpound* St andar d Heat Strength Heat Resi sting
Trical ci um
S| I | cate (CSS) 45 44 53 28 38
Di cal ci um
Trical ci um
Aluninate (C3A) 11 5. 1 4 4
Tetracal ci um
Alum nate-Ferrite
(CAAF) 8 13 9 12 9
M scel | aneous 9 7 8 7 6
A represents A1203
C represents CaO
F represents Fe203
S represents 302
CG3S represents  (CaQ 35402
Table 5. Different types of Portland Cenent, values in
per cent (fromlIllinois Department of Nuclear

Safety, 1987).
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Type Il cenent is used where there i s noderate exposure
to sulfate attack or where noderate heat of hydration is
perm ssible. The strength of this cenment exceeds Type |
strength after 90 days.

Type 11l cenent provides high strength earlier than Type
| and Type Il . Due to the pronounced expansi on and
contraction while setting, cracking of the concrete is

typically a problem

Type IV cenent contains smaller proportions of C3S and
C3A and as a result, is weak at 28 days, but exceeds the
strength of Type | after 90 days. Type IV cenent has a | ow

heat of hydration and was devel oped for massive concrete
appl i cations such as dans.

Type V cenment cannot contain nore than five percent by
wei ght of C3A.  Type V cenment is used where concrete is
exposed to severe sulfate attack fromthe soil or ground
water with high sulfate content.

Smal | quantities of air-entraining material can be added
to any of the five types of cenment descri bed above. Air
entrai nment inproves the workability of concrete, reduces
water to cenent ratio and in proper anobunts produces a | ow
perneability concrete. Deliberate entrainnent of air can
produce a paste that is resistant to freeze-thaw cycling
provi ded sufficient hydration has occurred before the cenent
is allowed to freeze while saturated. Slag and pozzol an are

conmon used air-entraining materials. Air-entrained Type |
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I, and V cenents are suitable materials for the

construction of LLRWTfacilities.

Concrete Conposition

The quality, strength, and expected performance of
concrete is determned by the proportion of water, cenent,
and aggregate. For high strength concrete, the water/cenent
rati o should be less than 0.4 or as |ow as 0.3 (Mackenzie et
al.f 1986). In addition, the aggregate/cement paste ratio
Is equally inportant. In order to obtain a dense concrete,
the void space left unfilled nust be kept as |ow as
possible. In general, the fine aggregate (sand) is
approxi mately 35-40% by vol ume of the total aggregate when
t he maxi mum si ze of the coarse aggregate is 3/4 inch. The
proportion of cenent used is generally 15% of the aggregate
(by weight or volume). |In general, concrete strength is not
greatly inproved by using a higher proportion of cement;
however, decreasing the anount can have adverse consequences
since the aggregates will begin to touch each other instead

of being surrounded by cenment paste.

Hydraul ic Properties

The porosity and perneability of concrete are inportant
considerations. These properties affect water or
radi onucl i de mgration, degradation nechanisns, and the
durability of concrete. Mst concrete likely to be used in
LLRW di sposal facilities would be air-intrained. This type

90


NEATPAGEINFO:id=210D5C14-1A49-4547-9017-1803B25A8C7E


oX

of concrete provides workability and protection fromfreeze-
t haw.

The porosity of air-entrained concrete ranges from 11
percent to 17 percent. Adding too much water to the
concrete m x causes bl eeding and increased porosity. In
newy nm xed concrete the porosity may vary from 30 to 40
percent. Effective diffusion coefficients for contam nant
mgration in concrete pores range from|lQ'-"-* to 10"" cnf/sec
(Shuman et al.. 1988), depending on the porosity, pore-size
di stribution and free water content.

The perneability of a material neasures the ability of a
gas or liguid to nove through it under a pressure gradient.
Excl udi ng construction defects, the perneability of concrete
is a function of the perneability of the cenent paste and
t he aggregate and their bond. A common val ue for concrete
permeability is 10'-"--"- cnis.

The perneability of concrete is a major factor affecting
the corrosion of reinforcing steel that is enbedded in the
concrete matrix. A low water to cenent ratio, along wth
wel | - graded coarse and fine aggregates, produces a concrete
which is | ess-perneable and nore resistant to degradation
processes. in LLRWfacilities where the concrete may
contact nore than noderate chloride concentrations in the
soil or water, the water/cenment ratio should be |ess than or

equal to 0. 4.
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Concr et e Degradati on Mechani sns
In order to address the various degradation nmechani sns
of engineered barriers, a well fornulated definition of
failure is needed. An explicit definition of failure for
the disposal facility is given in 10 CFR 61, however
several choices of engineered barriers may neet the needs.
Suitability of a particular type of engineered barrier
depends on site specific characteristics, however, the
choi ce may be influenced by available data. Based on this
rationale, Qis and Cerven (1987) define barrier failure in
context of structural and radionuclide containnment failure.
The two definitions are as foll ows:
0 An engineered barrier has failed if its structural
conmponent has | ost 50% of its original strength
within the desired lifetime of the unit,
0 An engineered barrier has failed if it no |onger
provi des resistance to the novenent of radioactive

material greater than that of the surrounding geol ogic

medi um al one.

The durability of concrete and corrosion of stee
rei nforcenent have been studied for many years. Those
factors that reduce the long-termintegrity of concrete are
reasonably well understood. There is, however, little
information to help predict the durability of concrete for a
period of 500 years, since Portland cenent-type concrete has
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only been in use for about a third of that tinme. This lack
of long-termdetailed and quantitative experience with
concrete structures nmakes it difficult to project
perfonaance with any degree of certainty beyond a period of
about fifty years (National Low Level Waste Managenent
Program 1987).

Failure of concrete results in the increased |ikelihood
of infiltration by precipitation and, ultimtely, mgration
of radionuclides away fromthe waste site. Once the
concrete begins to crack or spall, further degradation can
accelerate rapidly. Reinforced concrete can be degraded by
physi cal or chem cal causes or a conbination of both. A
concrete failure tree is shown in Figure 20. The ngjor

degradati on nechani snms of reinforced concrete are:

o EROCSION - Wnd and water action can cause surface wear

in reinforced concrete. Utimately this erosion could
result in reduced structural strength and increase the
stresses in concrete. Wnd and water action could pose
a problemw th LLRWdi sposal technol ogies that have
above- ground conponents.

o0 Freeze-Thaw - Frost danmage occurs as a result of the
expansion of water as its freezes in the void spaces.
Alternate freezing and thaw ng cycles can generate
stress-induced cracking or cenment paste structura

di sruption. Frost damage does not occur in dry
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concrete. Resistance to frost damage is achieved by a
hi gh density concrete and | ow perneability of the
concrete fornulation, which reduces the anount of
freezable water in the pore spaces (MacKenzie et al.
1986) . Long termresistance to frost damage will be a
concern for above-ground LLRWstructures. Covered or
subsurface structures may require resistance to
freeze/thaw during the operation period.

o Physical Loading- Concrete has high conpressive
strength but very lowtensile strength. |f the forces
due to physical |loading are greater than the strength
of concrete, the concrete will crack. Physical |oads
i ncl ude conbinations of live load (e.g.,snow, ice, the
LLRWitself), dead |oad (weight of the structure), wnd
| oad, seismc |oad (acceleration forces generated by
eart hquakes), thernal |oad, and inpact | oads.

O Sulfate Attack - Water-soluble salts can erode
concrete by reacting with constituents in the hardened
cenent paste. Concrete conposed of cements with a high
C3A(3Ca0 Al 20%) content are susceptible to sulfate
attack. Magnesium calcium and sodiumsulfates are
t he nost aggressive in attacking concrete. The
degradati on nechani sminvol ves reaction with lime and
with hydrated calciumalximnate in the cement paste.
The reaction results in the production of calcium

sul fate and cal ci um al um nosul fate. These products

have greater volume than the cenent and generate
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stress-induced cracking of the concrete. This
degradation mechanismis prinmarily a problemin the

western U S. where reactive sulfates are found in the

alkali soils. Portland Type Il and Type V cenents are

resistant to sul fate att ack.

o Al kali-Aggregate Reaction ~ Certain siliceous reactive
aggregat es undergo expansive reaction with alkalies
(K20 and Na20) to formalkali-silicates. These
reactions are deleterious to concrete performnce and
can lead to abnornal expansion, cracking, and
ultimately failure. Another formof the alkal
reaction is that between the hydroxyl ions associated

with the dissolution of the al kalies and carbonate rock

aggregates (often argillaceous dolomtic |inestones).
This reaction is known as the "carbonation reaction”
and results in the formation nmagnesi um hydroxi de which
| eads to expansion, concrete cracking and aggregate

degr adati on.

0 Acid Attack - Concrete is chemcally basic as result
of the hydration reactions of Portland cenent and is
subject to acid attack. Acid attack occurs by the
chem cal reaction between acid and cal ci um hydroxide in
the hydrated cement. This reaction produces water
sol ubl e cal ci um conpounds which are typically |eached
away. Utimtely this process destroys the binding
ability of the cenent paste and weakens the concrete.

Acid attack generally occurs if the pHis less than 5.
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A dense concrete with a | ow water-to-cenent ratio and
hi gh cement content affords reasonabl e protection
against mldly acidic conditions of pH4 to 5 (Illinois
Departnment of Nuclear Safety, 1987). A pH of less than

5is typical of soils in the eastern United States. |If

the acid content is high, nonreacting aggregates are
recommended for the concrete. This degradation
mechani sm can occur both above and bel ow ground
conponents of the disposal facility.

0 Chloride Attack - Chloride attack is a ngjor
degradati on nmechani smfor concrete structures exposed
to seawater or for roads or runways where chloride
salts are used as deicers. The degradation of plain or
reinforced concrete by chloride attack can be
accel erated by the presence of freeze-thaw mechani snms
and/ or wet-dry cycling (MacKenzie et al.. 1986). Dense
concrete with low porosity should be used in
environnents where seawater cones in contact with the
structure. For reinforced concrete, the thickness of
concrete covering the bars should be increased.
Chloride attack is a nmajor problemw th exposure
seawater but |less inportant in comon soils. If
chlorides are present at a site, concrete with a high
density and | ow perneability will protect against
chl ori de attack.

0 Cal ci um hydroxi de | eaching - Wen concrete is exposed

toinfiltrating water, the cal cium hydroxide in the
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cement paste can be | eached out. The |eaching of

cal ci um hydr oxi de depends on the water flow rate,
concrete pernmeability, and the head differential across
the concrete nenber. After the free Ca(OH)2 is
renoved, further exposure to water dissolves the

cal ciumfrom CaO Si 02-H20 (tobermte) gel. A one and
one-half percent |oss of strength occurs for every one
percent |oss of calciumhydroxide (Illinois Departnent
of Nuclear Safety, 1987). This process weakens the
structural integrity of the concrete and the structure
ultimately coll apses. For failure to occur from
Ca(OH) 2 |l eaching, the structure must be in continuous
contact with water (e.g. dans and reservoirs). Gven

the requirenents for LLRWdisposal, this degradation

mechanismw ||l not be a factor.

Corrosion of Reinforced Steel in Concrete- Corrosion of
embedded steel results in the expansion, cracking and
eventual spalling of a layer of concrete between the

rebar and surface of the concrete nenber. In addition

to loss of cover, this degradation process can result
in structural failure of the reinforced unit. The rate
of corrosion of reinforcing steel depends on the rate
at whi ch oxygen and chloride ions diffuse through the
concrete. To insure a service |ife of 500 years, a
concrete cover of 4.6 inches is needed to delay the

corrosion of steel (MacKenzie et al.. 1986).
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o Oher Mechani snms- Non-corrosion degradati on nmechani sis
can al so have catastrophi c consequences. For exanple
fl1 oodi ng, wi ndstorms, and earthquakes can have highly
damagi ng effects and can result in the structural
failure of the disposal facility. These discrete
nat ural phenonena pose a problem mainly for above

ground disposal facilities.

Al of the concrete degradati on nechani sns have to be
assessed for each specific site and technol ogi es under
consi deration. These considerations are essential for
selecting the optimal technology to nmeet the performance
obj ectives of 10 CFR 61. Performance data on concrete
engi neered barriers, either actual or nodeled, are generally
| acking for the time frame of interest (500 years). It is
clearly evident that nore informati on about concrete is
required; in particular, data is needed concerning |ong-term
degradation and ultinate containnent abilities. Based on
the current information, earth-covered LLRWdi sposal
t echnol ogi es are favored by the NRC over above-ground
structures (Pittiglio and Tokar, 1987). Earthen covers
| essen the effects of concrete degradati on mechani sns
(freeze thawcycles, acid attack, and erosion) and provide

an added barrier fromthe standpoint of intruder protection

as well as radionuclide rel ease.
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CHAPTER 8

I MPLI CATI ONS FOR NORTH CAROLI NA

Al t hough no significant exposure to the public has resulted
fromthe performance of the disposal sites discussed in the
previous sections, the occurrence of trench cap subsi dence
and erosion, |eachate accumnul ation, and radi onuclide
mgration has pronpted interest in alternate technol ogi es
for the disposal of |owlevel radioactive waste. North
Carolina has adopted |egislation which prohibits shallow

| and burial, requires the incorporation of engineered
barriers into the burial facility, and specifies that the
bottom of the LLRWdisposal facility must be at |east seven
feet (2.13 m above the seasonal high water table. These

| egi sl ated constraints increase the conplexity of the siting
process and necessitate a rigorous environnental assessnent
of potential sites in North Carolina. Regardless of the

di sposal technology ultimately chosen, the

geol ogi c/ hydrol ogic site characteristics will play inportant
roles in retarding radionuclide mgration and mnimzing the
degradation of engineered barriers. |f North Carolinais to
be successful in selecting a suitable LLRWsite, the
characterization process is of extrene inportance and

demands the nost rigorous effort.
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POSSI BLE CONSTRAI NTS

North Carolina has begun the process to pick possible
sites for the construction of LLRWfacility. The
geol ogi ¢/ hydrol ogi c constraints of the state's environnent

coupled with site characteristics of the older LLRWsites

will be useful in the screening process. North Carolina
lies in three physiographic provinces of the United States:
the Blue Ridge, the Piednont and the Coastal Plain

provi nces. Each province has its own geol ogi c and

hydrol ogi ¢ characteristics and, therefore, each may inpose
uni que constraints to siting a LLRWrepository. Although
the | egislation governing LLRWdisposal facilities is
stringent, a suitable |ocation could be found in each
region. In the follow ng sections sone possible

geol ogi ¢/ hydrol ogi ¢ constrai nts and degradati on nechani sns

significant to each province will be discussed.

Bl ue Ri dge
The Blue Ridge is a region that underwent severe
def ormati on during metanorphic and nountain building events.
Faults and shear zones are common and reflect its conpl ex
history. The topography of the Blue Ridge is rugged and is
characterized by steep slopes and narrow streamvall eys. As
a result of this topography, erosion of the steep slopes is

a problem Finding a |level site which is not close to
surface water and not subject to erosional forces are

I nportant considerations in the Bl ue Ridge.


NEATPAGEINFO:id=A7A437D5-8146-4AC5-835A-E7AF2BDC13C2


The ground-water systemin the Blue Ridge is conposed
of two parts: (1) the saprolite and (2) the crystalline
bedrock. Analysis by Daniels (1986), indicates an average
depth of 11.3 m(37.1 ft) to the water table. Fractures
are very common in the crystalline rocks of the Blue R dge
and provi de secondary porosity.

These fractures, faults and shear zones are potenti al
radi onucl i de pat hways and pose a serious problemto siting a
facility in the Blue Ridge. Gven the difficulty of mapping
and locating these features at a particular site, the
requi red geol ogi ¢ characterization and hydrol ogi ¢ nodel | i ng
of potential sites would be difficult, if not inpossible,
given the tine constraints of North Carolina s selection
process.

In addition to these geol ogi c/ hydrol ogi c constraints,
a disposal facility located in the Blue Ri dge would be
subj ected to degradati on nmechani sns. Possible significant
degradati on nechani sns include: freeze/thaw cycles, acid
attack, erosion and physical |oading. These nechani sns pose
a possible threat to the durability of engineered barriers.
G ven the severe winter conditions in western North
Carolina, freeze/thaw cycling would be a significant

degradati on nechani sm for above-ground structures.

Pi ednont

The Pi ednont contai ns i gneous, mnetanorphic, and

sedi mentary rocks. As in the Blue Ridge, the Piednont has
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been subjected to periods of severe defonnation; faults and
shear zones are conmon features of the region. Typically
the crystalline bedrock is overlain by unconsoli dated
material (saprolite) which ranges in thickness from1l m(3.3
ft) up to 30 m(98 ft). Soil is typically present in a thin
mantle on top of the saprolite. Although the geology is
simlar to the Blue R dge, the topography of the Piednont is
| ess rugged and therefore offers nore suitable |and for
possi bl e LLRW si tes.

The ground water system of the Piednont province is
simlar to the Blue Ridge and consists of two parts: (1) the
saprolite which underlies the land surface and (2) the
crystalline bedrock. Analysis of 2,326 wells in the
Pi ednont (Daniels, 1986) indicates an average depth to the
water table of 9.5 m(31.3 ft). Conpared to the Blue Ridge,

the water table is closer to the land surface in the

Pi ednont, but generally not within seven feet of the |and
sur f ace.

The occurrence of faults, fractures and shear zones are
potential pathways for radionuclide mgration and pose
potential problens for a suitable site. Extensive geologic
characterization and hydrologic modelling is required in
order to determne the suitability. |In order to overcome
these difficulties, potential sites in areas with thick
saprolite shoul d be evaluated. Based on geol ogi c/ hydrol ogic
characteristics, the Piednont is apparently better suited

for siting a LLRWfacility than the Blue R dge.
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I n addition to geol ogi c/ hydrol ogi c probl ens, potenti al
degradation nechanisnms for concrete barriers exist in the
Pi ednont. The principal degradation nmechanisns include: acid

attack, freeze/thaw (western Piednont) and erosion

Coastal Plain

The Coastal Plain is underlain by a sequence of
unconsol i dat ed sedi nentary rocks whi ch thicken eastward.
These sedinentary rocks are conposed prinarily of
I nterbedded | ayers of sand, silt, clay, shale, and
l'imestone. The geologic history of the Costal Plain is |ess
conpl ex and sedinentary rocks have not been subjected to the
i ntense deformation processes of the Blue Ridge and
Pi ednont. Sections of the Coastal Plain have simlar
geol ogi ¢ characteristics to the Barnwel | disposal site and
of fer possible suitable site |ocations.

The water table occurs at shallower depths in the
coastward direction and is at the land surface in swanpy
areas. Analysis of wells in the western coastal plain by
Daniel s (1986) gives an average depth of 5.7 m(18.8 ft) to
the water table. Measurenents taken by the USGS in
Pasquot ank County (I ndex well NC-143) indicate an average
depth of 1.5 m(5 ft) to the water table. This shallow water
table presents a problemgiven North Carolina's |egislation

whi ch mandates that the disposal facility nmust be separated

by at |east seven feet fromthe seasonal high water table.
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G ven the geol ogy/ hydrology and climate of the Coasta
Pl ai n, possible degradati on mechani sms include acid attack,
erosion, and physical loading. Soil pH on the Coastal Plain

varies from3.6 to 8.5, therefore, the possibility exists

for severe corrosion of concrete and steel.

SUMVARY

In reviewi ng the performance history of the four LLRW
di sposal facilities in the eastern United States, evidence
suggests that nost, if not all, containment failures are a
result of either: 1) an inadequate identification and
characterization of geologic materials, or 2) the failure to
consi der geol ogi c/hydrologic criteria during the siting
process. At Maxey Flats and West Valley, a |lack of a
conpl et e understandi ng of the geol ogi c/ hydrol ogi ¢ system
contributed directly to trench subsi dence, |eachate
accumul ation and radi onuclide mgration. At Sheffield, the
i nadequat e characterization and groundwater nodel ling of the
glacial sedinents resulted in designs which were susceptible
to trench cap erosion and eventual radionuclide mgration
Only the Barnwell facility has avoi ded the problens
encountered at Maxey Flats, Sheffield, and West Vall ey.
This is aresult of arelatively sinple geol ogy/ hydrol ogy
system coupled with inproved trench cap design.

Al though North Carolina will enploy engineered barriers
in the disposal technol ogy, such barriers cannot fully

conpensate for the geol ogy/ hydrol ogy of the site. Since the

105


NEATPAGEINFO:id=AB738BE4-0357-40DE-A22D-69BD122CD979


durability of engineered barriers is not known for the
period of 300 to 500 years, the geol ogy/hydrol ogy of the
site are vitally inportant factors for insuring that public
exposure does not occur fromradionuclide mgration.

Based on the overall geol ogy/ hydrol ogy of North
Carolina, the geol ogic/hydrol ogic shortcom ngs of the
eastern LLRW di sposal sites, and potential externa
degradation mechanisns at all three provinces, this report
has identified possible constraints in the siting of a LLRW
facility. The Blue R dge and Piednont shortcom ngs are due
to the conpl ex geol ogy and hydrol ogy. Although the water
table is deep, it would be difficult to accurately nodel the
site characteristics. In order to site a facility in these
regions, the potential site should have a thick layer of
saprolite over the bedrock.

In contrast, the Coastal Plain is blessed with a sinple
geol ogi ¢/ hydrol ogi ¢ systenm its major shortcomng is the
shal | ow water table. The western Coastal Plain apparently
offers the most suitable sites for the technol ogies
currently considered. It is inportant to note, however,
that the siting decision is based on a nunber of factors,
not solely the geol ogy or hydrol ogy.

The information contained in this report can be used in
the regional studies to exclude those areas which are not
suitable for a LLRWfacility. Gven the wide variety of
al ternative technol ogi es and the geohydrol ogic variation of
North Carolina, only general constraints have been discussed
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in this paper. Geologic/hydrologic characterization and
ground water nodelling nust be perforned for each possible
site; only with that type of analysis can a conplete
assessment on the suitability of a potential site be nmade.


NEATPAGEINFO:id=5415E6C3-B159-4873-9092-7D3F02A238F2


REFERENCES

Al banese, J. R, Anderson, S. L., Fakundiny, R H, Potter,
S. M, Rogers, W B., and Witlock, L. F., "Geologic and

{—/Iydrof 0ogi ¢ Research at Western New York Service Center West
a

|1 ey, New York," U. S. Nuclear Regulatory Comm ssion,
NUREG CR- 3782, June 1982.

Autry, R, Personal Communication, Bureau of Radi ol ogical
Heal th, South Carolina Departnment of Health and
Envi ronnental Control, 1988.

Baird, R D., Rogers, V. C, Shuman, R, Sutherland, A A,
and Onen, D. H., "Designs and Costs of Low Level Waste

Di sposal Facilities,"” Rogers and Associ ates Engi neering
Corporation for the Electric Power Research Institute, NP-
5365M Aug. 1987.

Cahill, J. M, "Hydrology of the Low Level Radioactive-Waste
Burial Site and Vicinity Near Barnwell, South Carolina," U.
S. Ceol ogical Survey, Qpen File Report 82-863, 1982.

Cancy, J. J., Gay, D. F., and Oztunali, O 1., "Data Base
for Radioactive Waste Managenent: Review of Low Level

Radi oactive Waste Disposal History," U S. Nuclear

Regul at ory Comm ssion, NUREG CR-1759, Vol. 1, Nov. 1981.

Daniel, C. C "Statistical Analysis Relating to
Construction Practices and Siting of Wlls in the Piednont
and Bl ue Ridge Provinces of North Carolina," U S

CGeol ogi cal Survey, Water Investigations Report 86-4132,

1987.

Davis, J. M, State Cinatologist, North Carolina Cimate
Program 1988.

Denson, R H., Bennett, R D., Wansely, R M, Bean, D. L.,
and Ainsworth, D. L., "Reconmendations to the NRC for Review
Criteria for Alternative Methods of Low Level Disposal: Task
2a. Below Gound Vaults," U S. Nuclear Regulatory

Commi ssi on, NUREG CR-5041, Vol. 1, 1987.

---, "Recommendations to the NRC for Review Criteria for
Al ternative Methods of Low Level Radioactive Waste Disposal:
Task 2b: Earth Munded Concrete Bunkers," U S. Nucl ear
Regul atory Conmi ssion, NUREG CR-5041, Vol. 2, Jan. 1988.

Foster, J. B., Erickson, J. R, and Healy, R W, "Hydrol ogy
of a Low Level Radioactive-Waste D sposal Site Near

Sheffield, Illinois," U S. Ceological Survey, Water
Resources Report 83-4125, 1984.

HEIURTS


NEATPAGEINFO:id=226BDEBB-751E-4F9A-9380-BC93481F6E89


109

I—|eal)6,a R W, deVries, M P., and Striegl, R G, "Concepts
and Data Col | ection Techniques Used in a St u% of the
Unsaturated Zone at a Low Level Radi oactive-Waste Di sposal

Site Near Sheffield, Illinois," U S Geological Survey,
VWt er - Resources I nvestigations Report 85-4228, 1985.

Heath, R C "Basic Elenents of Gound-VWater Hydrol ogy Wth
Reference to Conditions in North Carolina,” U S Geological

Survey, \ater-Resources Investigations Qpen File Report 80-
44, 1980.

| I1inojs Department of Nuclear Safety, "Reinforced Concrete
And QO her terials For Use In Low Level Radioactive \Waste

Di sposal Facilities," draft, Nov. 1987.

Kahle, R, and Row ands, J., "Evaluation of Trench
Subsi dence and Stabilization at Sheffield Low Level
Radi oactive Waste Disposal Facility," Ral ph Stone and

Conpany, Inc., for U S Nuclear Regulatory Conm ssion,
NUREG CR-2101, May 1981.

LaFleur, R G, "dacial Geology and Stratigraphy of Western
New York Services Center and Vici nity, Cattaraugus and Erie

Counties, New York," U S. Geol ogical Survey Qpen-File Report
79-989, 1979.

LeGand, H E., "Gound Water and Its Contam nation in North
Carolina with Reference to Waste Managenent," 1984,

Lee, W J., "Alternatives to Shallow Land Burial for the

Managenent of Low Level Radioactive Waste," Covernor's \Waste
Managenent Board, 1986.

LIng, O B., Jr., Larson J. D, and Davis, R O, "Sumary
of Northern Atlantic Coastal Plain Hydrology and Its

Rel ation to Hi gh-Level Radioactive Waste in Buried
Crystalline Rock - A Prelimnary Appraisal," U S

Geol ogi cal Survey, Water-Resources |nvestigations Report 85-
4146, 1985.

MacKenzie, D. R, Siskind, B., Bowernan, B. S., and Piciulo,

P. L., "Prelimunary Assessnent of the Performance of
Concrete as a Structural Miterial for Alternative Low Level

Radi oactive Waste Disposal Technol ogi es," Brookhaven

National Laboratories, for U S. Nuclear Regulatory
Comm ssi on, BNL- NUREG 52016, Dec. 1986.

McDonal d, B. B., "General Description of the Geohydrol ogy
and Burial Trenches at the Low Level Radi oactive ste

Burial Facility Near Barnwell, South Carolina," U S
Geol ogi cal Survey, Qpen-File Report 84-806, 1984..

McDowel |, R C Peck, J. H, and Mtton, J. W, "Ceologic
Map of the Plummers Landing Quadrangle: Fleming and Rowan


NEATPAGEINFO:id=17878D82-6299-46B8-B6B1-FE5BE20A5EF0


110

Counties, Kentucky," U S. Geol ogical Survey, Map GQ 964,

1971.

Montgonery, D. M, Kolde, H E , and Blanchard, R L.,
"Radi ol ogi cal Measurenents at the Maxey Flats Radioactive
Waste Burial Site—1974 to 1975," U.S. Environnent al

Prot ecti on Agency, EPA-520/5-76/020, 1977.

Nat i onal Low Level Radioactive Waste Managenent Program
“Directions in Low Level Radioactive Waste Managenent: Low
Level Radi oactive Waste Disposal: Commercial Facilities No
Longer Qperating," EGG lIdaho, Inc., for the U S,
Departnent of Energy, DOE/LLWG6Tf, COct. 1982.

---, "Directions in Low Level Radioactive Waste Managenent:
Currently %erau ng Commercial Facilities," EGG |daho,
Inc., for the U S. Departnent of Energy, DOE/LLW6Tg, Sept.

1983.

---, " The 1986 State-By-State Assessnent of Low Level
Radi oactive Waste Received at Commercial Disposal Sites,”
E&G I daho, Inc., foe the U S. Departnent of Energy, Dec.

1987.

Ni chol son, T. J., and Hurt, R D., "Information on the
Confinement Capability of the Facility D sposal Area at West

Val l ey, New York," U S. Nucl ear Regul atory Conmm ssion,
NUREG 1164, Dec. 1985.

Oville, B. L., Larson, J. D., and Davis, R W, "Sunmary of
the Northern Atlantic Coastal Plain Hydrology and Its

Rel ation to Disposal of Hi gh-Level Radioactive Waste in
Buried Crystalline Rock," U S. Ceological Survey , Water-
Resources Report 85-4146, 1985.

ais, M D, "Safetz Assessnent of Alternatives to Shall ow
Land Buri al of Low Level Radi oactive Waste: Vol une 1:
Failure Anal ysis of Engineered Barriers," EGG | daho, Inc.,

for the U S. Nuclear Regulatory Conmm ssion, NUREG CR-4701,
Vol . 1, Aug. 1986.

ais, M _D., and Cerven, F., "Safety Assessnment of _
Alternatives to Shallow Land Burial "of Low Level Radi oactive
Waste: Volume 2. Environnmental Conditions Affecting the
Reliability of Engineered Barriers," EGG |daho, Inc., for

the U s. Nuclear Regulatory Conm ssion, NUREG CR-4701, Vol.
2, Sept. 1987.

Pittiglio, C. L., and Tokar, M, "NRC Perspective on

Alternative D sposal Mthods," Division of Waste Managenent,

u S
d
r

Nucl ear Regul atory Comm ssion, 1987.

ic, DD E., "Gound-Water Hydrol ogy and Subsurface
ation of Radionuclides at a Cormerci al Radi oactive -

Pru
Mg


NEATPAGEINFO:id=EE4E6B12-2E05-4CA3-A0C1-415164748494


Waste Burial Site, west valley, Cattaraugus, New York," U.,
S. Geol ogical Survey, Professional Paper 1325, 1986.

Ragland, B. C., Garrett,R G, Barker, R G, Eddins,W H.,
and Rinehart, J. F., "Water Resources Data, North Carolina,
Water Year 1987," U. S. Ceol ogical Survey, Water Resources
Di vi si on, USGS/ WRD/ H- 88/ 218, 1988.

Rogers and Associ ates EngineerinP Cor poration, "Designs and
Costs of Low Level Waste Disposal Facilities,” Electric
Power Research Institute, EPRI NP-5365M Aug. 1987.

Shuman, R, Rogers, V. C., Chau, N, Merrell, G B., and
Rogers, V., "Performance Assessnent for Low Level Waste

Di sposal Facilities," Rogers and Associ ates Engineering
Corporation for the Electric Power Research Institute, NP-
5745M April 1988.

Siple, G E, "Geology and G ound Water of the Savannah
River Plant and Vicinity, South Carolina," U S. Geol ogica
Survey Water Supply Paper 1841, 1967.

U S. Nucl ear Regulatory Conm ssion, "Environnental
Assessnent for the Barnwel |l Low Level Waste Di sposa
Facility," NUREG 0879, Nov. 1981.

Weisburd, S., "Hard Science; Researchers are Paving the Wy

for Innovative Cenent Materials," Science News, Vol. 134,
July 1988.

Wllmn, H B., and Frye, J. C, " Pleistocene Stratigraphy

of Illinois," i1 Tinois State Geol ogi cal Survey Bulletin 94,
1970.

Zehner, H H., "Hydrologic Investigations of the Maxey Flats
Radi oactive \Wste Burial Site, U S. Geological Suirvey,
Open-Fil e Report 83-133, 1983.


NEATPAGEINFO:id=A7CB954E-7504-4167-A406-37ACF76D8DBE


