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CALCULATION OF THE INVENTORY AND NEAR-FIELD RELEASE RATES
OF RADTOACTIVITY FROM NHUTRON-ACTIVATED METAL PARTS
DISCHARGED FROM THE HIGH FLUX ISCTOPE REACTOR AND
EMPLACED IN SOLID WASTHE STORAGE ARFA 6 AT

OAK RIDGE NATIOWHAL LABORATORY

A, D, Kelmars
Jo R, Hightowser

ABSTRACT

Reactor components are dischavged from the High Flux
Isotope Reactor and emplaced in Solid Waste Storage Area 6§ at
0ak Ridge Naticnal Laboratory. The components are radioactive
due to neatron activation of varicus stable isctopes. Emplace~
went involves disposal in lined and unlined auger boles in soil
above the water table. The radicouclide inventovy, as of
June 1, 1986, of disposed components was calculated. Ianforma—
tion on the composition and welght of the components, as well
as reasonable assumptions for the neutvon flux during use, the
time of neutron exposure, and radicactive decay after discharge,
were employed in the inveotory calculation. The near-field (Ho
the immadiate vicinity of the emplaced wastes) release rates of
lszEu, 15“Eu, and '5%Bu from control plates and cylinders were
calculated for 50 years after emplacewent. The velease rates
of the curoplum isoctopes were uncertaln because of the lack of
iaformation for a number of the calculaticnal parameters. Two
release~rate~limiting models were consideved (& saturation—
limited model and a diffusion~-limited wodel), and a range of
reasonable values were assumed for the time—to-failure of the
auger-hole liner and aluminum cladding and europium soclubility
in SWSA-H6 groundwater. The bounding europilum radionuclide
near~-field release rates peaked at about 1.3 Ci/year total for
152,154,155gy in 1987 for the lower bound, and at about
420 Ci/year in 1992 for the upper bound. Better input informa-~
tion allowed calculation of the radicactivity releases frowm the
other components with wore confidence. The near—field release
rates of 55Fe, 59Ni, 6OCo, and ®3Ni from stainless steel and
cobalt alloy components, as well as of loBe, ”ICa, and °°Fe from
beryllium reflectors, were calculated for the next 100 years,
assumning hulk waste corrosion was the release-rate-limiting step.
For the stainless steel and cobalt alloy components, the current
(1986) total radiocnuclide rvelease rate was calculated to be
about 0.07 Ci/year, which decreases by 2010 to a steady release
of about 0.003 Ci/year due primarily to 63Ni. Under the most
conservative assumptions for the reflectors, the current (1984)
total radienuclide release rate was calculated to be about
1.2 x 107™% Ci/year, decreasing by 1992 to a steady release of
about 1.5 x 1072 Ci/year due primarily to "*!Ca. The dowinant
uncertainties in the calculation of the inventory and release
rates, as well as the research and development work would be
needed to reduce these uncertainties, are discussed in the report,



1. EXECUTIVE SUMMARY

1.1 REPORYT PURPOSE AND SCOPE

The purpose of the work described in this report was to estimate the
near~field vadioactivity release rates associated with the high activity
low-level wastes currently emplaced in Solid Waste Storage Area 6§ (SWSA-G)
at Oak Ridge National Laboratory (ORNL). This information would be
useful both as a source term in assessing enviroamental contamination
which could be associated with the high activity low-level wastes already
enplaced, and in evaluating future modes of disposal or storage of such
wastes., Examination of the existing records (Boegly et al. 1985) showed
that about 847 of the radicactivity emplaced in SWSA-6 could apparently
be accounted for by neutrvon-activated metal parts discharged from the
High Flux Isotope Reactor (HFIR), and the work described in this report
wae limited to consideration of these HFIR wastes. The radionuclide
inventory contained in the HFIR wastes was first calculated, and then
realistic or consevrvative assumptions; as well as existing data, were
eaployed to calculate near—field radionuclide release rates. The
dominant uncertainties in the calculations are iandicated in the text,
and the research and development (R&D) that would be nseded to reduce

these uncertainties is described.

1.2 DESCRIPTION OF HFIR PARTS EMFLACED IN SWSA-6

Three distinctly different types of wmetal parts are discharged from
the HFIR: (1) control cylinders containing control plates composed of a
europium oxide—aluminum cermet clad with aluminum; (2) stainless steel
ducting, support, and assembly units, as well as cobalt alloy bearings;
and (3) beryllium neutron reflectors. During use in the HFIR, these
parts received a substantial neutron and thermal exposure. Neutron acti-
vation reactions form a number of radioactive isofopes in these parts
that require isoclation of the discharged parts. The dispcsal method for
all of these parts is similar. The parts are stored in the HFIK pool

after discharge from the veactor and, as convenient, are shipped to



SWSA~6. The parts are cut, crushed, or compacted as necessary aacd placed
in a mild steel shipping coctainer with holes in the top and bottom so
that the peool water will drain when the can is raised from the pool into
the transportation shield, The shipping container with the waste is
transported to SWSA-6 and then lowered from the transportation shield
into a hole which has been augered in the soil, Available soil is used
to back~-fill the hole after one to three containers of waste have bheen
placed in a hole. In the case of some of the control plates, a galva-
nized steel liner was used in the auger hole for worker protection from
radiation shine up the hole. Although neot designed for the purpose of
evhanced waste lsolation, the liner does help delay grcoundwater intrusion
to the control plate wastes. Wastes in unlined auger holes have been
egsntially disposed by a landfill techonlque since the countalners are

placed directly in the soil.

1.3 CALCULATED RADIONUCLIDE INVENTORY AS OF JUNE 1, 1936

The available SWSA-6 wadionuclide inventory information proved to
be both inaccurate and iacomplete. Therefore, as a first step in calcu-
lating release rates, we calculated the radionuclide inventory of the
disposed parts as of June 1, 1986 (Table 1.1). The identity and oumber
of parts discharged from the HFIR and shipped to SWSA-6 was obtained
from reactor vecords, and construction information was used to provide
the weight and elemeantal composition of the various parts. Reasonable
assumptions as to the neutron flux and exposure time in the reactor were
made to allow calculation of the radionuclide inventory. Decay during
out~of-reactor time was included in the calculations. The most recent
cross sections and half-life values for the respective isotopes were

also used in the calculations.

In terms of curies of radiocactivity, the 152,154,155y content of
the control plates and cylinders dominates the SWSA-6 inventory. The
55Fe, GOCO, and ®3Ni content of the stainless steel and cobalt alloy
parts are next in quantity, while much smaller amounts of 108q, l"1Ca,

and ®5Fe are present in the rveflectors.



Table 1,1. SWSA-6 radionuclide inventory
of HFIR parts as of June 1, 1986

Control plates Stainless steel Neutron
and cylinders and cobalt alloy reflectors
Radionuclide (ci) (Ci) (Ci)
10pq 0.0721
*lca 0.00592
35Fe 3,372 3.22
SLE 3.15
60¢o 3,002
63n1 353
15254 19,878
15%gy 21,307
155y _4,420 —
Totals 45,605 6,730.15 3.29802

These calculated inventory values for the europium isoctopes ave wuch
lower than the values in the SWSA-6 data base (see, for example, Table B~3
of Beegly 1984, or Table A,2 of Boegly et al, 1985). This difference
stews, in pavt, from the fact that the standard data base does not take
into account radioactive decay after discharge from the reactor. The
half-lives of these radionuclides are relatively short, compared to
SWSA-6 disposal tiwe, and failure to take credit for the decay which 1is
occurring seems unnecessarily conservative. The calculated quantity of
$0Co also is much lower than the data base value., This situation also
may result from the failure to account for radioactive decay in the data
hase. 1In addition, the data base value may include disposed cobalt sources
not considered in this report. The data base has much lower values for
55fe and ®3Ni than we calculated, while 59Ni is not included in the data
base. 1t seems possible that the presence of these neutron—activated
isctopes may not have besen considered during compilation of the data
base. Our calculated value for !%Be is much lower than the data base
value (Table A.2 of Boegly et al, 1985), We have no good explanation for
this difference. The possible presence of small amounts of “lca appears

not to have bheen included in the data base.



1.4 RELEASE RATES OF EURCPIUM EADIONUCLIDES FROM CONTROL PLATES AND

CYLINDERS

Of the HFIR wastes emplaced 1n SWSA~6, the coutrol plates and
cylinders may be the most envirommentally Interesting because (1) the
greatest amounts of radiocactivity are contfained in the europilum isotopes
(45,605 Ci as of June 1, 1986), aand (2) the chemistry and geochemistry of
this waste in the soll/groundwater system are the least well understood.
No information is available describing the reactions of the europium
oxide—aluminum cermef with groundwater or the rate of corrosion of the
aluninum cladding by groundwater. Only very limited information is
avallable describing the solubility of esuropium in groundwater; however,
it is apparent that the solubllity is very dependent upon the solution
pH. Unfortumately, the pH of the B3WSA~H soil/groundwater system in the
near-fileld is also poorly known. Finally, the calculation of release
rates is further complicated by the fact that some control plates are in
lined auger holes while others are in unlined holes. Where actual data
were unavailable, we used reasonable or conservative assumptions in the
calculation of the release rates. Because the input data are uncertain,

the calculated europium release rates are correspondingly uncertain.

The wastes in unlined auger holes were assumed to be in contact with
infiltrating rainwater immediately after emplacement because the shipping
can has holes in the top and bottom. These wastes were assumed to be
contacted by a volume of groundwater eﬁuivalent to the net infiltration
rate times the cross-sectional area of the auger holes, The release of
suropium radionuclides was assumed to begin after failure of the aluminum
cladding. The release-rate~limiting step was assumed to be the

solubility of europium in the groundwater.

We modeled two possible release scenarios for wastes in the lined
auger holes, Release of radionuclides was assumed to begin only afterv
sequential failure of the liner and cladding. In one case, we assumed
that the concrete end plugs, and possibly the steel liner, uanderwent
massive failure. For this case, the wastes in the lined auger holes

would experience a groundwater-—contact situation similar to the wastes



in the unlined auger holes, and the release of radionuclides was similarly
modeled, We also modeled a situation where the end plugs would remain
intact but the liner would corrode and develop a number of small breaches
that would allow groundwatexr to flood the interior of the liner. For

this case, we assumed that the wastes were standing in stagnant ground-~-
water and that diffusion of radionuclides into the boundary layer would

be the rate-limiting process.

Radionuclide release rates were calculated assuming the auger hole
liner failed at 10 or 20 years, that the aluminum cladding failed after
a 2- or 4—year exposure to groundwater, aud that the europium solubility
was 1 x 107" or 1 x 107® mol/L. All wastes in unlined auger holes were
modeled by the saturation-limited release model, but wastes in the lined
auger holes were modeled both by the saturation-limited release mocdel and
the diffusion-limited release model. Because of the uncertainties in the
input information, we felt that the calculated release rvates were most
useful in establishing bounding release rate values for the assumed param-—
eters, The lower bound, or least conservative, release rate occurs When
all wastes are modeled by the saturation-limited wmodel, the lower europium
solubiliry value, and the longer liner and cladding life values are used.
Europium releases begin about 1984 and peak at about 1.3 Ci/year in about
1987. The upper bound (or most conservative) release rate ccecurs when
the wastes in the lined auger holes are modeled by the diffusion~limited
model (wastes in the unlined holes are modeled by the saturation—limited
model), the higher europium solubility value, and the shorter liner and
cladding life values are used. 1In this case, wastes in the unlined holes
begin to velease activity about 1982 and peak at about 290 Ci/year at
about 1984, A greater release peak of about 420 Ci/year then occurs at
about 1992 due to wastes in the lined auger holes. The release rate
drops abruptly at about 2015 because all the europium has been leached

from the wastes in the lined auger holes,

The europium release rates calculated are near-field releasaes from
the waste to the immediate surroundings in SWSA-6 and are not the release
from the site to the environment. Calculation of the mobility of released

europium radicnuclides through the SWSA-6 soil/groundwater system was



beyond the scope of this task. The substantial uncertalaty in input
values used to calculate the europium near-field release rates has
resulted in several orders-—of-magnitude uncertainty. Since these
near—field rates constitute the source term for the calculation of
environmental relsases from the site, it seems desirable to counsider
improving the inpuit information for the control plates and cylinders

(s8¢ Sect. 1.7).

1.5 RELEASE BATES OF IRON, COBALT, AND NICEEL RADICNUCLIDES FPROM

STAINLESS STEEL AND COBALT ALLOY WASTES

The stalaless steel and cobalt alloy wastes are considered as a
group because they are similar in radicnuclide content, exist as corro-
sion resistant metals, and are all emplaced in unlined auger holes. The
radionuclides were assumed to be evenly distributed throughout the
respective waste forms. Release was assumed to begin soon after emplace-—
ment, and the bulk waste form corrosion was assumed to be the release
rate-limiting step. Litevature information for the corrvosion of similar
stainless steel alloys buriled in similar soil/groundwater environments
was used for the corresion rate input. A conservative value (highest
corrosion rate) was employed. The cobalt alloy bearings were assumed to
corvode at the same rate as stalnless steel; this also.1s probably a

conservative assumption.

The initial release rate (din 1986) 1s about 0.07 Ci/year, primarily
due to 95Fe and #0Co. The rate drops to about 0.003 Ci/vear, primarily
resulting from 63Ni, by about 2010 and vemains nearly constant after that
date because of the long half~life of 63Ni. These calculated near-field
release rates are known with considerably more confidence than those for
the europium isotopes because of the more simplified emplacement, data on

stainless steel corrosion, and simple release mechanism modeled.

Unless these near—field release rates translate to potentially prob-
lematic envirommental releases from the site, or the low but continuing
release of nickel radionuclides impacts site closure planning, additional
ot improved information on the stainless steel and cobalt alloy wastes

may nct be needed.



1.6 RELEASE RATES OF BERYLLIUM, CALCIUM, AND TRON FROM REFLECTORS

The reflectors emplaced im SWSA-6 contain only small amounts of
radioactivity, primarily 55Fe formed from contaminant iron assumed to
be present in the beryllium. Release was assumed to Pegln soon after
emplacement, and the release-rate-limiting step was assumed to be
beryllium corrosion controlled at the possible low SWSA-6 groundwater
pH by the availability of dissolved oxygen, or at the possibly high pH
by the diffusion of beryllium soluble species through the boundary layer.
Due to the lack of literature information on the corvosion rate of
beryllium in groundwater, we assumed that it was more rapid than the rate

of diffusion of oxygen to the surface; this is a conservaitive assumption.

For the most acidic SWSA-6 soil/groundwater condition {(pH of 4.4),
the initial release rate (inm 1986) is about 1.2 x 107" Ci/year, primarily
because of the °5Fa, The 35Fe decays relatively rapidly, aud after about
1992 a constant telease rate is established at sbout 1.5 x 1073 Ci/year
due to the “1Ca which may he present as a coataminant in the beryllium.

. - N
The release rate for 19Be is still lower; about 1.8 x 107° Ci/year, At
more alkaline pH conditions all the radiomuclide release rates are

decreased. At pH 7.7 they are about 3 to 4 orders of magnitude lower.,

The near—-field release rates of radionuclides from the reflectors
appear to be so low that additional or improved input information may not
be needed. 1t could be desirable to run radiochemical analyses of some
samples of discharged reflectors o confirm the assumed presence of “log

and °%Fe.

1.7 SUGGESTED RESEARCH/DEVELOPMENT NEEDS TO IMPROVE CALCULATED RELFASE

RATES OF EUROPIUM RADIONUCLIDES

Consideration of the R&D effort that could be needed to improve the
accuracy of the calculated near—field release rates was limited to the
control plate and cylinder wastes. The calculated europium release rates
from these wastes are both the greatest and the most uncertaln for the
HFIR wastes in SWSA-6. The caleunlated stainless steel and cobalt alloy
radionuclide release rates are more accurate because of the better input

data on the corrosion rate of the bulk waste form, while the reflectors



contain only small amounts of radioactivity. The information needed with
regard to (1) the econtrol cylinder and plate waste already emplaced in
SWsA~6, and (2) possible alternative future disposal or storage of these

wastes is briefly considered.

1.7.1 Curxently Emplaced Wastes

Two majovr Lypes of uncertainty complicate accurate prediction of
tihe performance of the cuvvently emplaced coantrol plates and cylinders:
(1) the lack of information on the cortasion.rate of the release bavrviers,
and (2) the abseoce of data on the reaction of the europium oxide-aluminum
cermet with groundwater and the resulting euvopium saturated solution
concentration, Knowledge of the saturated solution concentration is
further complicated by the absence of information on the pH of the near-
field environment in SWSA~6, If the auger-bole liner aand aluminum~-cladding
release barriers remain intact for times longer than assumed, the europium
release peak is delayed and the radiocnuclide rates decreased because the
europium radionuclides are decaying during isclation. If the cermet
reacts only slowly with groundwater and/or the europlum solubility is
lower than assumed, the release rates are also substantially reduced. 1In
particular, the relesase rate is directly wproportional to the solubility
value used in the calculations. The following types of activities would

be needed to improve the quality of the input information:

l. Auger-~hole liner - The auger-hole liner is galvanized road culvert
pipe. We were unable to locate any corrosion rate information for
this material at ORNL. Contact with manufacturers might develop
data. Failing that, long-term corrosion tests in an environment

typical of 5WSA-6 might be needed.,

2. Aluminum cladding - The aluminum cladding receives an appreciable

neutron and thermal exposure during use in the HFIR, thus the
corrosion rate may be different from that for new material. In
any case, the corrosion of aluminum in stagnant water is a
catalytic process that may be strongly influenced by specific
local conditions. Long-term corrosion tests in an envircament

similar to that inside the lined auger holes (which may be
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different than the geochemical conditions in the overall SWSA-6
site due to isolation by the partially failed liner) would be
needed to develop realistic corrosion rate information for waste
in lined holes. The tests would likely need to consider pii

and radiolysis effects. The geochemical environment in the case
of waste in unlined auger holes probably is more similar to the

overall SWSA-6 site geochenistry.

3. Reactioa of the cermet with groundwaier - The europium oxide-

aluminum cermet is a unique material, and its chemistry in the
presence of water or groundwater has apparently never been
studied. Chemical research would be needed to quantify the
reaction rate and identify the stable solid phase(s) formed

and the solution species. Knowledge of the sclids formed is
pariticularly important since the solids determine the solubility

(saturated selution concentration) of europium.

4. FEuropium solubility ~ Only preliminary measurements of europiun

solubility as a function of pl or estimates based on lanthanide-—
group element similitude are available in the literature. The
solubility selected is very important in determining the calcu-
lated release rates of the europium radionuclides because the
rates are linearly proporvrtional to changes in the solubility
value. Also, the sclubility is strongly dependent upon the

3+ s assumed to be the

groundwater pH since trivalent ions (Eu
soluble species) hydrolyze extensively at higher pls. Chemical

researcn would be needed to develop better solubility information.
The question of the possible formation of colloidal euvropium forms

should alsoc be addressed.

We recognize that this is a rather daunting list of R&D uneeds, but
without improved information for some of the input values it is difficult
to see how the uncertainties in the calculated near~field release rates
from the curvently emplaced control plate and cylinder wastes can be

defensively reduced.
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1.7.2 Future Waste Disposal or Storage Options

In the consideration of optioﬁs for the future disposal or storage
of discharged control plates and cylinders, enhanced isolation could be
an attractive approach. In this case, the wastes would be isolated from
contact with groundwater for greater than 10 half-lives of the longest
lived radionuclide (152Eu, with a half-life of 13.4 years) or for
>134 years, to allow nearly complete decay of the radioactivity.
Calculating the release of radionuclides (or, more accurately, showing
that no radionuclides are released during 134 yesars) would regquire only
improved ioformation on the stabllity of the isolation barrier(s). It
seams likely that less R&D work might be needed to obtain the necessary
information to support modeling this situation than for modeling the
soll/groundwater system. Improved corrosion data on the material{s)
selected for isclation or storage, or selection of deslign materials for
which adequate data already exlst, could be an attractive method of

modeling futuve waste performance.
2. INTRODUCTION

This report describes the modeling of near~fleld radiocactivity
release rates for some of the high activity low~level wastes emplaced
at the 0Osk Ridge Natiomal Laboratory (ORNL) Solid Waste Storage Area 6
(SWSA-6). TLow-volume, but high activity wastes discharged from the High
Flux Isotope Reactor (HFIR) may account for about 84% of the radioac-
tivity in shipments recelved at SWSA-6 during recent years {(Boegly et al.
1985). We modeled the behavior of these HFIR high activity wastes in the
SWSA-6 near-fleld geologic soil/groundwater system to: (1) explore the
modeling methodology, and the supporting data availability, which could
be applied to the characterization of low-level disposal sites in the Oak
Ridge Reservation; (2) improve the prediction of future performance of
the HFIR wastes already emplaced in SWSA-6; and (3) help in the evaluation
of alternative disposal/isolation technologles that may be considered for
future high activity waste shipments from the HFIR. Modeling was limited

to the near—-field environment. The near-field is defined to include the
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waste form, cladding (if any), auger~hole backfill, auger-—hole liner (if
any), and intruding groundwater in the immadiate vicinity of the waste.

A description of auger-hole waste emplacement is gliven in Appendix A.
This near—~field release rate would be applicable as a source term for
subsequent modeling of the far~field umigration of radiocactivity through
the SWSA~6 site hydrogeologic system. Modeling of far-field radionuclide
aigration threocugh the site to the environment is z separate activity and
would iovolve other input data and methodology than that employsd for the
near~field studies described in this report. Therefore, for example,
sorption reactions luvolving radionuclide binding to SWSA-6 scils were

not evaluated in this study.

Groundwater intrusion/groundwater migration was the only radioactiv-

[,

tv release scenarioc wmodeled. The processes or pavameters That can lead

to, or are involved in, the release of radioactivity {rom emplaced waste

T

o the far-field envivonment include: (1) the vadionuclide inventory in
the emplaced wastes, (2) failure of enginsered aspects of the emplacement
techniques, (3) the rates of corrosion of cladding and bulk waste forms
undey the soil/groundwater geochemical environment, (4) ths rates of
dissolution of the respective radionuclides from the bulk wastes into the
intruding groundwater, (5) solubility constraints on the steady-state
groundwater concentration of the radionuclides, (6) diffusional constraints
on the rate of transport of the respective radionuclides into the boundary
laver to the migrating groundwzier, and (7) the groundwater flux in the
near-field. (In this report, the term "groundwater" is used in the
general sense to identify any water io the soil. The HFIR wastes under
evaluation are placed in auger holes that are supposed to be well ahbove
the water table. Thus, water contacting the wastes is considered to be
infiltrating rainwater or meteoric water although it is called ground-
water in the text.) Information for all these processes or parameters

was not readily available for all the HFIR wastes or for sowme SWSA-6
geotechaical aspects, and a number of simplifying or limiting assumptions
were necessary during modeling of the release rates; these assumptions

are described in the body of the report in the sections for the respective

wastes.
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As a first step in the modeling activity, we compiled all the
pertinent published or available information for these HFIR wastes and
for the SWSA-6 site. That information iz summarized in subsequent sec~—
tions (Sects. 2.2 through 2,5}. The general approach which we took to
wodel radicgactivity velease rates is described in the following section
(Sect. 2.1).

2.1 APPROACH TG MODELING RADIOACTIVITY RELEASE RATES

Our approsch to modeling the near-field rvadioactivity release rates
for the four waste forms studied is summarized in the following sacticns,
A detailed description 1s presented in Sects. 3, 4, and 5 [or the varlous

wastes.,

2,1.1 General Description

We have included a general discussion of cur philosophy or approach
to modeling the behavior of these wastes in the S5WSA-6 site at this point
in the report to help put the work in perspective. We considered a total
of six release barriers (Table 2,1) and attempted to evaluate the impor-
tance of each of these for the respective wastes. The six items as shown

ia the table are:

1. The radionuclide inventory at the time of release. We first

considerad the avallable radionuclide inveatory data, but found
it to be of uncertain accuracy or completeness and used it only
as a general guide to identify the more important wastes. We
chose to recalculate the quantity of radionuclides that have
half-lives great enough to be of environmental significance in
the emplaced wastes. This calculation was based on an estimation
of the quantity of the radionuclides formed during the exposure
of the metal parts in the HFIR. Some simplifying assumptions

as to neutvon flux and exposure time were required, and the
values obtained may be considered conservative. Data from post~

irradiation examination of parts were also utilized. These
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estimared radionuclide quantities were than corrected for
radloactive decay during the time out of reactor until the
assumed release event to give Che waste radlonuclide

inventory at the time of release.

The groundwater flux. The groundwater flux is an important

parameter both in evaluatlng infiltration and corrosion of the
auger~hole engineered features, waste cladding, and waste form,
as well as leaching and release of the radionuclides from the
wastes. Datailled hydrologic information is not avallable for
SHSA~6; therefore, we assumed that only infiltrating ralnwater
would contact the wastes. This assumption was based on the
reportad location of the auger holes above the water table,
Expert judgment was employed ito estimate a ralnwater i{nfiltra-

tion rate for the auger hole region of SWSA-6.

The waste form leach rate. If the radionuclides already exist

within the waste In a water-scluble form, the release rates
depend on the solubility limit (saturated solution concentration)
for the socluble species, the rates at which the matrices are
removed by chemical reactions or corrosion, and the rates of
diffusion of the soluble species away from the host matrices.

If the radionuclides are not present in a water-soluble form,
their release rates then will depend upon (1) the rate at which
reactants in the groundwater diffuse to the exposed waste
surfaces, (2) the rates of reaction of the reactants at the
surfaces, and (3) the rates at which the soluble reaction

products diffuse into the surrounding soll/groundwater system.,

Isolation of the radionuclide-containing matrix by cladding.

When the radionuclide-contalning waste forms are confined within
a cladding material, the corrosion or fallure of the cladding
would be an important modeling aspect. We have assumed that no
radiocactivity could be released before the cladding is breached.
The radiocactive materlal is isolated from contact by groundwater
by an external cladding material only in the case of the

europium~containing HFIR control plates. Unfortunately, we
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found little data that would support calculation of the corrosion
rate of the aluminum control plate cladding jin stagnent groundwater
after neutron and thermal exposure in the reactor, We were able

to take only winimal credit for this potentially important rzlease

barvier in the modeling.

5. Reduced groundwater f£lux and radionuclide diffusion rate due to

auger-hole backfill. The auger holes are backfilled with soil or

sand after the waste containers are ewplaced. Tn the modeling
of unlined auger holes, we assumed fhat the auger-hole backfill
promptly became saturated with infiltratleg rainwater and performed
as a typical SWSA-6 soil/grvoundwater system. 1In the case of lined
holes {zee below), we assumed that the backfill remained dry until

after failure of the hole liner.

6. Isolation of the emplaced waste by an auger~-hole liner. In the

case of some of the highly radioactive HFIR control cylinders

and plates, added environmental isolation is provided by the
galvanized pipe used to line the auger hole for worker radiation
protection during disposal. We assumed values for the lifetime

of galvanized pipe in soil/groundwater systems and assumed that no
groundwater contacted the emplaced waste until after the fallure
of the liner. No credit could be taken for a hole liner in the
cacse of the other waste forms since these wastes were placed in

unlined auger holes.

Rarely would the overall reaction rates for the process and param~
eters described above be equally dependent upon all the steps in the
ralease reaction sequences. 1In almost all cases of heterogenecus chemical
reactions, one step in the sequence is slower than the others and becomes
the rate-limiting step., Our approach has been to try and identify the
most likely rate-limiting step for each of the different radionuclides in
the different HFIR wasies in SWSA-6, and to calculate the radionuclide
release rates based on those rate-limiting steps. Where we have been

able to identify actual data that quantify the presumed rate-limiting
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reaction, we have used that data. 1In cases where we wWere unable to
locate actual data, we hypothesized a plausible rate-limiting step that

could be wmodeled,.

2.1.2 Stainless Steel and Cobalt Alloy Parts

The major long—-lived radionuclides of environmental importaace which
are produced in the stainless steel and cobalt alloy (Haynes 25) parts
during use in the HFIR are 55pe (half-life 2.3 years), 60co (half-life
5.27 yeacs), “°Ni (half-life 7.6 x 10" years), and °3Ni (half-life 100
years). The quantities of each radionuclide in the emplaced waste were
estimated by assuming the following: (1) each disposed part was exposed
to a spatially uniform neutron flux esqual to the maximum flux that exists
in the region of the reactor core whers that part resides, and (2) the
duration of the exposure was for the time thal part was in the reactor.
This calculation ylelds an upper limit or censervative estimate of the
radionuclide production, and the actusl value would be less than this
conservaltive uumber, The radionuclide inventory for each part was then
reduced for radioactive decay during the cut-of-~reactor time until the
time of the release event after disposal in S5WSA-6. Radioactivity release
was assumed to begia promptly after disposal because these wastes are
typically emplaced in ualined auger holes and contact with infiltrating
rainwater would occur soon after disposal. These radionuclides were
assumed (1) to be equally distributed throughout the waste form matrix,
and (2) to be released at a rate that is limited by the corrosion rate
of the stainless steel or cobalt alloy material ia the soil/groundwater
system. Release of the soluble cobalt, mickel, and iron species to
groundwater was assumed oot to be limited by the solubility of these
elements in water, due to the low corrosion rates, or by diffusion of
the soluble species from the waste surface. Data on corrosion of buried
stalnless steel components over the range of pH conditions which way
exist at SWSA-6 (pH 4.4 to 7.7) were retrieved from the literature and

used in caleculating the release rates, as discussed in Sect. 3. Expert
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judgment was used to estimate corrosion rates for the Haynes 25 alloy
parts in the soil/groundwater system and to estimate the flux of

iotruding rainwater.

2.1.3 Control Cylinder and Plates

The radionuclides of eavironmental concern in the HFIR control
plates are activation—induced isotopes of europium. The tantalum
radionuclides formed have short half-lives and promptly decay, but only
small quantities of gadolinium radionuclides are formed during irradia-—
tion. The long—lived isotopes of importance are 15284 (half-life 13.4
years), 15%gy (half-life 8.5 years), and 1551, (half-1ife 4,73 years).
The quantities of europium isotopes in the control plates and cylinders
were estimated from quantities measured in contrgl plate No, 3 in a
post-irradiation examination (Koight and Richt 1972). 1t was assumed
that this cylinder was examined shortly after removal from the HFIR and
that the most shori-lived isotope, 155Eu, had not decayed appreciably
prior ko examination. Quantities for other control plates and cylinders
were scaled in proportion to total irvadiation in terms of Mwd. Then,
this radionuclide inventory was corrected for radicactive decay until the
time of the assumed release event. Some control plates are in lined
auger holes; other plates and one cylinder are in unlined holes. When an
auger~hole liner 1s present, we assume no release will occur until after
the failure of the liner. The liner is galvanized steel road culvert
pipe. Minimal credit was taken for the aluminum cladding on the control
plates because data on corrosion after irradiation are lacking, and
aluminum corrosion typically is relatively rapid in stagnaot water. The
release rates after auger—hole liner and cladding failure werse estimated
by assuming that FEu(CH)3 is the chemical form of the europium oxide—
alumioum cermet waste after breach of contaioment and reaction with
intruding rainwater, and either (1) that the release rate of the soluble
radionuclide species (Eu3+) from the correded auger-hole liner can be
described by a diffusion-limiting wodel similar to the waste performance
model of Pigford and Chambré 1985, or that (2) the release is solubility

limited. The release rates were calculated, as discussed in Sect. 4.
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The release rates were very dependent on the pH assumed for the SWSA-6
soil/groundwater system since the Eudt solubility 1s very sensitive to

the solution pH,

2.1.4 Reflectors

The HFIR reflector components emplaced in SWSA~6 contain activation-
induced !%Be (half-life 1.6 x 108 years) formed from natural 9Be.,
Although the reflectors are manufactured from 9%9.99%7 purity beryliium,
impurities which may be present in the metal may lead to the formation
of 5Fe (half-1life 2.3 years) and Hlca (half~-1ife 1.0 x 10° years). A
conservative calculation of neutron flux and exposure time was used to
estimate the radionuclide inventory after discharge from the reactor.

The radionuclide inventory was reduced for radicactive decay during out-
of ~reactor time until shipment of the components to SWSA-6. Release to
infiltrating ralnwater was assumed to occur promptly after emplacement
because the reflector components are emplaced in unlined auger holes,

The radionuclides were assumad to be evenly dispersed throughout the
beryllium and to be released to groundwater at the corrosion rate of the
beryllium. At low groundwater pH (pH 4.4), we assumed that the berylliium
corroslon rate was limited by the diffusion to the metal surface of dis-
solved oxygen in the groundwater flowing past the waste. The dissolved
oxygen content was estimated from data on Henry's law constants from
standard references; assuming saturation at the partilal pressure of
atmospheric oxygen. At high pH (pH 7.7), the corrosion rate of beryllium
was assumed to be limited by diffusion of Be(OH) ™ and Be(0H>2(solution)
from the solid surfaces through the boundary layer., Diffusion of oxygen
to the metal surface and diffuslion of dissolved beryllium from the metal
surface was estimated using boundary-layer approximations similar to

those used for estimating europlum diffusion rates.

2.2 CONTRIBUTION OF HFIR WASTES TO THE RADIOACTIVITY INVENTORY AT SWSA-6

The SWSA~6 site is the current active lowwlevel waste disposal
facility for radioactive wastes generated at ORNL., A radionuclide
inventory of wastes placed in SWSA-6 from 1977 through 1984 is given in
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Table A.2 of Boegly et al. 1985, Of the total of 211,000 Ci of
radioactivity emplaced during this period, 193,000 Ci (or 91%) of the
radioactivity was placed in auger holes., (Auger holes are vertically
bored holes of 18 ft or less in depth which are used for the disposal
of the wmore radioactive wastes.,) The following three radionuclide

groups dominate the auger—hole inveniory:

1. 400 Ci of 'Be, which is primarily contained io neutron reflectors
discharged from the HFIR;

2. 22,200 Ci of 50C0, which is primarily contained in used stainless
steel parts, cobalt alloy bearings, and spent ion~exchange rasins
discharged from the HFIR; and

3. 154,800 Ci of 132:154,155gy  which is primarily contained in

control cylinders and plates discharged from the HFIR.

g

a9

Thus, about 847 of the total radioactiviiy emplaced in SWSA-5, or 9

P

of the activity emplaced in the auger hwles, is accounted for by wastes

o

discharged from the HFTR. The curie inventory values given in

Boegly et al, 1985 have not been corrected for radioactive decay after

shipment to SWSA-6; therefore, the current emplaced inventory for these
radionuclides would be lower, depending on the half-life of tuhe respec~

tive radionuclides and the accuracy of these initial investory values.

This published radionuclide inventory information proved to be of
value only as a genevral guide to the amount and identity of the major
radionuclides in the wastes., Radiochemical analyses are not performed oun
the wasies prior to shipuwent to SWSA-&., Thus, the inventory curie values
are only estimates. Also, only some of the major radionuclides believed
to be present in the wastes are listed on the shipping invoicea, We
attempted to develop more accurate radiomuclide inventory data for each

of the wastes studied, as discussed in Sect. 2.1,

2.3 DESCRIPTION OF HFIR WASTES AND EMPLACEMENT TECHNIQUE AT SWSA-6

The following general description of the major high activity
low~level wastes shipped from the HFIR to SWSA-6 was developed through
discussions with staff involved in HFIR operations (Farrar 1986). The

naln sources of radioactivity are contained in a few types of waste
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materials: control cylinders and plates, stalaless steel parts, cobalt
alloy bearings, used ion-exchange rvesins, and reflector components. The
mode of shipment and emplacement ig similar for all these wastes and,
when conveaient, mere than one waste wmaterial way be contalned in a
single shipment. The waste wmaterials are stored under water in the HFIR
pool after discharge from the reactor. For shipment to SWSA-6, the waste
is placed in a mild-steel shipping basket or can under water and railsed
into a transport shield, The transportation shield is a drum waste cask
constructed of 4 ia. of mild steal and 1 to 2 in. of lead. Many of the
waste parts are too large to be placed directly 1in the can,; and these
parts are broken and couwpacted into smaller pleces as necessary to fit
in the shippiong can, The steel can contains holes in the top and bottom

so that pool water will drain from the baskef when it is raised.

A radiochemical analysis of the wastes 1is not performed prior to
shipment to SWSA-5., The curie values on the UCN-2822 ticket which accom—
panies each shipment to SWSA-6 are approximations based on reading the
level of radiation at some distance from the transportation shield and
extrapolating that reading to estimate the curie contents of the waste in
the shippiag can. Ouly the major radioisotopes believed to be present inmn
a shipment usually are identified on the UCN-2822 ticket. Since the
neutron flux exposure of the HFIR parts was varlable and uneven during
use, depending on the position of the respective'part relative to the
core and the HFIR operating history, the radionuclides are unevenly
dispersed throughout the waste bulk. This uneven radionuclide distribu~
tion precludes an accurate measurement of the total radionuclide content
of a waste shipment without extensive sampling and analysis. The strong
gamaa emissions from 60¢o would also make detection of some radionuclides
difficult for the stainless steel or cobalt alloy wastes. The waste can
may be unevenly filled and may have an unknown void space, so nelther the
volume nor weight of the radioactive waste may be accurately known for a
given shipment. The weight of the individual HFIR parts sent to SWSA-6
are known from the construction records, but the welght of waste material
in a given shipping can may not be well known. Also, assorted wastes may

be placed in a given shipping can as convenient, Considering all these
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factors, both the identity of radionuclides as well as the quantity of
radionuclides listed in the SWS5A-6 inventory {(Beegly et al. 1985} probably

should be viewed with caution.

Cn arrival at SWSA-6, the transport shield is positioned over a
prepared auger hole. The hole may be lined with a galvanized steel pipe
in the case of some of the more radioactive shipments. The shipping can
is lowered by a steel cable out of the transportion shield to the bottom
of the auger hole. The steel cable is discarded aleng with the shipping
can, Sgil or sand is placed on top of the shipping can for radiation
shielding, and then additional shipping cans may be placed inio the hele,
When the hole is filled to within 3 ft of the surface, a concrete plug is
placed in the auger hole to act as an intruder seal., (A description of
current auger—hole waste disposal practices is published in Beegly et al.
1985 and in Bates 1983.) Discussions were also held with Operations

Division staff (Bolinsky 1986).

A more detailed description of the disposal method for four of the

H¥IR wastes is given in Sects., 3 through 5, and auger—hole construction

is described in Appendix A.

2.4 NEAR-FIELD GEOCHEMICAL CONDITIONS AT SWSA-S

Among the parameters that control the wobhility of contaminants at
geclogic disposal sites, the geochemical conditions (pH, Eh, mineralogy,
water composition, eteq.) play an important role ia the corrosion, disso-
lution, and solubility reactions involving the waste forms and con~
taminants (Lutton et al. 1982, Olsen et al., 1983). Thus, knowledge of
the geochemical conditions 1s a prerequisite to both the successful
modeling of the waste and site performance aund the calculation of con-

taminant release rates.

Detailed geochemical information is wot available for the SWSA-6
site, and a plan has been developed to collect needed data (Boegly et al.
1985). Some information was obtained for a planned field dewmonstration
facility (Engineered Test Facility) within the SWSA-6 site boundaries
(Davis et al. 1984), and this information has been provisionally used
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as descriptive of SWSA~6 (Boegly 1984). The avallable geochemical infor~
mation for the Englneered Test Facility (ETF) site which is relevant to

this reliease rate study is discussed ia the following pavagraphs.

2.4,1 Soil/Groundwater System Acidity

The acldity of the soil/groundwater system may play a dominani vole
in establishing the bulk waste dissolution rate, radionuclide dissolution
rate, and radionuclide solubility (saturated solutiocn concentration).
Two very different acldity values are reported in Boegly 1984 and in
Davis et al. 1984, Table C~3 of Boegly 1984 gilves a pH of 7.3 % 0,6
(mean ¥ standard deviation) for 19 samples of well water from well ETF~1
at the Eogineeved Test Facility site. Simllarly, Davis et al. 1984 in
Tables F.3 through F,14 give pH values ranging from 7.3 to 7,7 for well
water samples from 12 different wells (ETF-1 through ETF-12) at the
Eagineered Test Facility site. However, much more acldic values are
reported in Table 11 of Davis et al. 1984 for soil/distilled water
pastes. A pH of 4.4 * 0.4 (mean * standard deviation) was given for
mixtures of a total of 24 measurements with soil from three different
trenches at the Engineered Test Facility site. There is a three order—
of -magnitude difference in the nt activity between these two pH values
(4.4 and 7.3-7.7).

In considering the pH value(s) to be used in the calculation of the
bulk waste dissolution rate or radionuclide solubility, there seems to
be no obvious choice between these pH values. Layers of limestone have
been observed at the SWSA-6 site, and the Engineered Test Facllity site
actually is in the Maryville Limestone member of the Conasauga Group
(Boegly 1984). It seems possible that the groundwater samples from the
ETF wells may have been iIn contact with the limestone. Thus, the slightly
alkaline groundwater pH of ~7.3 may be representative of standing ground-
water, or the water table, at SWSA-6, Conversely, infiltrating railnwater,
which may surround waste placed in an auger hole, may be more like the
soil/distilled water paste, since the waste may be in a soil~leached~zoage
enviroument that is not dominated by limestone. Thus, it is possible

that the soil/water environment arocund the emplaced waste could be better
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represented by the pH of 4.4 1in some cases. Acidic shale in the Oak Ridge
Reservation typically weathers to yield scil/groundwater systems with a

pH of 5 or less (Olsen et al. 1983).

For the wwodeling studies conducted to estimate release rates, we
decided to use both a pH of 4.4 and 7.7, since these values may describe

the range or extremes of acidity conditions which wmay exist at SWSA-6.

2.4.2 Redox Condition

The soil/groundwater redox condition may play a significant role in
establishing the bulk waste dissolution rate, radionuclide dissolution
rate, and radionuclide solubility (Dayal et al. 1986b). No well water Eh
measuremenls are reported ia Davis et al. 1984 or Beegly 1984. Tt seems
reasonable that these shallow groundwaters would be generally oxidizing:
thus, for the release rate modeling studies, oxidizing redox conditious
ware presumed to exist at SWSA-6, An excepijon to this condition could
be a situation where the bulk waste contained reactive reducing chemicals
which could alter the microenvironment around the emplaced waste. While
such a situation frequently exists in waste disposal trenches due to
biological degradation of paper, wood, etc. (Dayal et al. 198%a and
Dayal et al. 1986b), the metallic HFIR wastes in auger holes might not
be reactive enough to generate reducing conditions. Conversely, teadily
corrodible material such as the mild steel shipping can could lead to
reducing condiftions immediately adjacent o the emplaced waste., In the
absence of any information on the specific geochemical condition of
typlical closed auger holes at SWSA~6, we took no credit for the decreased

solubility often assoclated with reducing redox conditions.

For the release rate calculations, the normal oxldized valence of
all contaminant elements was assumed to prevail at SWSA~& because there

is no evidence at this time to support use of reducing conditions.

2.4,3 Groundwater Chemistry

The composition of the groundwater in coantact with the waste may
influernice the contaminant behavior in addition to pH and Fh. The infor-

mation in Davis et al. 1984, or Boegly 1984, shows that the Engineered



25

Test Facility well waters were essentially very dilute ca?t, Mg2+,

SOQZ“, and C1~ solutions. Silica was a major sclution component, For
the contaminant release rate modeling work, no unusual effects due to
groundwater composition were assumed to occur. The data are insufficient
to indicate any possible presence of complexing ions or compounds that

might increase the radionuclide solubility values.

2.4.4 Soil Mineralogy

The so0il mineralogy primarily influences the sorption of radionuclides.
Since sorp.ion was not evaluated in this near-field study, soil mineralogy
information was not considered further. Data in Davis et al. 1984 describe
the soils from three trenches at the Englneered Test Facility as highly
leached solum from weathered acid shale. The minerals ideatified (Davis
et al. 1984, Table 17) were illite, chlorite, and vermiculite/smectite,

A detailed survey of SWSA-6 soil has receatly been published (Lietzke and
Lee 1986).

2.4,5 Groundwater Flux

The groundwater flux is taken as the portion of annual rainfall
which infiltrates the ground. The annual rainfall measuved at the
Oak Ridge station between 1948 and 1976 is 55 in./year, and the fraction
that infiltrates is approximately 20 to 25% of this amount. We assumed
a fraction of 25% for the calculations in this report, or about
13,75 in./year (Davis 1986). Since the auger holes are all well above
the water table, the only water to which these holes are exposed is
infiltrated rainwater. This flux is assumed to be vertical aond constant,
The value of 13.75 in./year is the darecy water velocity through the sofl
or the value that would obtain in the hypothetical absence of soil. The
interstitial velocity of water is the darcy velocity divided by the soil
porosity, a measure of the true area avallable for {low coupared with the
hypothetical situation where the presence of the soil is neglected. The
value of the soll porosity in SWSA-6 is reported to be 0,5 (Davis 1%86).

Thus, the interstitial veloclty used in the calculations is 27.5 ia./year.



2.5 RADIOQLYSIS

Radiolysis reactions involving grouadwater components in the near
field could change the geochemical paramsters of the scil/groundwater
system surrounding the emplacad waste and alter the waste form corrosion
rate aend/or radionuclide solubility. In particular., the field associated
with the highly radioactive confrol plates and cylinders might be expected
to influence the performance of these wastes., In general, the stainless
steel parts and the beryllium reflectors are less radioactive and, there-
fore, radiolysis reactions could be of less importance in understanding

the performance of these wastes.

A literature search revealed little quantitative information that
could be used to estimate the effects of radiolysis reactions on the
emplaced wastes. Ceonsiderable research has been done in the past oo the
radiolysis of purs water (much of this work was done at ORNL}, Free
radicals such as H¥ and OH*, as well as chemicals such as Hp, 03, H30,,
and 1NO3 may be formed. Carbonaite ions 1in sclution may also be poly-
merized to various oiganic compounds including carboxylic acids. The
various reactions are complex, and the reaction products formed are
eacily influenced by the system componenfs., Recent publications con-
cerning high~level waste sites have reported the following: (1) the
effects of radiolysis reaction products on container corrosion wmechanisms
and kinetics (Glass 1985; Taylor et al. 1984; Furuya et al. 1983),

(2) changes in the gecchemical and chemical processes in the geoclogic
system (Reed 1985), (3) changes in the oxidation potential of the rock/
groundwater system {Jantzen and Bibler 19285), (4) the formation of
organic polymers (Gray 1984), (5) increases in zcidity of the waste
package environment (Bates and Oversby 1984; Couture and Seitz 1983),

and (6) increases in the solubility of radionuclides (Wisbey 1986).

Most of the literature information was gqualitative io nature, or
related to specific high~level waste systems, and could not be applied
to the calculation of changes in radioactivity release rates for the
waste materials emplaced in SWSA-6. Therefore, we did not take radiolysis
effects into account in the calculations. However, it should be born in

mind that such effects are geverally deleterious (increased acidity,
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higher corrosion rates, increased radionuclide solubility, etc.) and
failure to treat these effects in the calculations represents a potential

nonconservatism in the results.

3. STAINLESS STEEL AND COBALT ALLOY PARTS

3.1 DESCRIPTION OF PARTS EMPLACED IN SWSA-6

The following description of the disposal of stainless steel and
cobalt alloy parts was developed through discussions with HFIR operations
staff {(Farrar 1986). Some of the structural parts of the HFIR are
constructed of 304 or 347 series stainless steels. These parts include
ducting for control of coolant flow and various support and assembdbly
units,. The parts closest to the core accumulate neutreon and thermal
exposure and are periodically replaced. After discharge from the reactor,
the used parts are stored in the HFIR pool. The parts are placed in
a sheet metal shipping can and transported to SWSA-6 1n a lead and steel
transportation shield, Many of the parts are too large to be placed
directly in the shipping can and are cut into pleces that will fif into
the can. The shipping can has holes in the top and bottom so pool water
will drain frow the can when It is raised from the pool into the trans-—
portation shield, At SWSA~6, the transportation shield is positioned
over an auger hole, and the sheet metal can containing the stainless
steel waste is lowered into the auger hole. The steel lowering cable
is discarded with the can. (A description of auger hole emplacement

methodology 1s given iIn Appendix A.)

Both 304 and 347 series stainless steels are a mixture of many
alloying elewents. The base element, of course, is iron with additions
of 16 to 207 chromium and 8 to 14% nickel. Manganese, molybdenum, and
silicon are alsc added to the alloys. In addition, cobalt is present as
a tramp element in the chromlum and nickel at a fractional pevcentage
level in the stainless steel alloys. Neutron activation isotopes of
several of these elements are formed during reactor operation, The most

important radionuclide present in HFIR stainless steel wastes, in terms
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of personnel exposure, is 60co (half-life 5.27 years.) due to the high-
energy gammas emitted. All half-life values are from Walker et al. 1984,
Some of the 90Co is formed from the tramp cobalt in the alloy, but some
also might be surface contaminatiom of 60co transpotrted from the journzal
beariogs (sze below)., In pressurized water reactors (PWHs}, much of the
60Co on stainless steel parts has been transported from high-cobalt zlloy
parts. The shipments from HFIR to SWSA~6 have listed only 60Cco as the
radioacktive element on the UCN~2822 form, but other radionuclides must
also be present in the stainless steel., For stainless stesl parts from
PWEs, 5981 and ®3Ni are considered Lo be important radionuclides in
studying repcsitory performance of spent fuel (Kerrisk 1983). This
importance is primarily due to the long half~life (7.6 x 10" years for
59Ni and 100 years for 63Ni) and the solubility of nickel in groundwater.
Some 39Ni and ®3Ni must also be present in the HFIR stainless steel
wvastes from neutron activation of the nickel content, Also, some 55Fe
(half~life of 2.3 years) must be present in the HFIR wastes from neutrom
activation of the irovu content of the alloys. Chromium has no long-lived
isotopes. 1t is noit clear if either melybdenum or wanganese, which have
at least one isotope with a half-life of >1 year (93M0, 53%n, and °'Mn),
could contribute significantly to the radioactivity in HFIR wastes; they

were not comnsidered further.

Journal bearings from the HFIR are alsc routinely discharged and
shipped to SWSA-6 for disposal. Since these bearings are small, they are
stored in the HFIR pool after discharge and then mixed in with shipments
of other wastes as convenient. Therefore, there may be no inventory
numbers for the amount of radicactivityv associated solely with the journal
bearings. The bearings are constructed of Haynes 25 alloy; 50% Co, 20% Cr,
10%Z Ni, 3% and 0.5% W. Neutvon activation produces appreclable amounts
of 90Co in these bearings during reactor operation. It seems reasonable

to assume that some S°Ni and 63Ni alse are present in the journal bearings.

During the period 1977 through 1984, the inventory (Table A.2 of
Boegly et al. 1985) shows that a total of 22,200 Ci of 80Co were placed
in auger holes in SWSA~-6. Most of rhese curies of 60Co can probably be

accounted for by the stainless steel parts and journal bearings from
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HFIR, although some also must be due to emplacement of used ion-exchange
resin from HFIR as well as disposal of cobalt sources from Isotope
Distribution. The inventory (Table A.2 of Boegly et al. 1985) shows only
10 Ci of 35Fe and no value for S?Ni or 63Ni; it seems probable that the
55Fe, 59Ni, and 53Ni content of these stainless steel parts and journal

bearings were not included in the inventory.

The inventory of SSFe, 6000, 59Ni, and ®°Ni in each of the stainless

steel components was estimated for this study using the followiang equation:

fm ~Ajt
- % -8 M}__'c_:- _ iR
Ai,c 1.627 10 by ¢oi(1 e ) (3.1)
i
where
Ai e = inventory of radioisotope 1 1in the stainless steel
’
component ¢ under consideration, Ci;

fi = mass fraction of the precursor isotope for i in the

stainless steel component, kg precursor/kg stainless steel;
MW, = atomlc weilght of precursor, kg/kg-wol;
mc = pass of stainless steel component, kg;
$ = neutron flux to which the stainless steel component 1is

exposed, neutrons/cmZes;

Oi = captuvre cross section of precursor to i, b;
tR = time of exposure to neutron flux in reactor, year;
Ay = 0°693/t1/2,i;

tl/z,i = half~life of isotope 1.

The values for the input to this calculation are discussed in the para-

gréphs below.

The HFIR stainless steel components were fabricated from 347 stainless
steel and 304 stainless steel. The nominal compositions for these alloys
are given in standard references (e.g., Perry et al, 1963), The components
of these alloys, which are precursors to long~lived radioactive isotopes,
are respective stable isotopes of cobalt, iron, and nickel. The important
precursor isotopes are 59Co (~100% relative abundance in natural cobalt),

SYFe (5.84% relative abundance in natural iron), °°®Ni (67.88% relative
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abundance in natural nickel), and 624 (relative abundance of 3.7% in
natural nickel). Table 3.1 shows the percentage of the naturally occur-
ring wetals in the stainless steel alloys. These compositions were used
in estimating the inventory of the radioactive isotopes in the buried

metal parts,

The inventory of stalnless steel parts emplaced in SWEA~6 (Farrar
1986) is given in Table 3.2 along with material of construction of each
component, emplaced mass, specific area (as calculated in Sect. 3.2.5),
maximum neutron flux to which the part was exposed (for use in Eg. 3.1),
and the time of exposure in the reactor. The induced activities of 55fe,
59Ni, 60Co, and 63Ni, as calculated using Eq. (3.1), ave given also, The
neutron capture erosgs sections for S“Fe, Ssﬁi, 59Co, and O3Ni were taken
from Walker et al. 1984; the values used were 2.3, 4.6, 37, and 14.5 b,

respectively.

3.2 CALCULATION OF RADICACTIVITY RELEASE RATES

3.2.1 Wsste Leachate Chemisttvy

The wastz leachate was assumed to be infiltrating raiowater. As
discussed in Sect. 2.4.1, the most iamportant SWSA-6 groundwater aspects
are the extreme pH values observed for SWSA-6 soil/groundwater systems

(pH 4.4 and 7.7) in the wodeling calculations.

Table 3.1. Cobalt, nickel, and iromn
contents of HFIR componeats

(we %)

Alloy Co Fe Ni
347 S§ 0.2 71.5 10.0
304 8S 0.2 71.5 3.0
Haynes 25 53.65 0 10.0




Table 3.2, Inventory of HFIR stainless steel and cobalt alloy
compouents emplaced in SWSA-6, as of June 1, 1986

Weight Maximum Time in .
buried flux reactor Activity (Ci)
Component Material (kg)  (neutrons/ecm? s) (years) 60¢co S9y1 55Fe 631
Filings 304 SS 2.3 1.0E+12 0.5 0.986 0,000815 1.43 0.0916
Upper tracks 347 S8 502.0 1.0E+12 5.0 1540 1.62 1730 181
Lower tracks 347 ss§ 476.,0 1.0E+12 5.0 1460 1.53 16490 172
Shroud flange 304 S8 374.0 1.0E+08 5.0 G.0363  0.000013 0.0792 0.000016
Bearings—6 Haynes 25 36.7 1.0E+12 0.5 0.425 0.000001 0 0.000162
months
Bearings—3 Haynes 25 6.1 1.0E+12 3.0 0.319 0.000001 0 0.000159
years

Totals 3002 3.15 3372 353

1¢
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3.2.2 Time of Radioactivity Release

We assumed that the release of radioactivity would begin immediately
after emplacement of the waste in the auger hole [i.e., the time of
initial radicactivity release used in the release rate calculations
(Sect. 3.2.6) was 0 year.] This assumption was reached because no engi-
neered aspeckts exist to isolate the waste from Infiltrating rainwater.
The auger holes are not lined, and the mild steel shipplug can contaloning
the waste has holes in the top and bottom. The concrete plug poured in
the top of the hole for intruder protection would not provide significant
hydrologic isolation. Also, the wastes are not clad or enclosed in

gealed containers.

3.2.3 Corrosion of Metal Parts

3.2.3.1 Siainless Steel. Mechanisms of corrosion of stalnless

steels include general corroslion, pitting, crevice corrosion, iatergran—
ular corrosion, and stress corrosion cracking. General corrosion refers
to the uniform loss of metal over the entire exposed surface. In this
corrosion mode, the thickness of material is uwniformly reduced. The
other forms of corrosion are special cases of localized corrusion. A pit
is a small cavity in the surface caused by localized corrosion. Crevice
corrosion is a form of accelerated localized corrosion that occurs at
locations where easy access to the bulk environment is prevented, such as
the mating surfaces of wetal assemblies. Intergranular (or intercrystal-
line) corrosion is preferential corrosion at grain boundaries in a metal
or alloy. Stress corrosicn cracking is the cracking of z metal produced

by the combined action of corvosion and tensile stress.

The corrosion behavior of buried stainless steel waste tanks on the
Hanford reservation has been assessed (PNL 1984). This work showed that
the uniform corrosion rate of =2lecirically isolated passivated stainless
steel in relatively noncorrosive soil (01000 obm~cm resistivity) was

negligible, and the pitting penetration rates <5 mil/year.

Both pitting and crevice corrosion can be caused by differences in
the oxygen concentration between an occluded area and an area that is

freely exposed to the bulk environment. In brief, oxygen reduction



33

occurs on the freely exposed surface (cathodic reaction) and metal disso-
lution occurs in the occluded region (anodic reaction). Because the
electrical currvents created by the cathodic and anodic reactions must be
equal, a high ratio of the area of the freely exposed surface to the area
of the occluded region (e.g., crevice or pit) can cause relatively high
corrosion rates in the occluded region. A corroding crevice (or pit)
becomes 1ncreasingly acidic over time due to the hydrolysis of corrosion
products., Pit growth kinetics are generally governed by a cublc rate
law, 1In the absence of chlorides, the pitting of stainless steels is
relatively unaffected by the pH of the bulk eaviroament in the range of
pH 2.6 to 10,

In addition to pitting, intergranular corrosion and stress corrosion
cracking occur in stainless steels that are sensltized., These corrosion
modes cause the loss of structural strength of the material with relatively

little weight loss.

No studies have been conducted on the corrosion of underground
stainless steel in the SWSA-6 area at ORNL. The National Bureau of
Standards (NBS), however, released the major study conceraing the long-
term underground corrosion of metals (Romanoff 1957), and their findings
provided the source of corrosion rates used in this report to estimate
release rates of radioactive cobalt, iron, and nickel. 1In the NBS study,
347 stalnless steel was not considered. The NBS conducted corrosion
tests In many different soil conditions arcund the country, but none in
the east Tennessee area. Based on consultation (Lee 1988), we selected
five soils described in the NBS document which resembled the known
chlovide and sulfate charactevistics of the SWS5A-6 site and spanned the
known pH range of 4.4 to 7,7 at S5WSA-6, The conditions selected were:
(1) acidic conditions (pH of 4.% to 5.5, low chleoride and low-to-moderate
sulfate), and (2) slightly alkaline conditions (pH of 7.5 to 8.0, low
chloride and low sulfate). Of the soils that were listed in Table 8 of
the PNL 1985 report and were also studied in the corrosion tests described
in Table 7 of PNL 1985, we selected the following as representative of
the acidic and slightly alkaline conditions which might exist at SWS5A~-6:
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Acidic Condition:
Soil No. 58 - Muck, New Orleans, Louisiana
Soil Nc. 59 - Carlisle Muack, Kalamazoo, Michigan
Slightly Alkaline Condition:
Soil No. 65 - China silt loam, Wilmiogton, Czlifornia
Soil No. 66 — Mohave fine gravelly loam, Pheexiz, Arizona

Soil No. 67 - Cinders, Milwaukee, Wisconsin

The range of corvosion rates for all of the 300 series of stainless steels
examined in these soils (Table 7 of PNL 1985) was 0.0037 to 0.01 oz/ft2
per 14 years (1.5 x 107°% to 2.2 x 107° kg~ lem™2year™!). These values
include the sum of all corrosion mechanisms ocecurring. These extremes

of reported stainless steel corresion rates were used in calculating the

release rates of °%Fz, °°Ni, ®0Co, and ®3Ni (Sect. 3.2.6).

3.2.3.2 Cobalt Alloy. Basad upon expert judgment (Griess 1986), we

assumed that fhe corrosion rate of the cobhalt alloy paris was the same as

for stainless steel. This likely is a conservative assumption.

3.2.4 Radionuclide Solubility

The environmentally important radionuclides are present in the
emplaced stainless steel parts as either neutron—activated alloy comstit-
uents distributed throughout the mefal or as neutron—activated atoms of
the iron base metal, In coosidering the solubility of these radicouclides,
we have assumed that the solubility of Fe® metal atoms is insignificant

f55

and that the release o Fe from the emplaced waste into groundwater

would occur only after the corrosion reactions of oxidation,

Fe(golid) * 1/2 02 = Fed(so114) » (3.2)

and hydrolysis,
FeO(g011d) + Hy0 = Fe(OH)Z(solid) . (3.3)

had proceeded to form ferrous hydroxide as the saturating solid phase,
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Since the 6000, 59N1, and °3Ni are dispersed throughout the iron matrix,
it seems likely that the release of these radionuclides would also be
controlled by the bulk metal corrosion rate. In the case of the cobalt
alloy beariegs, we bave simllarly assumed that the cobalt and nickel
metal atoms have inslignificant solubility in groundwater and the release

of °0Co from the waste into groundwater would occur only after oxidatioen,
Co(go1id) + 1/2 02 = CoO(g0114) » (3.4)
and hydrolysis reactions,
Co0(s011d) + Hy0 = Co(OH)2(s011d) » (3.5)

formed cobalt hydroxide as the saturating sclid phase., We have also
assumed that the nickel component of the journal bearings undergoes similar

reactions.

Based on the assumption that the respective hydroxides would be the
saturating solid phase, we have calculated the solublility of cobalt,
nickel, and iron that might be achieved in the SWSA-6 soil/groundwater
syatem at the measured extreme pH levels of 4.4 and 7.7. Considerable
Information 1s avallable in the literature for these compounds. The
following discussion is based on the summary of thermodynamic data given
1n Baes and Mesmer 1976 for the respective systems, M(OH}~H;0. At pH
4.4, the oxidation state expected for cobalt in soil/groundwater systems
would be Co(Il). The dominant Co(II) sclution species would be C02+, and
the solublility would be high (>1 mol/L). At pH 7.7, the solubility of

Co?t can be calculated from the solubility product,
Co(OH) 2(s011d) = Co?* + 200~ Log K = ~=15 , (3.6)
and the equation for the first hydrolysis product, CeOH*}

Co?t + 1,0 = CooH + 1t Log X = -8.65 , (3.7)
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to get the total concentration of cobalt in solution. (In these calcu-
lations, we have assumed that the equilibrium constant, K, is equivalent
to the equilibrium quotient, Q, because the groundwater solutions have 2
low ionic strength.) From Egq. (3.6) the [Co2%) 1is calculated to be

~4 % 1073 mol/L and from Eq. (3.7) the [CoOH™] 1s calculated to be

1.1 x 1075 mol/L at pH 7.7; thus, the hydrolyzed species is uoiwmportant.
The concentration of Co2%t is given as ~4 x 1073 mol/IL because Co(OH) -

has a numbhey of different physical forms that have different solubility
products. Since the form of cobalt hydoxide which might form in the
SWSA~6 soill/groundwater system is unknown, we used a median value of the
data in Baes and Meswer 1976 for the log K of Eq. (3.5). Thus, the

cobalt solubility value of 4 x 1073 mol/L at pH 7.7 way be accurate only
to within one or two orders of magnitude. 1t has been already established
that cobalt forms many stable soluble complexes, and the cobalt solubility
could be much higher than this value if such complexing ions are present

in the SWSA~6 soil/groundwater system.

The solubilization reaction for nickel hydroxide is given in Baes

and Mesmer 1976 as

Ni(OH), + 2% = Ni2% + 20,0 , TLog K = 10.8 ; (3.8)
and for the first hydrolysis reaction as
Ni2* + B¢ = Niout + BT, Log K = -10.5 . (3.9)

Thus, as with cobalt, the hydrolyzed species is unimportant. At pH 4.4,
the solubility of Ni’% would be high (1 wol/L). At pR 7.7, a solubility
of 2.5 x 1079 mol/L is calculated from Eq. (3.8)., As with cobalt, nickel
can form stable soluble complexes. In an assessment of important radio-
nuclides in high-level waste (Kerrisk 1985), the saturating solid phase
for Ni(II) was assumed to be NiCO3, and a much higher solubility value of
1 x 1072 mol/L was calculated at pH 7.2, This three order-of-magnitude
difference 1in calculated uickel solubility i1llustrates the need to better



2stablish the composition and geochemical parameters of the groundwater
in contact with the waste in SWSA-6 and to determine the saturating solid

phase in order to calculate accurate solubility values.

The calculatlon of iron solubility 1s more complicated than for
cobalt or nickel because either Fe(ll) or Fe(ILL) may be stable in soil/
groundwater systems, depending on the redox coandition. No Eh measurements
had been reported for SWSA-6 groundwater (see Sect. 4.2,2); therefore,
the redox condition is unknown. Since Fe(Il) compounds are much more
gsoluble than Fe(III) compounds in soil/groundwater systems, we chose a
conservative approach to the calculation of iron sclubility and assumed
that the system was sufficiently reducing to form Fe(II), although we
think it is more likely to be oxidizing. This might be a realistic con-~-
dition at depth in SWSA-6 because the soll is derived from the weathering
of shale strata that might contain some pyrite. Near the surface,
however, the soil would be less likely to be reducing due to oxidation of
the pyrite (if present) during weathering. Baes and Mesmer 1976 give the

equation
Fe(OH)2(s0141d) = Fe?t + 208™ , Log K = -15.15 , (3.10)

for the solubility product of ferrous hydroxide. Thus, as for the other
transition elements, the solubility would be high (01 mol/L) at pH 4.4,
while at pH 7.7 a lower solubility of 2.8 x 1073 mol/L was calculated.
In an analysils of the planned Ceutral Waste Disposal Facllity on West
Chestaut Ridge (Pin et al. 1984), a much lower solubility limit of

1 x 10713 mol/L was given for Fe2+ as the soluble specles. 1t seems
likely that much lower value was calculated, not for Fe(II) but for
Fe{III), because Pin et al. 1984 glves the saturating solid phase as
Fep03. If iron is assumed to be present as Fe(IIl), then data in Baes
and Mesmer 1976 indicate the neutral species Fe(OH)3 is the dominant
solution form of Fe(III) but give only limiting information on the

solubilization reaction,

FeO(OH)(solid) + Hp0 = Fe(OH)3(solution) , Log K= <-8.7 ; (3.11)
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aad they estimated the solubility from pH 6.5 to 8.5 at ~10"11e 5 o1/1.
At pH 4,4, an Fed* solubility of 2.2 x 10710 mol/L can be calculated from

the following equation:
FeO(0H)(go14d) * ¥ = Fe3¥ + 200 , Log K = 3.55 . (3.12)

Such large caleculational differences can easily result from the
initial assumptions as to the site geochemistry and only serve as a
dramatic illustration of the need to betier establish the SWSA-6 geochem~
ical parameters, including groundwater composition, in order to support

defensible migration modeling calculations.

These simplified calculations suggest the following conclusion
considering the solubility of >5Fe, 59Ni, ©0¢o, or 63Ni in the SWSA-6
soil/groundwater system: The concentrations of cobalt, mickel, and irom
in selution may be controlled by the rate of the corvosion reactions
between the groundwater and Uhe metzl parts., 1t seems possible that the
oxidation aad hydrolysis reactions could proceed sc slowly that insuffi-
cient Co(OH)z, Ni(OH)2, or Fe{OH)) could be forwed to saturate the
groundwater. (Corrogion is discussed in Sect. 3.2.3.) This siltuation

wae used in the calculation of release ratss,

3.2.5 Geometry/Surface Area of Parts

Because of the different geometries of the parts seat to SWSA-6
(Table 3.2), plus the fact that some of these were cut or crushed to

fit into the shipping can, we were forced to make simplifying assumptions

¢l

about the geomstries of the emplaced stainless steel and cobalt alloy
material io the SWSA-6 auger holes. We assumed that each part was com~
posed of a collection of staandard engineeriung shapes for which the
surface area per unit weight is readily calculable. Wz then estimated
the fraction of the total weight of the reactor component which was
approximated by each standard shape, and the total specific surface area
was determined as the weighted sum of the contributions of each shape.
The upper tracks are assumed to be compesed of 20% 1/8-in. plates, 507

1/4-iu. plates, and 30% 1/2-in. plates with a weighted specific area of
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412 em?/kg. The lower tracks are assumed to be composed of 75% 1/4—in.
plates and 25% 1/2-in. plates with a specific area of 342 cmzikg. The
bearings were assumed to be right circular cylinders, 3/8 in. tall by
1.19 in. in diameter, with a specific area of 429 cmz/kg. The filings
were modeled as spherical particles with an arbitrarily assumed size
distribution: 30% with 3-mm diam, 40% with 0,.3~mm diam, 20% with 0.03~mm
diam, and 10% with 0,003~mm diam. The resulting specific surface area
for this combination is 284,000 cmZ/kg. Obviously, the release of
radionuclides from corrosion of the filings 1s a major component of the

total release even though the weight of the filings is extremely small.

3.2.6 Radionuclide Release Rates

The release rates of the four radionuclides under consideration in
the stainless steel and cobalt alloy components were based on the corro-

sion rate of stainless steel as given by the following equation:

Ry = csscAi,ce’Aitc , (3.13)
where

Ri,c = rate of release of isotope i from component c, Ci/year:

CS = corrosion rate of stainless steel, kg~ lem™?year™!;

e = specific surface area of the stalnless steel component ¢
(from Sect. 3.2.5), cm?/kg:

Ai,c = activity of isotope i in component ¢ [from ¥Eq. (3.1)], Cij

A = 0.693/t1/2’i;

t1/2,i = half-life of isotope i, years;
t, = time out of reactor for component ¢, year.

The total release rate of isotope 1 is then given by

-\t
Ry = C, ) 8.Ap o ic . (3.14)

c
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The resulits of these calculations for the highest; or most conservative,
corrosion rate are shown in Fig. 3.1 for the maximum rate of release of the
three radioactive isotopes for the next 100 years, beginning June 1, 1986,
For lower corrosion rates, the release rates would be proporticnally
decreased. These calculations are only for the cowmponents that are
currently emplaced in SWSA-6 as shown in Table 3.2. The componsnts that
have baen removed freom the reactor but have not yet {as of 2/1/86) been
sent to burial are not included. Sioce SWSA-6 is an active LLW dispesal
site, these calculated release rates could inerease as future shipments

of waste from HFIR are emplaced in SWSA-5,

There are several simplifying assumptions that were made to facilitate
these calculations which introduce soms uncertainty into the results.

These sources of uncertainty are discussed below.

The wethod of calculating the inventory in the stainless steel pavts
of the radioactive comporents assumed that the entire part was exposed to
a uniform thermal neutron flux characteristic of the location of that
part as determined by discussions with the operators of HFIR and the
design basis flux maps (R. D. Cheverton, 197i}. The irradiation time in
the resctor of each part was provided by the HFIR operating perscnnel,
Two off-setling errors are introduced in this manner: (1) the contribu-
tion to the inventory by the thermal flux is overestimated, since im the
actual situation only a small portion of these parts sees the maxluoum
flux; and (2) the countribution to the inveatory is uaderestimated by
neglecting the production by the fast flux. The first ervor is probably

larger than the second error, thuws this term may be conservative,

The surface area exposed to the groundwazitsy and over which corrosion
is assumed to occur was very voughly estimated by assuming that each part
(for which the weight was known) was consiructed primarily of simpie,
common engineering shapes (i.e., 1/8~, 1/4~, and 1/2-in. plates, rods,
pipes, etc,) and the specific surface area (cm?/kg) for the assumed
shapes was used., On the average, these dimensions probably underestimate
the actual surface area by z small amount. The largest ervrvor probably
occurs in the estimate of the surface arez of the filiags. An unknown

error also exists in the estimate of the quantity of filings. The guantity



LOG RELEASE RATE (Ci/year)

and

ORNL DWG 86-795
0 1 1 I I s I | 1 1

-10 —
-12 — N —

-14 — T

~16 | I N N NN (N N SR B
1980 2000 2020 2040 2060 2080
YEAR

Fig. 3.1. Release rate of cobalt, nickel, and iron radionuclides from HFIR stainless steel
cobalt alloy parts emplaced in SWSA-6,

1y



42

mated from the amouni of stainless steel that must

=

of filings was est
be drilled to remove one of the Haynes 25 bearings and the number of

bearings which have beesn remaved.

The corrosion rate of stainless steel and cobalt alloy parts in
SWSA~-6& was estimated as discussed previocusly (Sect. 3.2.3). A range of
corrosion rates was chosen which is likely to span the behavior of stain-
less steel in SWSA-6. This range varies by a factor of approximately 15.
The rates shown in Table 3.1 are based on the maxiwum corrosioun rate.

The largest error in the release rate estimates probably resides in the

corrosion rate estimate.

3.3 CONCLUSIONS AND RECOMMENDATIONS

3.3.1 Predicted Performance of Emplaced Parts

The predicted maximum, or mest counservative, near—field release
rate of 55Fe, 59Ni, 60Co, and °3Ni from the siazinless steel and cobalt
alloy HFIR parts known to be emplaced in 5WSA-6 is shown in Fig. 3.1 for
the next 100 years, starting June 1, 1986. The rate-controlling process
was assumed to be tha bulk corrosion rate of these metal parts in ground-
water, and Fig. 3.1 shows the release rates calculated for the maximum
metal corrosion rate estimated for the gecchemical conditions in the
SWSA-6 soil/groundwater sysiem (2.2 % 1078 kg~ lem™2year™l). If the actual
corrosion rate is different from this value, then the release rates would
all be proportionally different. Corrosion and radionuclide release were
assumed to be occurring at this time since fhese parfs are directly

emplaced in the scil without iscolation from groundwater.

The initial release rate is about 0,07 Ci/year, primarily due to 55Fe
and °9Co. The rate drops to the 53Ni contribution of about 0.003 Ci/year
by about the year 2010 and remains nearly constant after that date. The
changeover time in the relecase rates of the four radionuclides (Fig. 3.1)
reflects the half-life of the respective radionuclides. The 55Fe (half-
life of 2.3 years) release rate decreases by about 13 orders of magnitude
over 100 years. Therefore, the release rate becomes insignificant. The

60¢, (half~life of 5.27 years) similarly decreases by about 5 orders of
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magnitude over this period. The nickel isotopes (°9N1i, half~life of
7.6 x 10% years, and 63Ni, half-life of 100 years), however, show unearly

constant release rates over this period.

The release rates in Fig. 3.1 are wmaximum-predicted near-field rates
in the immediate vicinity of the emplaced parts and, as such, do not
represent the amount of activity that could be released to the environ-
ment ocutside the SWSA-6 boundary. Even though values taken from Table 3.1
cannot be used directly to assess potential envirommental hazards or eval-
vate remedial action options, some general observations are pertinent.
Because of the relatively short half-lives of >°Fe and %%Co, it is possible
that far-field sorption in combination with the near-field release rates
might confine these radionuclides to the SWSA-6 site for times long enough
for radioactive decay to essentially eliminate these radionuclides. The
nickel radionuclides, however, present a different situation due to their
longer half~lives, particularly 59Ni. These isotopes would remain radio-
active for thousands of years. A more detailed assessment of the mobility
of nickel isotopes in SWSA-6 would be needed to explore the long-term
behavior of these radionuclides in the soill/groundwater far-field system

and the associated envirounmental impacts.

3.3.2 Additional Research/Development Needs

Important uncertainties in predicting the future near-field performance
of these parts in SWSA~6 and the concomitant far~-field environmental impact
associated with this waste are (1) the corrosion rate assumed for the
parts (bulk metal corrosion was assumed to be the rate-controlling step
for the near-field release rates calculated in this report), (2) the
effective surface area, aod (3) the subsequent far-field retardation of
released radionuclides by sorption processes. The release rate calcu-
lated is directly dependent upon the corrosion rate assumed. We used
literature values for similar stainless steel alloys (and assumed the
Haynes 25 cobalt alloy performed like stainless steel) in simllar soil/
groundwater systems in the absence of specific information for these
alloys in the 3WSA-6 soil/groundwater system. The accuracy of the calcu-

lated release rvates could be improved if more relevant corrosion rate
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data were developed. Development of such information could require a
long~term study of corrosion of both unirradiated and irradiated metal
specimens in SWSA-6 soil/groundwater. Sorption onto site soils frequently
is a very favorable site aspect. Laboratory measurement of radionuclide
sorption values would be necessary as an inditial step to quantify sorption
retardation. Some preliminary work has been published (Friedman and
Kelmers 1987). Because of the longer half-lives of 53Ni and ®3Ni compared
to the cobalt and iron isctopes, greater attention should possibly be
given to the behavior of nickel inm the SWSA-6 systew than to iron or

cobalt for the evaluation of site closure performance.

It alsc would be desirable to validate the calculated irom, cobalt,
and nickel radionuclide content of the discharged wastes, This wvalidation
could easily be done by sampling some of these wastes which are currently

held in the HFIR pool and obtalning a complete radiochemical analysis,
4. CONTROL CYLINDERS AND PLATES

4,1 CONTROL. CYLINDER AND PLATES EMPLACED IN SWSA-6

4,1.1 Description of Control Cylinders and Radionuclides Formed

The construction of the HFIR control cylinders is described in
Bowden et al. 1984. The control cylinders occupy an annular region
between the outer fuel element and the beryllium reflector in the HFIR.
The radius of the outer cylinder is 9.300 in., and the radius of the
jnner cylinder is 8.921 in. The cylinders are 0.25 in. thick. The

control plates, which are composed of a cermet of 31 vol % Eu203 4

alumjicum metal powder, are in the upper region of the cylinder near the
center. The cermet is formed by compaction and sintering at 590°C in
vacuum. The cermet region is 22 in. long by 3/16 in. thick and is coon~
tained between two 1/32-in. plates of 6061 aluminum. A lower section of
the cylinder below the europium cermei region contains 38 vol % tantalum
in aluminum. This tantalum section is 5 in. long and is also clad by
6£061 aluminum plates. Each cylinder consists of four comtrol plates

containing europium and tantalum regions. The aluminum ends of the
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cylinders include holes for coolant flew, and extend above and below the
europium cermet and tantalum control plate regions. A palr of cylinders

(inner and outer) contain 7.6 kg of Euy03 and 3.6 kg of tantalum.

Both the europium cermet control plates and tantalum vregions of the
control cylinders act as neutron adsorbers and reflectors during HFIR
operation. As a result, neutron capture by stable isotopes results in
the formation of unstable nuclei. The suroplum radionuclides of interest
after waste emplacement in SWSA-6 are: 1528y (half~-life, 13.4 years),
1545y (half-life, 8.5 years), and 15554 (half-life, 4.73 years). These
values for the half~lives of these isotopes were taken from Walker et al,
1984, These europium radionuclides account for most of the radiocactivity
in the coantrol plates after emplacement. A small amount of some gado-
linium isotopes is also formed by the decay of the europium isotopes but
was not considered in the release calculations. The longest—~lived
tantalum radionuclide, formed in the tantalum-containing regions of the
control plates, is 182Ta (half-life, 112 d). We have assumed that it

decays substantially prior to release events.

4.1.2 Emplacement in SWSA-H

The following description of control cylinder disposal was developed
through discussions with HFIR operating staff (Farrar 1986)., The control
cylinders are replaced after about 80,000 to 100,000 MWd of HFIR opera-
tion. The discharged c¢ylinders are stored in the HFIR pocl, For shipment
to SWSA-6, the aluminum end pieces are cut off and discarded separately;
aluminum has no long-lived isotopes, and the neutron—activated aluminum
radionuclides decay during the pool storage period. The europlum and
tantalum control plates may be separated from the cylinder and placed in
a sheet metal shipping can, or the intact c¢ylinder may be shipped to
SWSA-6 in a sheet metal shipping can. The sheet metal can contaios holes
in the top and bottom so that pool water will drain as the can is raised
from the pool. The shipping can is transported to SWSA-6 in a lead and
steel transportation cask., At SWSA-6, the transportation cask is posi-

tioned over a prepared auger hole, and the sheet metal can containing the
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control plate waste is lowered into the hole. The steel lowering cable
is discarded with the can. A description of auger hole emplacement

methodology is given in Appendix A,

Eight control plates and two control cylinders — each composed of
four control plate sections — were shipped from HFIR for burial from
1970 through 1981. The location of these components was determined as
accurately as possible and within the limitations of the early records
of the burial ground. Table 4.1 shows the best estimate of the position
of each control plate and cylinder, along with date of emplacement, tChe
cunulative irradiation in the reactor, and the date of discharge from the

reacitorx.

All of the control plates (as oppesed to the intact control cylinder)
are known to be emplaced in lined auger holes Nos. 235, 236, and the
unlined auger hole No. 272, located on a knoll of high ground at a point
where the water table is about 25 ft below the surface. The locaiion of
the control cylinder that has been seut to SWSA-6 is not as precisely
identified as the locations of the contyol plates. Counirvol cylinder
No. 5 apparently was emplaced in SWSA~6 on Oct. 24, 1979; however, the
location is not available from the surviving recovds. We assume that it
was placed in an unlined auger hole where it is not initevcepted by the
water table. Control cylinder No. 3 (not included in the SWSA-6 iavea-
tory) was senlt from the BFIR to the High Radiation Level Examination
Laboratory (Bldg. 3525) sometime during 1970, where it was examined to
determine the amount and distribution of activation products (Kaight 1972).
[t was sent to burial frow Bldg. 3525, presumably in late 1970 or early
1971. Since SWSA-6 was not open at this date, we presume that this
conitrol cylinder was not sent to SWSA-6 but was sent to SWSA-5. Thus, we

have not considered this control cylinder in our release estimates.

4,2 CALCULATION OF THE RADIONUCLIDE INVENTORY

Estimated radionuclide inventories of the conients of the auger
holes that contain the HBFIR control plates and cyliander are available
from the ORNL Solid Waste Disposal lLog (Bolinsky 1986). These inven-

tories were estimated by HFIR personnel at the time of emplacement and
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Table 4,1. Discharge of control cylinders from the
HFIR and disposal in SWSA-6

SWSA-6 Date Cylinder
SWSA~6 Auger hole Emplacement out of set Irradiation
No. Construction date reactor No., (riwd)
Control plates?@
235 Lined 6/05/80 11/70 4-3A 3,764
236 Lined 6/10/80 6/717 h-f A 68,192
2/75 6~1 54,697
10/70 8-3 11,409
272 Unlined 2/23/81 12/76 9~-1 72,660
12/76 9-2 - 72,6690
2/77 9~3 67,886
12/76 9-4 72,660
Control cylindersb
Unknown  Unlined® 10/24/79 3/77 5 78,185

8These coutrol cylinders were separated into individual plates for
disposal.

bThese control cylinders were disposed intact.

CThis cylinder was assumed to be in an unlined auger hole in SWSA-6.

represent upper-limit approximations. We reestimated these inventories
such that our calculated inventory of control cylinder No. 3 coincided
with the measured inventory of that control cylinder as reported by
Knight and Richt (Knight and Richt 1972). We feel that our estimates are
more accurate than the disposal log since they reproduce the one measured

value,

Knight and Richt (1972) analyzed samples from control cylinder No. 3
for the content of 152Eu, 15“Eu, and !9%Eu at distances of 0.5, 2, 5, 10,
and 20 in, from the high flux edge of the control cylinder. We numeri-
cally integrated the reported values [given in atom percent (at. %)] over

the 22-in. length of the control cylinder to calculate an average value
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for each isotope. OCur calculated values were: 3.38 at. % 152Eu,
2.34 at. % 15“Eu, and 0.81 at. % 13%Bu ar the time of discharga from
the reactor. Control cylinder No. 3 was exposed to 48,615 MW or 1.45
full power years, assuming 33,500 MiWd per full-power year (Farvar 1986},
This control cylinder was discharged from the reactor in January 197C.
The isotopic concentrations calculated above correspond to the following
activities of the radionuclides at the time of discharge of the control
cylinder from the reactor: 9520 Ci 1528u, 8510 Ci !%%Eu, and 25,100 Ci
155y,

We extrapolated the activities of the europilum isctopes frow this
one measuved value in the following way: The HFIR overating personnel
supplied us with the irradiation in MWd for each control plate and cylinder
that has been discharged from the rveactor. The equations for production

and burnup of the five europium isotopes 15 15y, through 155%u are

diy 151, 155
¥ A; Ny~ — ByN; i = 1,2...5, corresponding to *’‘Eu... °“Eu (4.1)
where

N4y = number of atome of 1,

A, =0,

A' = ¢Gi i = 1,2-005,

By =43 + 2y,
A; = ln(Z)/tl/z,i,

t1/2,1 = balf~life of i, years,

¢ = neutroa flux, neutrons®cm ?°s”},

o; = absorption cross sectiom, cm?.

These equations were initially solved for the conditions at 0.5, Z,
5, 10, and 20 in. from the high flux edgse of each plate and cylinder
using literature values of oy and of A; for each of the isotopes {(Walker

et al. 1984). The value of the flux at each position was adjusted until
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the calculated value of the concentration of }5!Eu matched the measured
value as given by Knight and Richt 1972. Since, in general, the calcu-
lated and measured values of the other isotopes did wot agree, the

values of the cross sections of each isotope in the B terms were varied
successively until each calculated isotope concentration wmatched the
measured concentration at 48,615 MWd irradiation. Literature values of
cross section were always used in the A terms, and these values were not
varied. Sioce calculations were done in the time domain, this corre-
sponded to matching calculated and measured values at 1.45 years. When
the calculated europium isotope concentrations matched those of Knight
and Richt 1972, Eq, (4.1) was solved for the range of irradiation of 0 to
92,000 MWd, spanning the irradiations of all control plates and cylinders
to date (16 in all)., For each plate and cylinder, the calculated values
of the five isotopic concentrations at each location along the control
surface were integrated to get an average concentratien for each isctope
in each plate., The values for the average isotope concentrations were
ewmpirically fitted to equations for ease in computer manipulations.

These equations are:

f152 (at. fraction) = (3.95 % 1072) [1 = exp(-MWd/25,000)] (4.2)

]

fi154 (at. fraction) = (4.8 x 1077)(Mud) (4.3)

(3.84 x 10~ YW1 - exp(-¥¥d/65,000)]

H

fi155 (at. fraction)

(1.16 % 1072[1 - exp{~MWd/300,000)] (4.4)

i

and are plotted in Fig. 4.1, The units on the abscissa on Fig. 4.1,

however, are in atom percent (at. %) rather than atowm fraction.

The calculated europium radicpuclide inventory of the countrol cylin-
dexr and plates in SWSA~6 as of June 1, 1986, is given in Table 4.2. The
totals are 19,878 Ci of 152w, 21,307 Ci of !5%Bu, and 9,494 Ci of 15%Eu,
These values are aboui one-third of the corresponding values given in

Table A.2 of Boegly et al., 1985 for the SWS5A-6 auger hole inventory. The
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Table 4,2. Calculated europium isotope inventory of
control plates and cylinder in SWSA-6 as of June 1, 1986

Cylinder
Auger set Total activity (Ci)
hole No. No. 152Eu ISMEU 155Eu

Control plates

235 4-3A 207 66.6 2.38

236 Lt A 1,950 2,060 916
6-1 1,640 1,370 445
8-3 541 201 640

272 9-1 1,920 2,110 946
9-2 1,920 2,110 946
9-3 1,910 2,000 866
9-4 1,920 2,110 946

Control cylinders

Unknown 5 7,870 9,280 4,420

Totals 19,878 21,307.6 9,493.78

variations in our inventory estimates and the estimates of Boegly and
coworkers 1985 can probably be explained by the following: (1) the waste
data base that they used does not consider radioactive decay, and (2) their
inventory possibly included other sources of europilum radionuclides.
Considering all the approximations and estimates involved in the summation
of either our inventory or that of Boegly et al. 1285, we feel that the
values of Boegly et al. 1985 are not inconsistent with our calculations.

We feel that our values are more accurate, however, because of our inclu-

sion of a correction for radioactive decay out of reactor.

In the release rate calculations, the inventory values were corrected
from June 1, 1986, to the date under consideration. The June 1, 1936,
date was selected to glve a common reference point for a comparison of

these wastes.
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4,3 WASTE LEACHATE CHEMISTRY AND PARAMETERS USED IN CALCULATIONS

4,3,1 Auger-Hole Linexr Corrosion

Literature review revealed little information on corrosion of buriad
galvanized road culvert pipe. The corrosion would be highly dependent
upon the soil pH and the content of chloride and sulfate ioos. The
racords of the burial ground also did not contain inforwmation on the
specifications to which the liners were purchased. Specifically, there
was no information on the thickness of the zinc coating. Because of a
lack of information, we arbltrarily modeled the time of failure for the

auger—~hole liners at 10 years and again at 20 years.

4,3,2 Aluminum Cladding Corrosion

A literature search was conducted and expert opinion solicited
(Griess 1986) to identify information that would help describe the rate
of corrosion of the HFIR control plates emplaced in SWSA-6. The control
plates consist of internal neutron-adsorbing regions forwed of an Eup03-
aluminum cermef and a tantalum—aluminum compact which are contalned within
6061 aluminum cladding plates (see Sect, 4,1.1). The 6061 aluminum con-
talns 0.4 to 0.8% Si, 0.15 to 0.,40%Z Cu, 0.8 to 1.27 Mg, and 0.15 to 0.35%
Cr as alloying elements. The discharged control plates are ewmplaced in
SWSA~-§ without rupturing the aluminum cladding surrounding the cermet.

We have assumed that the europium radionuclides (152’15”’155Eu) in the
cermat would not become available for release Lo groundwater and wigra-
tion through the SWSA-6 site until after the aluminum claddiog plates
have bheen breached by pit or crevice corrosion reactions. Therefore, the
rate of corrosiocn of the aluminum plates under SWSA-6 soil/groundwater
geochemical conditions is an important parameter in calculating the
europiuvm rvadioactivity releases that may be associated with the ewmplaced
control plates. We have also assumed that tantalum radionuclides such as
182Ta, half~life of 112 d, would not be significantly relessed to ground~
water from the tantalum-aluminum compact after aluminum cladding breach
because of the chemical stability and corrosion resistance of tantalum

metal and have not further considered the velease of tantalum radionuclides.
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A good general summary of the corrosion of aluminum in aqueous
environments is given in Shrier 1977. Based on that discussion and
experience at ORNL, it seems reascnable that the most likely failure mode
of the aluminum cladding in contact with the wet soil would be pitting
corrosion. Shrier 1977 points out that very low levels (fractional ppm)
of heavy metals in water, such as copper, produce pits in aluminum alloys.
The ezperience with aluminum in potable water (Gray et al. 1973) and in
water-filled beam tubes in the Osk Ridge Linear Accelerator (Griess and
Neumann 1968} illustrate the susceptibility of aluminum to pittiag in
stagnant water. The composition of the aluminum alloy sppears to be of

only mlnor importance with regard to pitting in water.

A few laboratory tests with small specimens were run to simulate the
corrosion of defected control plates (English and Griess 1965). 1In 1965,
a gadolinium—-sagarium—europium oxide mixture with aluminum was under
consideration for the neutron-adsorber material, so the test results may
not be directly rvepresentative of the corresion behavior of the Eup03-
aluminum regions of the curreat HFIR control plates, In these accelerated
tests, appreciable reaction occurred between water and the rare-earth
material, Severe exfoliation occurred along edges of contact between the
rare—earth material and water for sheared specimens, and blisters developed
in samples defected by drilling holes through the alumionum cladding. 1Ian
an extreme case, an aluminum-clad, rare-earth compact split after 100 h
exposure to pH 5.0 water at 100°C. 1t appeared that the water had reacted
with the rare—earth oxides to form z larger-volume product, probably a

hydrated oxide or hydroxide, which forced the cladding plates apart.

The available information describing control plate corrosion under
conditions representative of the SWSA-6 soll/groundwater system 1is
extremely limited and allows consideration of only a conjectural model
of control plate corrosion after failure of the auger-hole liner and the
subsequent intrusion of groundwater., The following sequential events may
occur:

Event 1 — The discharged control plates, minus the aluminum end
pieces that have been removed, are placed in the auger

hole in a mild steel shipping can that has holes in the
1id and bottom. The auger hole is filled with sand or
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soil. No release of europium radionuclides occurs as
long as the aluminum cladding has not been ruptured
during the disposal operations.

Event 2 - The auger-hcle liner {(when present) fails, and ground-
water enters the shipping can through the holes in the
1id and bottom of the can., The control plates are now
in a wet soil/groundwater system at a pH between 4.4
and 7.7 (the pH extremes reported for SWSA-6 seil/
groundwater systems; see Sect. 2.4.1), and are in
contact with the mild steel can. Corrosion of the
aluminum cladding hegins, but no release of europium
radionuclides occurs since the cladding has not bean
breached.

Event 3 - Pitting corrosion continues until smsll breaches occur
in the aluminum cladding, and groundwatetr contacts a
small area of the Eujs03-aluminum cermet, Some of the
Eu203 hydrolyzes, and some soluble europium is formed.
A swall amount of the euvopium diffuses through the
breaches and is available for migration with groundwater
through the site.

Event 4 - Pitting and crevice corrosion of the aluminum cladding
continue. More groundwater conbacts a greater volume
of the europium cermet. More of the Euj03 hydrolyzes
to form larger-volume products {possibly Eu(CH) 3]
which expand and cause extensive rupturiag of the
aluminum cladding. Now, extensive contact between the
fup03 and groundwater occurs, More suropium dissolves,
and more europilum becomes available for migration with
groundwater through the site, The concentration of
europium may be controlled by the solubility product
for Eu203 or Eu(OH)3. The hydrolysis and dissolution
reactions continue until all the europium radionuclides
have been leached from the control plate wastes and
discharged to the site soil/groundwater system.

The existing ionformation 1s inadequate to allow accurate prediction
of times for this conjectural series of corrousion steps. The evelufion
of events might take a number of months or years. Laboratory research
would be required to identify and to quantify the rates of the various
corrosion reactions involved. Since discharged control plates have
accumulated a significant neutron and thermal exposure, they could
perforim differently in the soil/groundwater environment than unirradiated

control plates. Lt might be necessary to conduct corrosion experiments
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with samples of irradiated control plates in order to develop defensive
corrosion rate data. If so, such research would need to be conducted
in hot cells for radiation shielding. Buch work could represent an

appreciable effort.

For ocur modeling calculations, we arbitrarily modeled the cladding
failure at 2 and again at 4 years after the failure of the auger-hole
liner. These values were chosen since 1t seemed unrealistically conser-
vative to assume instantaneous fallure of the cladding on contact with
groundwater. On the other hand, there is no evidence that exists to
suggest that the ciadding mlght remain dntact for periods of time as

long as decades.

4,3.3 Rate of Reaction of Cermet with Groundwater

The europium radiconuclides are contained in a unique europium oxide~
aluminum metal cermet., Apparently no studies of the reactions that may
occur between this cermet and water have bheen performed, thus we can not
predict the rate of reaction after the cement 1s contacted with ground-
water or, with certainty, even the compounds which might be formed. 1In
the absence of other evidence, we have assumed that the europium oxide
portion of the cermet would react to yield the same products as pure
europlum oxide. Therefore, we were forced to assume that europium oxide
(Euy03) chemistry would describe the behavior of the control plate cermet.

We considered both direct solubilization of the europium oxide
Eu203(solid) + 6HY = 2863V + 31,0 , (4.5)

and hydrolysis of the cermet by groundwater at the time of cladding

breach to form high surface area Eu(OH)3 and subsequent solubilization.

i

Euzoa(cemet) + 3H20 ZE\I(OH)B(Solid) ’ (4.63.)

|1

Eu(OH) 3(g014d) + 3H* = Eu3t + 1.5 Ho0 . (4.6b)
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0f the two, the hydrolysis reaction may be the wmore likely, based oo the
observation of English and Griess 1965 that the rare-earth oxide portiom

of defected cootrol plate speclmens showed swelling and exfoliation.

In the abseonce of any reaction rate iInformation, we were unable to

take any credit for the reaction rate of the cermet with groundwater.

4,3.4 Time of Initial Radioactivity Release

The time of initial radiocactivity release depends upon (1) the
length of time for the aluminum cladding in the unlined augetr holes Lo
fail, (2) the length of time for the galvanized steel plpe liners in the
lined holes to fail, and (3) the length of time for the aluminum cladding
in the lined holes to fall. No credit was taken for the reaction time of
the cermet with groundwater. We examined two cases to show the effect of
time to failure of the two types of barriers, The first case assumes a
life of 10 years for the galvanized pipe and a life of 2 vears for the
aluminum cladding following first exposure to groundwater, or am initial
release time of 12 years after emplacement. The second case assumas a
life for the galvanized liners of 20 years and a2 life for the aluminum
cladding of 4 years, resulting in an initial release time of 24 years
after emplacement. It should be understood that the actual time these
two barriers fail 1s highly uncertain io the abseonce of data in SWSA-G,
As discussed, the time to failure of these barriers depends upon many
factors including the soil pH, dissolved ions, oxidation potential,
radiolysis effects, etc. Even though if would be more conservative fo
assume that the time of barrier failure is zero years (i.e., immediately
after emplacement), we felt that such an approach would be overly counser-
vative and fail to take credit for a reasonable life of the galvanized
steel auger hole liners and the aluminum cladding. Clearly, better
information on this subject would be needed to allow estimation of a more

accurate time of initial release.
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4,3.5 Radionuclide Solubility

A literature search for information on the system Eup03~-H20 was
conducted, but very little information relevant to europium(II1) chemistry
under typlcal groundwaler geochemical parameters was Identified. Under
the range of soil/groundwater acidity conditions reported for SWSA-6, pH
4.4 to 7.7 (see Sect. 2.4.1), neither the equilibrium europlum solid
phasa(s) nor the eurcopium solution species have been characterized

experimentally.

A previously published calculation of Eu(IIL) solubility in more
alkaline carbonate groundwaters at a pd of 8 (Early et al. 1982) was

based on data for the Buy03 solubilization reaction:
0.5 Buy03 + 3t = Eudt + 1.5 H,0 Tog K = 26.7. (4.7)

Farly et al. 1982 referenced the source of that equllibrium constant as
Benson and Teague 1980, which 158 a compilation of thermodynamic data for
many elements common to radioactive waste systems., Most of the data in
Benson and Teague 1980 are referenced to the original literature source
that they used. However, they state that some of the data have been
obtained by estimation or extrapolation where published information was
not available. The Eup03 solubilization reaction given in Benson and

Teague 1980,
Eug03 + 61t = 28wt + 3H,0 , Log X = 53.33 , (4.8)

was unreferenced. Thus, it seems likely that this reaction for the
solubilization of HEu,03 was obtained by some sor! of estimation; Benson
and Teague 1980 did not discuss this reaction in the text of thelr

report.

Data have been published (Baess and Mesmer 1976) for the solubili~-

zation reaction for europium hydroxide:

Eu(OH)3 + 3HY = Eu3t + 3H,0 , Log X = 17.5 . (4.9)
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(In these calculations, we have assumed that the equilibrium constant, K,
is egquivalent to the egquilibrium quotient, Q, because the groundwaters
have low ionic strength.) This equilibrium constant was estimated (Baes
and Mesmer 1976) by a comparison of the hydroxide crystal o parameters
and hydroxide solubility constants for the lanthanide-group elements.
Apparently, Baes and Mesmer 1976 were unable to locate specific hydroxide
golubility constant data for europifum(III). Baes and Mesmer 1976 also

report constants for the first hydrolysis reaction of Eu3t ag
Eud?t + #y0 = Euon?t + 0t , Log K = ~7.8 ; (4.10)

and, for the solubility of the mneutval hydroxide species, as
Ku(OH) 3(so01id) = Eu(OH)3(golution) » Log X = ~%.2 . (4.11)

The log K value for Eq. (4.10) apparently was derived from a correlation
of the formation quotients vs rhe quantity of the lanthanides, but the
log K value for Eq. (4.11) was derived from “"smeothed” data for hydrolysis
reactions. All of the pertinent europium thermochemical values in Baes
and Mesmer 1976 appear to have been derived through extrapolation and

lanthanide group element similitude rather than experimental measurement.

Since the solubilization reactions for either the oxide,; Euz0j3
[Eq. (4.5)], or the hydroxide, Eu(OH)3 [Eg. (4.6b)], are dependent upon

the third power of the hydrogen ionm concentratioun,

3 . —
[E[:U.*;—]a = 10175 or 1026./ , (4.12)
H

the Eud*t-saturated sclution concentration calculated from these reactions
is very sensitive to the solution pH used in the calculation. Thus,
using the log K value for either of these reactions, europium is calcu-
lated to be very soluble at pH 4.4. In fact, the values obtained for
[Eu3?] are so large as to be meaningless. It is possible that neither

Euz03 or Eu(OH)3 are the the correct equilibrium selid phase under pH 4.4
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geochemical conditions. A hydrated oxide, or possibly a silicate or

some other compound might be the appropriate stable solid phase. At pH
4.4, the [EuOH?Y] concentration would be insignificant. From Eq. (4.10),
the [EuOH2+] would be only 10734 of the [Eu3+] concentration (i.e.,
hydrolysis 1s not important at low pH)., Since Eq. (4.11) is independent
of pH, the concentration of the neutral species Eu(OH)3(golution) Would
be only 10"3’2q§, and this value would be meaningful only if the hydroxide
is stable at pH 4.4, 1t appears that only the species Eu3t {g important
in considering europium solubility at pH 4.4, and that the saturated
solution concentration of this species could be high, but an accurate
value caonnot be calculated because of the inadequacy of the supporting

thermochemical data.

Much lower europium solubilities are calculated at pH 7.7 using
Egs. (4.7) and (4.9) and their equilibrium constants., For Euz03, the
calculated [Eua*] is 103‘6‘§ at pHd 7.7. However, this solubility value
is still much too large to be meaningful or acceptable. It is not
consistent with qualitative observations of low europium solubllity in
neutral or slightly alkaline groundwater solutions {(Meyer 1986). Hydro-
lysis and precipitation of acidic scolutions of europium salts usually can
be observed to begian at about pH 5 to 6, and solubility decreases further
at higher pHs. For Eu(OH)3, the calculated [Eu37] is 10758 M at pH 7.7.
The ratio of [BuOH?Y]/[Eu®"] calculated from Eq. (4.10) is= 10701, An
additional europilum solubility of 10”9’2,ﬂ is contributed by
Eu(OH)3(solution)+ Thus, at pH 7.7 the total europium saturated solution
concentration calculated from the available data for the species Budt +
EuOH? ™t + Eu(OH)3(solution) 15 about 5 X 10*5‘ﬁ. This wvalue, at least, is
not inconsistent with gqualitative observations of low eurcpium solubility
in neutral oy slightly alkaline solutions. Considering the very poor
quality of the supporting thermochemical data, however, the value of

5 x 10"5_§ could easily be in error by several orders of magnitude.

One experimental weasurement of europium solubility was identified
(Ral and Serane 1978). Their plot of eurcpium activity vs pH (Fig. 4.2)
shows a strong dependence on pH. We have assumed that activity may be

taken as equivalent to concentration for the low europium councentrations
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Fig. 4.2. The influence of pH on the activity of europium in
solution {Fig. 14 of Serne and Rai 1976).
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and low ionic strength of the supporting solution, Thus, by extrapolating
the data in the figure to pH 7.7, the solubility of F13+ would be between
10~7 and 1078 mol/L. At lower pHs the solubllity increases rapildly and

at the lowest pH experimentally wmeasured, pH 5.5, the plotted solubility
is between 1072 and 1073 mol/L. At pH 4.4 the extrapolated saturated
solution line would be off the top of the graph.

We then compared these literature europium solubility values with
practical laboratory experience at ORNL. Generally, europium solubility
is known to decrease with increasing pH. In one brief qualitative experi-
ment, a europlum nitrate solutien was added to SWSA-6 well water at pH
7.3 (Friedman 1986). At an Eu3t concentration of 10~3 mol/L, a visible
precipitate formed immediately. At 1073 mol/L or lower concentrations,
no precipitate formed. 1In oongoling work in the ORNL Chemistry Division to
study europium chemistry in groundwater relevant to a candidate high-level
waste repository at Yucca Mountaln, Nevada (Meyer 1986), the chemistry of
europium at near-neutral pH has proven to he complex. When this ground-
water was brought to a coancentration of 1074 mol/L Eu3+, no precipitate
was seen, However, slow veactions occurred over a period of months which
gradually decreased the apparent solution concentration of europium to
less than 10™% mol/L without the appearance of a visible precipitate.

The nature of these reactions is currently unknown.

For the calculation of the release of europium radionuclides from
the planned Central Waste Disposal Facility at West Chestnut Ridge, Pin
et al, 1984 used a value of 1 x 107" mol/L for the solubility of Eu3t at
pH 6.9, That value was obtained from a calculation of the solubility
limit using the computer code PHREEQE assuming Eu(OH)j3 to be the saturating
solid phase. Computer codes such as PHREEQE require thermodynamic data
as input information, and it seems likely that the calculation used esti-
mated or extrapolated values for Eu(OH)3 (possibly the estimated data for
Eu(OH); from Baes and Mesmer 1976) since no other thermodynamic data seem

to be available.

Even though the europium solubility information available is very
limited in scope and of uncertain accuracy, it does suggest the following

for consideration in estimationg europium solubility in SWSA-6 groundwater:
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The calculated europium saturated solution concentration will
be very sensitive to the solution pH used in the calculation,
regardless of the specific thermodynamic value employed.
Similarly, measured europium solubility values were highly
dependent upon the experimental pH. Therefore, knowledge of
the near~field groundwater pH in the immediate vicinity of the
disposed control plates is essential for a defensible calcula-

tion of europium solubility and, then, release rates., At the

Fe

present time, ths groundwater pH at SWSA~6 is nol well known
(see Sect. 2.4,1) and can only be bracketed by the range of
measured values of pH 4.4 to 7.7. Better characterization of
pH of SWSA-6 soil/groundwater system{s) will be needed to
improve the accuracy of euvopium solubility and release rate

calculations for SWSA-6,.

U

If the near~field SWSA-S groundwater is as acidic as pH 4 to
(values typical of shale~derived soils), then europium released
from the control plates could be rvelatively soluble., The avail~
able thermodynamic data (or experimental information) are
insufficient to allow quantificabijon of the term "relatively
soluble.” Laboratory research would be regquired to characterize
the Eup03-H20 system in this pH range and measure appropriate
thermodynamic constants. Such an investigation could represent

an appreciable effort.

If the near-field SWSA-6 groundwater system is neuiral to sligutly
alkaline (pH of 7 to 8), then eurcpium released from the control
plates could be relatively inscluble. Agaian, the the available
thermodynamic data (or experimental informatiou) are inadequate
to allow accurate quantification of "relatively insoluble™. 1In
order to better quantify the europium solubility and release

rates, an appreciable laboratory research sffort would be required
to characterize the system Bup03~H0 in this pll range and measure

appropriate thermodynamic constants.
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After consldering the uncertainty assoclated with the sparce infor-~
mation available for the selection of europium solubility walues for use
in the release rate calculations, we elected to use 10™* and 1075 mol/L
because it seemad possible that the europium solubility under conditions
which may exist in the S5WSA-6 auger holes might be bracketed by these
solubility values. The higher solubility value could typically result
from low pH, radiolysis effects, and/or presence of complexing anions
(such as ) or complexing organics (such as EDTA). The lower solubility
value could be indicative of (1) higher pH conditicns, and (2) the absence

of radiolysis effects or complexing reagents,

4.3.6 Radionuclide Diffusivity

A search of Chemical Abstracts identified only one reference that

gave values for the diffusion coefficient of the Fud? ion in aqueous
solutions. Horowitz and Bloomguist 1972 reported values for the self-
diffusion coefficient of Eu(III) in dillute nitric acid solutions at
various temperatures, The self~-diffusion coefficient 1s equivalent

to the diffusion coefficient at infinite dilution, so we accepted the
reported value of the self-diffusion coefficient at infinite dilution
at 25°C for use in the calculation of europium diffusion through the
boundary layer., The value 1o that reference was given as (1.24 % 4) X
107 cm?/s. Since the reported error was larger than the first signif-
icant figure of the value, we chose to round it to 1 x 1073 em?/s.

This reported value 1s consistent with other tabulated wvalues of the
diffusion coefficients for strong electrolytes at dilute concentrations
(Table F~62 of CRC 1976-1977), which range from 1.3 to 1.9 x 107° cm?/s
at 25°C. The diffusivity of Eu3% in the boundary layer was taken as

1 x 1075 em?/s in the calculations.

4,4 MODELS FOR ESTIMATING RELEASE OF EUROPIUM RADIONUCLIDES

HFIR control plates and a cylinder were placed in both lined and
unlined holes 1n SWSA-6. The wastes in the unlined auger holes were
assumed to be directly in contact with infiltrating ralnwater because

the shipping can has holes in the top and bottom. The wastes were
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assumed to be contacted with a volume of water esqulvalent to the net
infiltration rate (13.75 in./year) times the cross~sectiomal area of

the auger hole (1735 in.2), and the release rate~limiting step was
assumed to be the saturation of this volums of groundwater by europium.
We envisioned two possible release modes for the wastes in the lined
auger holes. In one case, we assumed that the concrete end plugs, and
possibly alse the steel liner, underwent massive failure. Thus, for this
case, the wastes in the lined auger holes would experience a groundwatey-—
contact situation similar to the wastes in unlined auvger holes, and the
release of radionuclides was similarly modeled by assuming saturation as
the rate-limiting step. We also envisioned 2 situation where the auger~
hole end plugs would remain intact, but the linev would corrode and
develop a limited number of small breaches which would allow groundwater
to enter and saturate or flood the interior of the linsr. For this case,
we assumed the wastes were standing in stagnant groundwateyr and that
diffusion of radionuclides into the boundary layer would be the ralease
rate~limiting step. The calculation of the release of europium radio-
nuclides from these two modes of groundwater contact will require
separate modals. The following sections describe the models utilized

to estimate release from each type of emplacement,

4.4,1 Diffusion~Limited Release Model

As discussed in the previous sactions, ws assume that the europium
radionuclides are not released into the soil/groundwater system until the
galvanized steel liner in the disposal well and the aluminum cladding on
the control plates and cylinders both fail due to corrosion, We assume
that when the galvanized pipe falls, water will fill the pipe. This
influx of water will cause (1) the aluminum cladding to fail, and (2) the
europiuwm to dissolve and saturate the water inside the pipe. We assume
that the pipe dees not completely disintegrate, but maintains its shape
and prevents europium trausport by convection. That is, we assume that
the waiter enters the pipe upon failure; however, because the water flux
is vertical and parallel to the pipe walls and is prevented from Inter~

secting the pipe contents by the concrete plug on top and bottom of the
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pipe, the dissolved eurcopium species saturating the water inside the pipe
are transported only by molecular diffusicn in the direction perpendicular
to the pipe and are convected away by the vertical water flux once the
europium species diffuse from the vicinity of the pipe wall, The situa-
tion is diagrawmmed in Fig. 4.3.

An approximate solution for the molar flux of europium diffusiag
from the perforated pipe into the downward flow of water around the pipe

is given in the folleowing equation:

- 2 L 32 hye 4.3 2
Ni TR U lei(gwl) (z%/2 - 4r°/3 + ¢ 1/6) , (4.13a)
> 0.
¢ = 1.ss G20 (4.13b)
R_?U
where
Ni = molar rate of diffusion of europium isotcpe 1 from the plpe

wall into the water flowing through the soil, g-mol/s;

D = the molecular diffusivity of europlum, cm?/s;

€ = perosity of the soil, dimensionless;

Cy = saturation concentraticn of europlum inside the pipe, gmmol/cma;

= radius of the pipe, cm;

L = length of the pipe, om;

U = darcy velocity of water in vertical direction, numerically
equal to that portion of rainfall which penetrates the ground,
em/s;

f. = relative abundance of europium isotope 1 (dimensionless

fraction).

This equation is devived in Appendix B, Table 4.3 shows values for
relative abundance, fi’ in each hole in SWSA-6 as of Jume 1, 1986. These

values were calculated from information found in Sect. 4.2.
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Table 4.3, Average europium isotope concentrations
in SWSA~-6 asuger holes as of June 1, 1986

Average concentration (at. %)

Auger
hole No. 1525y 15b5y 1558y
235 0.25 0.05 1.02E-03
236 1.64 0.93 1.95E~01
272 2.29 1.59 3.97E-01
Unknown 2.34 1.77 4. 73E~01

4.4.2 Saturation-Limited Release Model

For modeling the release from the unlined auger holes or from lined
auger holes after massive liner faflure, we assume that europium radio~
nuclides are not released until the aluminum cladding on the control
plates and cylinders fall. This event is assumed to be 2 or 4 years
after emplacement, After failure of the cladding, the rate of release of
each isotope 1s assumed to be given by the product of the eurcpium solu~
bility in the groundwataer, the relative abundance of the 1sotope under
consideration, the flux of water, and the cross section of the hole in
which the plates have beea buried. The diameter of the unlined heles is
assumed to be 47 in. The equation for the release rate is

N, =7 RQZ U C (4.14)

i Ifi ’

where the definition of the variables are the same zs for Eg. [4.13(a)(b)]

4,5 RELEASE RATES OF EUROPTUM RADIONUCLIDES

4.,5,1 Mized Release Rate~Limiting Modes

The more conservative euvropium release situation invelves s mixture
of release rate~limiting modes, and we chose to model that situation
firast, For this_gase, the trelease of radiocactivity from wastes in the
unlined anger hole {ses Table 4.3) was assumed to be contrelled by the

solubility (saturated solution concentration) of Eu3? fons in the
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infiltrating groundwater, and the release rates wera calculated as
described in Sect. 4.4.2. The release of radicactivity from the wastes
in the lined auger holes was assumed to be controlled by the diffusion

of Eudt ions through the boundary layer, and the release rates were
calculated as described in Sect. 4.4.1. A base—case situation was
selected, and then the sensitivity of the calculated release rates to
changes iun some of the input values was explored. The base case assumed
the following: the liner (when present) falls 10 years after emplacement,
the aluminum cladding fails after 2 years of exposure to groundwater
(thus, 12 years after emplacement for the lined auger holes), and the
europlum solubility is 107% mol/L. The release rates of europium radio—
nuclides for 530 years after emplacement are shown in Fig. 4.4. The wastes
in the unlined hole begin to release activity in 1982, while release from
the wastes 1in the lined holes is delayed until 19292, The pesak release
occurs about 1995 and is about 5.3 Ci/vear total for 152, 154, 155g,,,
Because the calculated release rates are directly proportional to the
value used for the Eu3+'solubility, the rates are 2 ordevs—of-magnitude
greater (Fig. 4.5) if the solubility is assumed to be 107" mol/L. Thus,
for this case, the maximum release rate in about 1992 is ~420 Ci/year for
152,154,1555,, If, on the other hand, the time of release is delayed by
assuming that the liner remains intact for 20 years and the aluminum
cladding failure is at 4 years (total of 24 years for the lined holes),
then much lower release rates are calculated because of the continuing
decay of the radioactive isotopes during the isolation (prerelease)
period. As shown in Fig. 4.6, now the two release-rate peaks are delayed
to about 1987 and 2006, and the total release rates are only 2.2 and 1.8

Ci/year,respectively.

4.5.2 Single Release Rate-Limiting Mode

It is possible that the release of radioactivity from wastes in both
the unlined and lined auger holes could be controlled by the solubility
of europium in the intruding groundwater, as discussed in Sect. 4.4, and
we have also modeled this situation as described in Sect. 4.4.2. It also

was of interest to model this situation as a check on the release rates
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calculated by the diffusion wmodel (Sect. 4.5.1). The same range of Input
values was used in the calculatioans: time-to-failure of the liuner (when
prasent) of 10 and 20 years; time—to~—failure of the cladding of 2 and &
years; and, Eu3’ solubility of 10™% and 107% mol/L. The calculated
release rates for the base case are shown 1o Fig. 4.7. For the base
casa, the wastes in the unlined holes dominate the release vates;
releases begin about 1982 and peak at about 1.6 Ci/year in 1985. If the
suropium solubility is assumed to be 107" mol /L instead of 1076 wol/L.,
then the calculated release rates are 2 orders-ocf-magnitude greater {(Fig.
4.,8)., 1f the liner and cladding arve assumed to remaln intact for 20 and
4 years, respectively, then (Fig. 4.9) the release rates are slightly

reduced relative to the base case in Fig. 4.7.

Iu comparing thess calculated single-mode release rataes (Figs, 4,7
4.9) with those calculated for the mixed mede (Figs. 4.44.6), it can be
seen that the calculated releases from the wastes in the lined auger
holes are substantially lowsr. These lower values vesuli from the
underlying assumptions used to coastruct the release models. When the
rate~limiting step is assumed to be saturation of the infiltrating
groundwater, the only area for release is that of the auger-hole cross
section because wno allowance is made for axial mixing. When the tate-~
limicing step is assumed to be diffusion from the entire cylindrical
surface of Che auger hole, however, a much greater arez for release is
praesent which tesults in larger calculated release vates. The actual
situation in SWEA-€ probably is somewhere betweea these two modeling
limits — an interesting case where release calculations based on the
saturalbion of the volume of infiltrating groundwater is not unecessarily

the most conservative or maximum limiting rate.

4.6 CONCLUSIONS AND RECOCMMENDATIONS

4.6.1 Predicted Performance of Emplaced Cylinder and Plates

Within the limitations of the caveats in the following paragraphs,

we believe that the europium release-rate calculations described in
Sect. 4.5 may bound the actual situation for the control cylinder and

lates emplaced in SWSA~6. The release-~rate plots for the bounding

o]
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situations ars repeated in Fig. 4.10 for easy comparison. The lower
bound (least conservative, or lowest release rates) occurs with the
single-mode release model where the near-field ralease from wastes in
both lined and unlined auger holes are assumed to be limited by the Eu3t
solubility in the volume of infiltrating rainwater. Release begins about
1984 and peaks at a total of about 1.3 Ci/year in about 1987, After
about 1987, the curves decrease due to the radioactive decay of the
respective radionuclides, and the proportions between the 152Eu, 15”Eu,
and 1°%Eu curves changes accordingly. The small spike in the curves at
about 2006 is caused by the release from the lined auger holes. The
higher bound (most conservative, or highest release rates) occurs with
the mized~-mode release model, where release from wastes (1) in unlined
auger holes is assumed to be solubility limited, and (2) in lined auger
holes is assumed to be limited by diffusion of Eu3+’through the boundary
layer. The wastes iv the unlined auger holes begin to release activity
about 1982 and peak at about 290 Ci/year about 1984. A greater release
peak of about 420 Ci/year occurs about 1992 due to releases from the
wastes in lined auger holes. The release rate drops abruptly at about
2015 because all of the europium has been leached from the wastes in the
lined holes. As discussed in the following paragraphs, bstter input data
would be necessary to reduce the range between these bounding calcula-
tions or to increase the certainty that these two calculations do

actually bound the SWSA-6 system.

The predicted near—field radiocactivity release rates for the contvol
cylinder and plates emplaced in SWSA-6 is much more uncertain than for the
stainless steel and cobalt alloy parts or for the beryllium reflectors.
This uncertainty results from a lack of information for a number of the
important parameters used in the calculations, which include (1) time of
failure for the auger-—-hole liner (in the cases of lined auger holes),

(2) time of failure of the aluminum cladding, (3) rate of the reaction of
the europium cermet with groundwater, (4) the solubility or saturated
solution concentration of europium in groundwater, and (5) the pH of the
near~field groundwater (which has a major effect on the sclubility

value). Conservative, limiting, or reasonable assumptions were made to
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supply the missing accurate or site-specific data for the calculations.
In some cases, several values were used in the calculations to explore
the sensitivity of the release rate to specific parameters. In light of
the uncertainty in the data used, it seems reasonable to suggest cantion

in considering envirommental impacts, remedial action options, or future

-4 &

disposal options basad oa these calculated release rates,

The europium release vates are dirsctly proportional to the solubility
value used in the calculations. We employed values of 1 x 107° wol/L and
1 x 107" mol/L for the europium(III) sclubility. There is comsiderable
uncertalanty in the validity of these values for the near-field system
(see Sect. 4.2.6), which results both from the lack of experimental or
thermodynamic data as well as the strong dependence of the europium solu-
bility on the groundwater pH., The pH of the SWSA~5 near~field system
also is poorly known (see Sect, 2.4.1). Better information for both the
groundwater pil and the solubility of europium are needed to improve this
aspect of the calculations. The times for failure of the auger-hole
liners (10 and 20 years) and the aluminum cladding (2 and 4 years) are
simply estimates because of the absence of any applicable data. The
europium isctopes have relatively short half-lives (decay rapidly), thus
if these barriers lasted longer than assumed for these calculatiouns, the
radiocactivity release rates would be subsiantially reduced. Bztter
information on the corrosion rates for these materials is needed to
improve these aspects of the calculations. Improved corrosion rate data
could be particularly useful in the consideration of remedial action

options.

Since no information is available descriptive of the reactions of
the euvopium cermet with groundwater, we assumed instant reaction and
dissolution until the saturated solution concentration of europium is
reached., This may be an unrealistically conservative assumption. Better
data on the reactivity of the europium cermet could resuli in substan-—
tially delayed radiocactivity releases, Due to the reslatively short
half-lives of the eurcopium radionuclides, inclusion of this release
barrier would significantly reduce the release rate values as releases

are postponed to later dates.
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The limited evidence available to date from SWSA-6 monitoring well
samples (ORNL 1985) does not indicate that europium isotopes have already
been released from the HFIR sources as predicted by this model. One
possible explanation for this negative finding is that the aluminum plates
have not yet failed, and thus the barriers to release have a substantially
longer life than was assumed in this study. Another possible explanation
is that the solubility of europium in the groundwater in SWSA-6 1s indeed
very low (<108 mol/L), and the release rates of europium are small enough
so that the Eu3? concentration in monitoring well samples has not been
detected at this time. Since sorption of europium on waste materials or
soll has not been considered in these near—field calculations, it also is
possible that europlum released from the control plates or cylinders has
been sorbed by adjacent solids and thus is not available for migration to
the SWSA-6 wmonitoving wells,

4.,6,2 Additional Research/Development Needed

Considerable additional R&D work would be needed to substantially
decrease the uncertainties in the calculated europium near~field release
rates. Corrosion Iinformation to pin-point the time of failure of the
auger-hole liner and aluminum cladding is needed under site-specific
geochemical conditions. The reactivity of the europium—~aluminum cermet
with groundwater should be investigated. Also, the solubility or
saturated solution concentration of europium(III) under the near-field
and far-field groundwater geochemical conditions should be experimentally
explored., Finally, quantification of the releases of europium predicted
from the SWSA~6 site to the environment would also require values for the
far-field sorption processes, Measurement of all these parameters would
certainly be a significant laboratory experimental project extending over
several years., An alternative approach to improving the release calcula~-

tions is suggested below.

Since isolation of the control plates from groundwater for >134 years
would allow nearly complete decay of all the europium radionuclides, an
alternative approach would be to study only isolation features — a plan

that would be effective either for remedial action or future disposal
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options. Utilization of a hole liner of sufficient integrity to assure
isolation for >134 years would resclve environmental concerns {since the
europium radionuclides would have decayed) and negate the nsed for an
extensive R&D program to quantify all the release-rate paraneiers
discussed above. Such a liner might be made of thick steel; advanced
metals such as titanium, or bulk waterials such as concrets. The liner
might be employed in below-grade or above-grade tumulus configurations.
Therefore,; we suggesl glving priority to the comsideration of am improved
liner for potential use in future disposal of control plates from the

HFIR.
5. REFLECTORS

5.1 DESCRIPTION OF REFLECTORS EMPLACED IN SWSA-6

The core and control cylinders of the HFIR are surrounded by a
nassive neutron reflector (Fig. 1 of Bowden et al. 1984}, The following
discussion of reflector disposal was developed through discussions with
HFIR operations staff (Farrar 1986). The reflecitor is highly purified
beryllium (99.99% Be) and is not clad or covered with other material.
When the reflector is replaced, the various segments are removed from
around the reactor and stored im the HFIR pool. For shipment to SWSA-G,
the reflector segments are broken up and placed in a shipping can
constructed of l6-gauge mild steel. The can has holes in the top and
bottom so that pcol water will drain when the can is raised from the
pool. The shipping can is emnclosed in a transportation shield for
shipment to SWSA-6. At SWSA-&, the transportaiion shield is positioned
over an auger hole,; and the shipping can containing the veflector parts
is lowered into the hole. The steel~-lowering cable is discarded with the

Ccainl .

Operation of the HFIR results in neutron capture reactions that form
soma 10Be (half-life 1.6 x 106 years) in the reflector. All half-lives
are from Walker et al. 1984, Althcugh the reflectors are manufactured
from 99.99% beryllium, impurities in the beryllium could lead to the

formation of other radionuclides. Based on literature information of
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contaminante in reactor—grade beryllium (Cukr 1978), we have included
55Fe (half-life 2.3 years) and *1Ca (half-life 1.0 x 105 years) in our
calculations. For the period 1977 through 1984, the data base shows that
400 Ci of 10Be were placed in auger holes at SWSA-6 (Table A.2 of Boegly
et al, 1985). Apparently, the curie content of neutron-activated con-
taminants in the beryllium was not reported. During this periocd, nine
sets of HFIR reflector assemblies, or about 1200 kg of Be, were shipped
to SWSA-6 (Farrar 1986).

5.2 CALCULATION OF RADIQACTIVITY RELEASE RATES

5.2.1 Inventory of Reflector Components in SWSA-6

The list of bheryllium reflector components that are buried in SWSA-6
were supplied to us by the operating staff of HFIR (Farrar 1986) from
their operating records. These components are listed in Table 5.1 along
with component welghts, accumulated irradiation in the reactor, the maxi-
mum flux to which the components were exposed, and the date of removal
from the reactor. From this information we estimated (using the
equations in Sect. 3.1) the specific activity (Ci/kg) and total activity
(Ci) of j+1Ca, 55Fe, and 1%8e., These values are also shown in Table 5.1.
This table shows that the total activily of these three radionuclides in
the reflector components are not wajor contributors to the radioactive
contents of SWSA~6. Our calculated 10Be inventory value of 0.0721 Ci is
in very poor agreement with the data-base lnventory given in Table 4,2
of Boegly et al. 1985, which shows 400 Ci of 10Be in the auger holes.

We believe that our calculated value cannot possibly be in ervor by such
a large margin but have no good explanation for the difference in the
two numbers, 1t is possible that the data base contains a significant

misestimation for this radionuclide.

5.2.2 Waste Leachate Chemistry

The waste leachate was assumed to be infiltrating rainwater., As
discussed in Sect. 2.4.1, the most important SWSA-6 groundwater aspect
for corrosion and solubility estimates is the acidity. We used the

extreme pH values observed for the SWSA-6 soil/groundwater system (pH 4.4



Tabla 5.1. Discharge from HFIR and inventory of beryiiium reflectors empiacad in SWSA-6
Time In Total activity as of
{rradiation reactor Flux Discharge Emplaced dune 1, 1986 (C1)
{MWd) (years) (neutrons/cmZ.s) date {kg) blng 55¢4 10g,,

Parmanent refiector

No. 1 278254 8e31 1e5E+15 6/7% 5473 3.,95E=03  1,67E+30 4,.87E-02
Semiperm. reflector

Nos 1 190009 5.67 1«5E+15 10/72 50,9 2.51E=-04  6.77E-02  3.05£-03

Noe 2 122616 3466 1.5E+15 8/76 50.9 1e62E~04  1,45E-01 1.97E=03

Noe. 3 171791 5.13 1.5E+15 10/81 509 2.27E-04  5.54E-01 2,76E-03
Removabie rofiector

Noo 1 482256 1ed4 1.7E+15 6/68 12648 1.80£-04 2.528-02 2,19E-03

No, 2 76570 2,29 1e7TE+15 $0/7¢ 1258 2.85E=04  6461E-02  3,48E-03

Noe 3 82769 2.47 T TE+15 4/73 12648 3.08E=04  1,33E-01 3¢ T6E-03

Mo, 4 105060 3.14 {e 7TE+15 8/76 12648 3.92E=04  3.72E=01  4,77E-03
C. Rs access piugs

No, 1 235292 7.02 1.5€+15 6/15 27.3 1a66E=04 7,87E-02 2,03E-03

TOTALS  1234,5 5.92E-03  3.22EX0 7,21E-02

z8
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and 7.7) in the modeling calculations. Because of the slow corrosion
rates (low chemical reactivity) of the beryllium metal (Sect. 5.2.5), it
seemed unlikely that the waste form would substantially alter the in situ

near—-field geochemical parameters,

5.2.3 Time of Radioactivity Release

We asgsumed that radioactivity release would begin immediately on
the emplacement of the waste in the auger hole [i.e., the time of initial
radiocactivity release used in the release rate calculations (Sect. 5.2.8)
was 0 years]. This assumption was reached because no engineered aspects
exist to isolate the waste from Iinfiltrating rainwater. The auger holes
typlecally are uot lined, and the mild-steel shipping can containing the
waste has holes in the top and bottom. The concrete plug poured in the
top of the hole for intruder protection would not provide significant

hydrologic isolation.

5.2,4 Radionuclide Solubility

The reflectors emplaced in SWSA~6 are composed of pure beryllium
metal. The solubility of beryllium metal stoms (Be?) 1n groundwater
would be negligibly small, a2nd we have assumed that significant beryllium
solubility and concomitant release of 10Be from the reflectors would

occur only after oxidation,

Be(go01id) +1/2 0, = Beo(solid) s (5.1)
and hydrolysis,

Beo(soiid) + Hy0 = Be(OH)2(s011d) » (5.2)
reactions proceed to form beryllium hydroxide on the surface of the
reflector parts 1n contact with the soil/groundwater system., We have

assumed that beryllium hydroxide would be the saturating solid phase
that would control the solublility of beryllium in groundwater.
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Considerable information is available in the litervature on the solu-
bility of beryllium hydroxide in aqueous solutions. A good summary of
the thermodynamic data for Be(OH)p is given in Baes and Mesmexr 1976, and
the following discussion of beryllium solubility in groundwater at SWSA-6
is based on data in that refereunce. Since pH extremes of 4.4 and 7.7
have been measured for SWSA-6 soil/groundwater systems (see Sect, 2.4.1),
the beryllium solubility (saturated solution concentration) was counsideved
at both pH 4.4 and pH 7.7 in order to explore the range of beryllium con-

centrations that could be encountered in groundwater at SWSA-6,

The beryllium solubility at pH 7.7 was calculated from data for the
dissolution of solid beryllium hydroxide,

Be(OH)p(g011d) * 28T = Be?® + 2H0 , Log K = 6.69 , (5.3)

and for the hydrolysis of the Bez+”ion,
Be?t + H,0 = Be(OH)T + HY , Tog K = ~5.40 , (5.4)
Be(OH)2(so14d) *+ H' = Be(oM)¥ + H0 , Llog K = 1.29 , (5.5)

to get an equilibrium constant for the dissclution of beryllium hydroxide
to form the Be(OH)*’species. (In these calculations, we have assumed
that the equilibrium constant, K, is equivalent to the equilibrium

quotient, Q, since groundwater has a low ionic strength,)

Be(OH)+'is the dominant ionic form of beryllium at pH 7.7. In addi-

tion, undissociated beryllium hydroxide has an appreciable sclubllity
Be(0H)2(s01id) = Be(OH)2(solution) » Log K = -6.96 , (5.6)

and contributes to the concentration of beryllium in solution. The total

beryllium solubility was obtained by summing the solubilities of Be(OH)+
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and Be{OH);

Be(0H)t from Eq. (5.5) 3.9 x 1077 M
Be(OH), from Eq. (5.6) 1.1 % IO"Z‘Q
5.0 x 1077 M

which gave a value of ~5 x 1077 M for the beryllium concentration at pH
7.7. Since the chemistry of beryllium is falrly well understood in
aqueous solutions, this solubility value may be relatively accurate as
long as complexing ions, such as F~, are absent. Because of its small
ionic radius and and high surface charge, Be(II) ions readily form stable
complexes with a number of anions and soluble specles such as BeF,?” are
well known. Additional information on the groundwater composition in
contact with the reflectors in the auger holes would be needed to
understand the possible contribution of complexing ions to beryllium
solubility at pH 7.7 at SWSA-6.

At pH 4.4, beryllium hydroxide would be expected to be very soluble.
According to Baes and Mesmer 1976, the solution species is Beg(OH)g”*“and
the solubility would be greater than 1 M (as Be). Such a high concentra-
tion of beryllium in groundwater likely never would be observed since the
rate of solubllization of beryllium probably would be limited by the rate
of the oxidation and hydrolysis reactions [Eqs. (5.1) and (5.2)]. Also,
in soil/groundwater systems, other low-solubility solids such as beryllium
silicates way form. For example, the natural mineral bertrandite,
BeySi207(0H)», is insoluble in acid solutions (CRC 1976~1977). Boegly
1984 or Davis et al. 1984 reported soluble silica concentrations of 7 to
14 mg/L of Si0; in the ETF well water samples. Thus, it is conceivable
that the formation of an insoluble beryllium silicate could result in a
beryllium concentration at pH 4.4, which is much lower than that calcu-

lated from the data in Baes and Mesmer 1976 for the system Be{OH);-H70.

The following observations can be drawn from this consideration of

beryllium solubility in B3WSA-6 groundwater:
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The concentrabion of beryllium in solution may be controlled
by the reactions betwesen groundwater and the massive beryllium
metal parts. It is possible that the oxidation and hydrolysis
reactions could proceed so slowly that insufficient BRe(0H)
would be formed to allow saturation of the groundwatber. An
experimental activity would be required to study the rates of

rhese reactions.

If it is assumed that the oxidation and hydrolysis reactions
can proceed rapidly enough to generate Re(OH)2 in sufficient
quantity to saturate the soil/groundwateyx system, then the pH

of the soil/groundwater system is an important variable that

[

will strougly affect the beryllium solubility. Additiona

data are needed for the SWSA~6 site to betier characteriz

(Y

the soil/groundwater pH in the vicinity of the waste and along
the release pathway. The present data define extreme values
of pH 4.4 and 7.7; beryllium selubility would be quite different

at these pll levels,

If the groundwater pH is 7.7 and complexing ions such as F

=}

are not present in sufficient guantity to react and form
soluble cowmplexes, the beryllium solubility (ssaturated solution
concentration) can be calculated from thermcdynamic data in the
literature. A value of ~5 x 1077 M is obtained for the total
solubility of Be (OH) " plus Re(OH). This value may be fairly
accurate unless complexing ions are present. Better data are

needed for the SWSA-6 groundwater composition to coufirm the

L

absence of compiexing ions.

If the groundwater pH is as low as 4.4, as seems possible for
shale~derived soil systems, then the literature informaiion
indicates a high solubility of beryllium as the species
Bes(OH)8“+; However, insoluble beryllium compounds such as
silicates could possibly form in groundwater at SWSA-5, The
present informaition does not appear to be sufficieat to allow
an estimation of the beryllium saturated sclution concentra-

tion to be expected in SWSA-6 if the pH is as low as 4.4. An
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experimental effort would be required to identify the saturating
solid phase and the beryllium solubility in solutions represen—
tative of SWSA-6 groundwater,

The other radiocnuclides of environmental concern, "1ca and 55Fe,
probably would be present in the pure beryllium at such low molar
concentrations that the quantities released could never approach their
solubility limits. We did not consider solubility comstraints for these

radionuclides.

5.2.5 Radionuclide Diffusivity

A search of Chemical Abstracts references established that the paper

of Heukeshoven and Winkel 1933 is the primary reference for values of the
diffusion coefficient of beryllium in aqueous solutions. They measured
the diffusivity of beryllium in potassium chloride solution at 10°C as a
function of pH from pH O to 5.8. The diffuslon coefficlent changed only
slightly (from 0.45 x 1075 to 0.34 x 107> cm?/s) over this pH range.
According to Baes and Mesmer 1976, the specles in solutlon over this pH
range would be BeOH*, We chose the diffusion coefficient value at pi 4.4
given by Heukeshovea and Winkel 1933 (0.43 x 107° em?/s) for the calcula-
tion of berylliuvm transport through the boundary layer of the reflectors
at the lower pH environment of SWSA~6, WNo beryllium diffusion data
apparently exist for the higher pH environment of SWSA~6 (pH 7.7).
Hydrolysis reactions would result in the formation of some Be(OH), species
in solution at this pH, and the diffusivity value for BeOH' would not be
strictly accurate for this species. Since the diffusion coefficient 1is
dependent upon the species size and shape, but not charge, the data for
Be0H+'may be adequate to describe Be(OH); diffusivity. The diffusion
coefficient data of Heukeshoven and Winkel 1933 show a gradual decrease
with increasing pH, which is coonsistent with increasing species size due
to hydrolysis, so we graphically extrapolated their data to pH 7.7 to
obtain a value for use in boundary layer calculations at the higher pH
environment of SWSA-6; this value is 0,3 x 1073 cm?/s.
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5.2.6 Corrosion of Beryllium Metal

We located no published informstion on the corrosicn rates of
berylliuvm metal in soil/groundwater systems. As discussed in the
previous section, we have assumed that beryllium corrosion occurs from
reaction with dissolved oxygen in the groundwater to form BeO, which
in turn, hydrolyzes to give soluble Be(CH)p. We assumed that beryllium
corrosion rates were diffusion controlled. For corrosion im water of
pH 7.7, we assumed that in the immediate vicinity of the metal/water
interface the water becomss saturated with corrosion product Be{(QH),, and
the rate of diffusion of Be(OH), away from the metal surfzce limited the
corrosion rate., For corrosion in water of pH 4.4, we assumed that Che
rate of diffusicn of disselved oxygen to the metal surface limited the

corrosion rate, and the Ba(OH)2 never saturated the water.

The rate of diffusion of dissclved oxygen from the groundwater to
the metal surface and the tate of diffusion of Be(0H), from the metal
surface to the bulk groundwater wers calculated assuwlaog flat-plate
geometry, with the groundwater flowing parallel to the f£lat plate and
oxygen or Be(OH); diffusing normal to the water flux. The expression

for this diffusion rate 1s derived in the Appendix C and is given below:

2J§‘s§b(CB - G
3 (f:%&) Ya

I)

where
J = molar flux of Oy or Be(CH);. g-mol/cm?s;
CB = concentration of 0 of Be(CH)s in bulk groundwater, gwm@l/cmag
C. = conceatration of O, or Be{OH); at metal/walter interface,
g-mol/cn?;
€ = porosity of soil (see Sect. 4.2.8), dimensionless;

jb = diffusivity of Oy or Be(OH)2 in water, cmz/s;

oo
il

darcy groundwater velocity parallel to reflector component
(see Sect. 4.2.8), cm/s;

L = characteristic length of reflector component, cm.
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At pH 7.7 where the corrosilon rate is controlled by the diffusion

of the corrosion product Be(OH)Z from the surface, the corrosion rate is

given by:
Cp, = 3.16 % 10% MW, J (5.8)
where
CBe = corrosion rate of Be, kg/cmz.year;
MwBe = atomic welght of Be, kg/kg-mol;
3.16 x 10" = factor to convert from g to kg and from s to years.

At pH = 4,4 where the corrosion rate was assuued to be limited by
the rate of dissolved oxygen to the metal surface from the bulk of the

groundwater, the corrosion rate is given by:

Cyo = 6+32 x 10" ML T, (5.9)
where
Cho = corrosion rate of Be, kg/cm?. year;
MwBe = atomic weight of Be, kg/kg-mol;
6.32 x 10% = factor converting g to kg and s to y. (Includes a factor

of 2 since 2 kg-mol of Be reacts with 1 kg-mol of 05.)

To calculate the corrosion rate at pd 7.7 from Egqs, (5.7) and (5.8),
we used a value of 5 x 1077 M (5 x 10710 mo1/em3) for the solubility of
Be(OH)7; a value of 0.3 x 1073 cm?/s for the diffusivity of beryllium
ions; a value of 13,75 in./year for the groundwater velocity; a value of
0.5 was used for the soil porosity as discussed in the section on europium
release; and a2 value of 24 in. for the characteristic length of a reflector
component. The bulk value of Be(OH); concentration is assumed to be zero.
Substituting these values into Egs. (5.7) and (5.8) gives a value for the
beryllium corrosion rate at pH 7.7 of 0.62 x 10~10 kg/cm? -year.

To calculate the corrosion rate at pH 4.4 from Eqs. (5.7) and (5.9)
we used a value of 5.6 x 1072 mol/cnd for the solublility of dissolved
oxygen in the bulk groundwater. This value assumes saturation with air
at 1 atm and 25°C, using a value for the Henry's Law constant for oxygen
of 4.01 x 10% atwm/unit mol fraction (Perry et al. 1963)., The concentra-

tion of 0O; at the metal surface was assumed to be zero. A value of
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2.41 x 107> cw?/s was used for the diffusivity of dissolved oxygen
(Vivian and Xing 1964), The same values for porosify and characteristic
length were used in this calculation as in the previous calculation.
Substituting these values into Eqs. (5.7) and (5.9) results in a2 value

for the beryllium corrosion rate at pH 4.4 of (.18 *x 10-6 kg/cmzayear.

5.2.7 Geometry/Surface Area of Emplaced Reflectors

The beryllium reflectors in HFIR are massive blocks of beryllium
with regular geometric shapes whose surface areas are readily calculated
from the engineering drawings. The surface areas per unit weight
reported in Table 5.1 were determined in this wanner: the surface area
for each component was calculated from engineering drawings of each
component, and this result was divided by the weight of the component,.
When each component is buried, however, it is biroken up and deformed inko
undefinable fragments, Since it was impossible to estimate surface area
of these fragments, we simply used the estimate deterumined for undeformed

components.,

5.2.8 Radionuclide Release Rates

The release rates of the three radionuclides considered in the
beryllium reflectors were calculated from the corrosion rates determined
in Sect. 5.2.6 in a manner similar to the calculation of release tates of
radionuclides from the stainless steel components. The release rates are

given by the following equation:

Rie ~ CBeScAi,c_em,\itc , (5.10)
where
Ri,c = rate of release of isotope 1 from component c, Ci/year;
CBe = corrosion rate of beryllium given by Egs. (5.8) and (5.9),
kg~ tem2?year!;
Sc = gpecific surface area of beryllium component c, sz/kg;
Ai,c = activity of isotope i in component ¢ {frem Eq. (3.1) and
Table 5.1}, Ci;
Ai = 0.693/t1/2’1;
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tl/z,i = half-life of isotope 1, year;

tC = time out of reactor for component c, years;

and the total release of radionuclide i is given by

-
R, =C, ) SA, e ‘ic.
¢ ci,c

Lhe results of the calculations showing the release rates of the

three rvadionuclides on June 1, 1986, at pH 4.4 and pH 7.7, are gilven

(5.11)

in Table 5.2. The time-dependent behavior of the release rates for the

conditions at pH 4.4 (the higher values of release rates) is shown in

Fig. 5.1. These results indicate that the most significant releases are

likely to be from radionuclides introduced as very minor contaminants in

the beryllium. The release rates of all radionuclides from the beryllium

reflectors are estimated to be extremely low.

Table 5.2. Radionuclide release rates from
beryllium reflectors as of June 1, 1986

ptl of Radionuclide release rate (Ci/year)
groundwater Yleog 55¢e 1030
4.4 1.4E-05 1.07E-04 1.76E~06

7.7 5.00E-09  3.70E-08 6.06E-10




LOG RELEASE RATE (Ci/year)

ORNL DWG 86-847

~
N 415,
-5 — < ]
~N
- \\ - - - . - - - —_
S e 10Be
-7 — \\ —
\\
\\
-9 — \\ —_
\ =
\\5“’!:%
~N
-11 — \\ —
\\
GROUNDWATER pH = 4.4 \\
-13 — \\ —_
~N
~N

45 i | 1 i ! | | i 1

1880 2C00 2020C 2040 20860 2080

YEAR

Fig. 5.1.

Release rates of “1Ca, °Fe, and 1UBe from reflectors at pH 4,4,

6



93

5.3 CONCLUSIONS AND RECOMMENDATIONS

5,3.1 Predicted Performance of Emplaced Reflectors

The near-field release rates for q1Cs, 55Fe, and !9Be for the next
100 years are shown in Fig. 5.1 for the most conservative (highest release
rate) situation, which assumes acidic groundwater at pH 4.4. Under this
situation, the rate controlling step was assumed to be diffusion of oxygen
to the reflectors. Initially, 55Fe establishes the release rate at about
1.2 x 107% Ci/year. The 55Fe decays rapidly, however, and after about
1994 the release rate is established at about 1.5 x 107° Ci/year by the
*lCa content of the reflectors. This release rate stays nearly constant
with time due to the long half-life of “1Ca. The release rate of the
1082 component of the reflectors is still lower; nearly 1.8 x 1078 Ci/year.
If the soil/groundwater system is at a pH as high as 7.7, then the calcu-~
lated release rates are all about 3 to 4 orders of magnitude lower., At
this higher pH, the rate-controlling step was assumed to be diffusion of

Be(OH), from the reflectors.

As with the calculations for the stalnless steel or control plate
wastes, many assumptions were necessary in order to calculate these
release rates, Perhaps the most uncertain is the assumed calcium and
iron contaminant concentration in the highly purified beryllium used to
construct the reflectors. Errors in the assumed compositicn would be

directly reflected in the calculated release rates for *1Ca and 55Fe.

5.3.2 Additional Research/Development Needed

Because the radioactivity associated with the release of beryllium
contaminants, rather than beryllium isotopes, dominates the calculated
release rates, it would be desirable to confirm the assumed contaminant
concentrations. Analysis of the trace coutaminants in the beryllium used
to construct the reflectors and radiochemical analysis of samples of
reflectors discharged from the HFIR should be performed to coufirm the
importance of °5Fe and "*!Ca to the radiocactivity releases from emplaced
reflectors. 1f the contaminant concentration varies from lot to lot of
beryllium, then the calculated release rates would vary correspondingly.

Analysis of the 108s content of discharged reflector parts also is



9%

desirable to validate our calculated low 10Be inventory value and the
presence of "1Ca and °%Fe, relative to the data base (see Sect. 5.2.1).
Resolution of this difference in 10Be values could allow the removal of

spuricus Ci values from the data base.
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APPENDIX A.

DESCRIPTION OF AUGER-HOLE CONSTRUCTION AND
PAST HFIR WASTE EMPLACEMENT PRACTICE

The following information describes the construction of the auger
holes containing the high activity wastes shipped from the HFIR to SWSA-6
through June 1986 (Bolinsky 1986), The current, post-June 1986, methodol-
ogy involves a more highly engineered structure (Homan 1986). Some of
the HFIR control plate waste shipments were placed in lined auger holes
due to the high levels of radiocactivity involved. Other high activity
waste shipments frow HFIR, primarily the stalnless steel parts, cobalt~

alloy bearings, or beryllium reflectors, were placed in unlined holes.

1. All high activity waste auger hecles are located on a knoll of
high ground in SWSA-6., The water table is about 25 ft below

the surface at this location.

2. A 47-in,-diam hole was augered to z depth of 18 to 20 ft. Thus,
the bottom of the hole 1s about 5 to 7 ft above the water table.

3. At this point, the hole was lined with corrugated 24-in. 14-16
gauge galvanized steel culvert pipe (not asphalt coated) 1if
desired. The liner extends the full depth of the hole. The
purpose of the liner was to reduce the radiation shine from the
top of the hole by limliting the top diameter and, thus, reduce
personnel exposure. The decision to line with pipe, or not, was

based on the total radioactivity expacted in a planned shipment.

4. For lined holes, the pipe was placed in position, and the space
between the 24~in. pipe and the nominal 47-in,-diam hole was
backfilled with avallable soil.

5. An approximately l-ft concrete plug was poured in the bottom of
the pipe in the case of lined holes. No concrete was poured in

the bottom of unlined holes,
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A mild—-steel waste shipping container from HFIR was then placed
in the hole. The steel and lead transportation shield was
positioned over the hole, and the container was lowered with a

steel cable. The steel cable was discarded with the container.

To reduce radiation shine out the top, fill was promptly addead
to the hole, In the case of lined holes, river saad and/or fine
shale from the area were used to cover the shipping container.

A skip bucket was used to place the sand and fiane shale in the
hole; use of the skip bucket helped reduce personinel exposure.
In the case of unlined holes, available soil was pushed into

the hole.

From 1 to 3 mild-steel shipping containers were placed in a
single auger hole, depending on the total radiovactivity ianvolved.
When added, the second and third containers were placed in the
hole, as described in step 7; several feet of sand or scil were

added to the hole between contalners.

After all waste containers were placed in the hole, eithetr lined
or unlined, the hole was backfilled to within about 1 ft of the

surface. At least 1 ft of concrete was poured in the top of the
hole for intruder protection. The plug may also provide some

sealing from rain Infiltvation In the case of lined holes.



APPENDIX B,
DERIVATION OF RELEASE RATE FROM LINED AUGER HOLES

A schematic of the flow and concentration field surrounding a lined
auger bhole 1s glven in Fig. 4.3, Sect. 4.2.8, The steady-state diffusion
equation for cylindrical cocordinates for this field is

e g {12 (, 2
v;;—:b{r or (r Br)} ’ (B1)

where
v = Interstitial water velocity through the soll, cm/s;
= molecular Jdiffusivity of europlum, cmz/s;
¢ = concentration of europium, g-mol/cm3 (c is a function of
T and z);
r = radial coordinate measured from the pipe centerline, om;

i

z axial coordinate, measured from the concrete plug, cm.

To solve Eq. (Bl) for ¢, we assumed the following functional relationship

exists for c:

c =c(n) =¢ (R(:) ) , (B2)

where R(z) is the outer edge of the diffusion boundary layer, cm.

We further assume that

R
c(n ) = c( 2 ) = cq (the saturation concentration of europium),
o R(z)
R
()
R(z)
c(l) = 0;
R, = radius of auger hole liner, cm.
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By substituting the relations

n == [R=R(2],
o - 1

5E TR

om ... 0

R Rz R ?

dar 9n or R an (83)

32¢ 1 92c

ar2 RZ 3n?

3¢ _ _ n de dR

dz R dn dz

Eq. (Bl) becomes

2.
y de dR {.1.., d% | 1 de} | (B4)
dn dz nR dn? n?R dn

An approximate solution to Eq. (B4) is found by assuming a reasonable

functional relationship for C(n):
- 2
o = (22) 7 -

where

=
]
b lo';:l
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This cholce of function satisfies the requirements

i
2=l
el

H
[¢]

T -

[o) 1°
er czo, (Bé)
r=r d%=¢,
dy

2
From Eg. (B3) we can evaluate relatious for gE—and 47c to substitute

an dn?
into Eq. (B4}:
2¢
Lo I (-1, (87)
dn (n_ -1
o
dzc 2CI
2 — 12 "
an (no 1)
Substituting Eqs. (B7) into (B4) yields:
2 -
g &8 (1l - n) _—_:(_b, (88)
dz 2n - 1 v

If the terms within the parentheses are averaged over the range
RoériR(z) or noénél, the r dependence of concentration will be approxi~-
mately accounted for, and the result will allow the approximation of the

locus of the outer edge of the diffusion boundary layer.

Averaging the terms in parentheses over the range n0<n<1:

1
/ (If£l~:;ﬂl) dn
g @R To\ 2n -1 -
dz 1
{ dn
g

> (B9)

2
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- 2y + 1/4¢1 ~ w = 1/8 1n(2: ~ 1
L QIR (/40 - g?) + 14 - ng) - 1/8 In(2ng >} - D, (o
v

dz 1 - ng

From Eq. (Bl0) the dependence of R as a function of z (axial distance
along the pipe) can be determined by letting

R/RO = £ or R = R,€ and dR = Rodé . (B11)

Substituting (Bll) into (B10) yields:

. {1/4(1 - &%) +1/4(1 - 7Y - 1/8 1a2E7 - DY 4, . D
(1 - &7 J Ro2v

The desired relationship is obtained by integrating the left~hand side of
Eq. (B12) from & = 1 to & = R/Ro znd the right-hand side of Eq. (B12)

from z = 0 to z = L to give

?/Rog (1/4(1 - £72) 4+ 1/4(1 ~ €71y = 1/8 In(2€7} - 1) ) 4t =
1 (1 - ¢71

5 £d2= 5= . (B13)

The left~hand side of Eq., (B13) was evaluated using the trapezoidal
rule to perform the integration numerically for a range of values of
R/Ro. The results of this series of calculations were fitted to the

following empirical equation:

(B14)

St \ 0+8
R/R, = 1.55 (e‘bl‘) +1 .

—
Ry,“U

Equation (B1l4) is used to estimate the outer radius of the diffusion

boundary layer (R) at the lower end of the lined auger hole of length L.
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In Eq. (B14) the following relation has been used:

N
€
where
U = "superficial” water velccity (explained in Sect. 2.4.5), cm/s;
v = interstitial water velocity, cm/s;

it

€ = porosity, dimeansionless.

At steady state the molar rate of release of europium from the pipe
is equal to the rate of convection of europium by the flowing water
through the annular region R, <r<R at the lower end of the auger hole
liner (z = L). This 18 given by the relation

R
N = [ 2wrUc(r)dr , (B15)

Ro

where
N = molar rate of release of europium, g-mol/s;
U = "superficial” groundwater velocity, cm/s;

c(r) = concentration of europium, g~mol/cm3;

1 - r/R)Z
= CI N IS
1 - R,/R

r = radial coordinate, cmj

B, = radius of auger hole liner, cm;
R = radius of edge of diffuslon boundary layer [determined
from Eq. (B1l4].

When the indicated integration 1s performed the result is

N = mR,2U <~—£L~.>2 (g“/z - 4E3/3 + g2 - 1/6) , (B16)
g -1
where
£ = R/R, [calculated from Eq. (B1l4)].
This 1s Eq. (4.13a) of Sect. 4.2.8.






APPENDIX C.

DERIVATION OF DIFFUSION RATES IN THE
VICINITY OF BERYLLIUM REFLECTORS

The rate of diffusion of oxygen from the bulk groundwater to the
beryllium metal surface or diffusion of Be{OH), from the metal surface to
the bulk groundwater was estimated from a simple boundary-layer diffusion
model assuming flat-~plate geometry. The flow and concentration fields
are diagrammed in Fig. C.l. The diffusion equation for the diffusing
species in this geometry is

2
v—25= —:~—§- . (c1)
% y

with the boundary conditions
0, all x,

[

¢ =cy for y

c = cp for vy = =, all x,
where
¢ = concentration of diffusing species, g-mol/em3;
v = interstitial water velocity (assumed constant), cm/s;
x = distance coordinate in direction of water flow, measured
from leading edge of the beryllium surface, ocm;
y = distance coordinate normal to direction of water flow,

measured from the berylliuvw metal surface, cm;

)

For an approximate solution of Eq. (Cl) we assume that the change in

]

diffusivity of diffusing species in water, cm?/s.

concentration between the metal surface and the bulk of the groundwater
iz confined to a boundary layer of thickness ¢ cm. The boundary layer
thickness § is a function of x which will be determined through well-
established boundary layer analysis methods (Denn 1980).

In this analysis we assume a reasonable concentration profile within
the boundary layer, substitute this into Eq. (Cl), and solve for the

boundary layer thickness 8, so that Eq. (Cl) is approximately satisfied.
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We make the following assumption for the concentration profile:

¢ =cp +(cg ~ecp@n-n?), (c2)

where n = y/8.

This equation satisfies the boundary conditions
c=cyatys= 0, and

¢ = cgaty = 8a

In order to substitute Eq., (C2) into Eq. (Cl) the following relations are

needed:

My .1

368 82 8’

¢ n, d9d
— = (¢, =~ c)(2 - 2M{(- =) — ,
3x (e I 8§ dx
¢ dc 97 2 2y
9y on ay B "¢ 52 °
3¢ 3 dc¢ Z(CB - CI)
3y? - 3y oy - 82 )

When Egs. (C3) are substituted into Eg. (Cl) the following expression

is obtained:

§ 48 (1 ~ n = 2 (c4)
dx v

The terms containing n are averaged over the diffusion boundary layer
(0sn<1):

1
(1 - n)ndn

as 0 2
v

6_..........__._.__.. =

dx

> (cs)

[ an
0
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resulting in the following ordinary differential equation for 6&(x):

ELIp (C6)
dx v

Equation (C6) is solved to give the following equation for § as a func~-

tion of x:

§(x) = /17 (3%-§)1/2 ) (c7)

In Eq. (C7) the following relatiou has been used:

mia

where
U = "superficial” water velocity (explained in Sect. 2.4.5), cm/s;
v = interstitial water velooity, cm/s;
€ = porosity, dimensionless.

The molar flux of the diffusing species at the metal surface is given by:

J - - DL (c8)

2
- . C9
5 (C9)

Substituing Egq. (B7) and Eq. (B39) into Eq. (B8):

; _ V3D ~ep) | (€10)
y =0 3(€Ex)1/2

U
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The total molar diffusion rate at the surface of the beryllium reflector

component is given by

eWdx ,

. /3 e%(};; L fo"1/2 )
3(ED 0 ,
(=2)

U

2/3e  (cg ~ cpIWL | (c11)

3(65231’)1/2

width of flat plate, cm;

or N = -

where
W
L

It

fl

length of flat plate, cum.

The average molar flux at the beryllium surface is given by

. _2/3 eD(Cp - Cp)

3 (i??_'tm,)l/z

(C12)

;N
WL

This is Eq. (5.7) in Sect. 5.2.6.
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