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ABSTRACT

Establishing reliable estimates of long-term performance of a waste repository
requires emphasis upon valid theorles to predict performance. Predicting '
rates that radionuclides are released from waste packages cannot rest upon
empirical extrapolations of laboratory leach data. Reliable predictions can
be based on simple bounding theoretical models, such as solubility-limited
bulk-flow, if the assumed parametexrs are rellably known or defensibly
conservative. Wherever possible, pexformance analysis should proceed beyond
simple bounding calculations to obtain more realistic~and usually more
favorable—estimates of expected performance. Desire for greater reallsm must
be balanced against increasing uncertainties In prediction and loss of
reliability. Theoretical predictions of release rate based on mass—transfer
analysigs are bounding and the theory can be verified. Postulated repository
analogues to simulate laboratory leach experiments Introduce arbitrary and
flctitlous repository parameters and are shown not to agree with well-
established theory.

I. INTRODUCTION
The Performance Assessment National Review Group1 recomnended that the

U. S. geologile repository projects give greater emphasis to realistic and
reliable predictions of long—-term performance of repositories. Predictive
reliability, the assurance that the actual performance will be as good or
better than that stated by the performance prediction, is essential for any
engineering project and particularly for a geologlc repository, because real-
time testing to confirm the repository design and to conflrm the predictions
of long-term performance 1s impossible. In any Bystem design the use of well
established and easily verified calculational techniques to establish the
bounding values of predicted performance must be balanced with the desire to
refine the performance predlction for greater realism. To predict what
happens in tens of thousands of years In a repository we nust enphasize sound
theorles of prediction, more so than in conventional engineering design

'~ wherein performance can be predicted, validated, and remedlied by real-time
testing. Here we review the state of technology for predicting the long-temm
rate of dissolution of radionuclides from waste packages iIn a repository.
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IX. NMICHANISTIC AHALYSIS OF RADIONUCLIDE RELEASE RATES

A. Release Egtimates For Saturated Buallz Flow
Bounding analyses can be used to establish predictive reliablity and
to estimate limiting features of system behavior. In some Instances,
physically unrealistic assumptions or Input values are used to obtain a

conservative 'bounding result'.

1. Bounding estimates of repositorxy release rates. To calculate
radionuclide release rates from a repository, some projects have assumed
unrealistically that all ground water flowing through the repository becomes
saturated by the radioelements in the waste or by the waste matrix. If the
values chosen for the saturatlion concentrations and water flow rates are
defensible, then the calculated releases are defensible as conservative upper
bounds and are expected to be reliable.-

Wherever possible, perfbrmance analysis should proceed beyond simple
bounding calculations to obtain mpre realistic~—and usually more favorable--
estimates of expected pcrformancel. For example, because the emplaced waste
packages are discrete and separated from each other, it is impossible for all
water potentially flowlng through a repository to become saturated with any
waste constituent, assuming that it Is not already saturated with that
constituent before encountering the waste and assuming no large changes in
saturation concentration in the repository environment, Concentrations near
saturation are expected only in the liquid immedlately adjacent to the waste
surface. All other water will be below the saturation concentration, and the
average concentration in ground water leaving the repository will be below
saturation. Thus, a more realistic calculation of repository release rates,
if suitably reliable, is likely to be preferable to the ‘extreme conservatisn
of saturated bulk flow.

Although this simple theory of saturated bulk flow is conservatively
bounding for estimating releases from a repository, it does not lead to
conservative or bounding estimates of release rates from waste packages into
the rock at the low flow rates predicted for the U.S. repository projects, as
i8 explained beslow.

2. Nontouniing estinmates of waste—package relcase rates. The tuff
project2 estimates release rates from a waste package by multiplying the
saturation concentration of the waste matrix by the volume flow rate of ground
water that 18 calculated to flow through rock equal In cross section to the
cross sectional area of the waste canister. Whether partial or full
repository flow rates are assumed, the regults are not necessarilly bounding or
consexvative for waste-package release rates, because zero waste-package
release rate will be Incorrectly predicted at zero flow. If there are
pathways for molecular diffuslon of dissolved specles from the waste surface

" into surrounding stagnant groundwater, a finite transient release of dissolved

specles Into the rock will occur. The ground water infiltration velocities
predicted for tuff are so low, about 0.003 to 1 mm/year, that transient
diffusional release will be more Important than convective transport 1f the
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waste solid is conservatively assumed to be surrounded by groundwater and
moist tuff, Although the rate of diffuslonal release into the rock nust
eventually, at steady state, equal the repository release rate for long-lived
specles, steady state will not be approached for thousands of years in a low-
flow repository, and the transient diffusional release into the rock can
control the waste package release rates for long times.

To develop a more rellable prediction that can be defended as
conservative and bounding, a more mechanlistic analysis of mass transfer of
radionuclides to ground water could be adopted.

B. Mass-Transfer Analysis of Relecase Rate

Mass-transfer analys%s is a general approach, highly refined in the
field of chemlcal engineering”, to predict rates of transport of specles
within a phase and between phases, as affected by diffuslon, convectlon,
chemlecal reactlon, adsorption, etc. It quantifies the actual mezhgnisms
affecting the transport rate. An application by Chambre’ et al.” ” to a waste
package surrounded by wet porous rock conservatively assumes that all the.
waste solid 1s suddenly exposed to ground water when the corrosion-resistant
barrier fails, and it conservatively assumes saturation concentxation of
dissolved radioelements in the liquid at the waste surface. Exact theoretical
analysis of the diffusive~convective transport of the dissolved specles from
the waste surface into the surrounding porous rock results in an upper limit
to the time-dependent dissolution rate that can occur,

Though more realistic than saturation bulk flow, Chambre’’s mass-transfer
analysis for a bare waste solid is still conservatively unrealistic in
neglecting the finlte resistance to mass transfer presented by the partly
failed waste canister and fuel cladding. It is further conservative in
application by assuming saturfgion concentrations at the waste surface., More
detalled mechanistic analysis®~ shows that saturation concentration is a close
approximation to reality for borosilicate glass and for the spent—-fuel matrix
for all but the very earxly time of exposure in a repository. The theoxry
contains no arbitrary adjustable parameters. For steady-state release rate it
requires experimental data on saturation concentrations, diffusion
coefflclents, porosity, ground water approach velocity, as well as
specilfications of waste size and geometry. For transient releases, data on
sorption retardation coefficients are also required. Because of the
saturation boundary condition, Information on degree of waste cracking and
solid-1iquid reaction rate does not enter the prediction. Even 1f solid-
liquid reaction rate is included as a boundary condition, increased reaction
surface from cracking of glass waste does not appreclably affect the
dissolution rate after the first few days of exposure to groundwater.

The Important feature of this mass—-transfer analysis is not that it
predicts favorably low dissolution rates for most radionuclides, but that it
is a nmechanistic theory based on well-understood governing equations and
conservatively bounding boundary conditions. The theory itself can be
examined in detail. It can be subjected to verification in experimental real-
time tests, as has been done at the Paclfic Northwest Laboratory"". Such
theories are the only reliable means of extrapolating into the future.
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A similar theoretical mass—transfer analysis of time-dependent
radlonuclide release from a suddenly exposid waste form surrounded by backfill
and rock is now used by the basalt project®., Although the salt project has
based its waste~package release rates on a simple bounding calculation of the
rate of brine Inflow to an emplacement cavity, multiplied by the individual
radioelement solubility, this approach 1s unrealistlic and unnecessarily
conservative because the salt will soon be consolidated agalnst the waste
package. More reallstically, and now more reliably, one can calculate
radionuclide release by calculating the diffusive tramsport from a brine layer
at the waste surface into brine~filled grain boundaries in the surrounding
salt!?2, The convective-diffusive mass transfer from the waste surface into
interbed flows that may intersect the waste package can also_he calculated,
similar to the mass-transfer calculations used by Neretnleks®~ to predict
container corrosion and waste-package release rates for the KBS project.

C. Some Results of Mass-Transfer Predictions of Releage Rates
The profiles of ground water flow and concentration of a dissolved

specles for a simple waste solid surrounded by porzug rock are shown in Figure
1. The diffusion—and-flow calculation by Chambre’ uses the known
distribution of ground water velocitles around -an infinite cylinder through
pores in the surrounding rock. A general solution to the time-dependent
dissolution rate of a radioelement with a constant boundary congentration Nj
at the inner surface of the borehole has been given by Chambre’’.

1. Steady-state diffusive-convective dissolution rates
The fractional rate of dissolution fi of the elemental species 1
and its isotopes from a long waste cylinder of radius Ris calculated at steady
state to be: '

*
8 N.evDU
i UR .
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where D 1s the specle diffusion cefficient in pore liquid, U is the pore
velocity of ground water before it comes near the wastg € Is the porosity of
the surrounding rock, and ny is the bulk density (g/em ) of the elemental
species 4 In the waste. For a bounding calculation, Ni is chosen as the
saturation concentration, For a waste cylinder of finite length L end effects
are accounted for by multiplying the right-hand side of Equation (1) by a
correction factor (1l + R/L).

Table I gilves estimated values®s14 of the solubility of silica and the
solubilities in water of radioelements Iin borosilicate glass waste. Also
listed are the bulk densities and the calculated fractional release rates for
a typical glass waste exposed to groundwater at an approach velocity of 1 m/yr
rock of 1 percent equivalent porosity. The assumed diffusion coefficient
of 10~ /s is typlcal for an elgctrolyte in water. It conservatively
neglects the effect gf tortuosity » which in granite can result in more than
a 100~ to 1000~£f0o1d1®~18 reduction in D and more than a 10~fold to 30-fold
reduction In estimated dissolution rates, Because the fractional dissolution
rates of the low-solubllity elements are lower than those of the silica
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TABLE I
0?1nu1utnd Fraatiotial Dipadlutiont Rates for Cormsrcial Borosilicate Glaas Waste -

Wanta eylindar radiust 0,15 n
1Qn8tht 248

Agoutit of uraniumd 460 kg
Calaulataed Observed
fractional fractional
y Concantratdon diauoluzion dicsolu;ion
boluhility, in glass, rate rate
Constityent g/m3 g[cm3 zr-l : zr—l
540, 5 % 10”0 1.6 1x 1070 2 x 1073
v 1% 10° 1221002 4x10° 0 2x107®
Np 1z 107 19 x1070 . 251078 7% 107"
Pu 12100 . 1,1 x 1074 4 x 1077 3 x 1070
An 1z 100 3.0 % 1070 1 x10°8 C 3x107
Se 12 107 Lbr10™t 3 x1077
Sn 1% 10”0 0.4 2 107 . .5 x 1077
Te 1 % 10" 1,930 - 2x1078
al/

Amount of uranium inleislly in presaurized water-reactor fuel to produce the
radionuclidas contalhed 4n the wasta,

Pot atarphus sip 1A.
reduping uundizianua

toady-ntuta dingolutipy taves calculatod from Equation (1) for diffusive-convective
nadhy teannfer. depuhd watar pote velocity = 1 m/yr, D e 3,2 x 1072 n2/yr,

Data pf HeYay ab ai.i for IARA-typan leach tacts, with perlodic replocement of leschant.

‘e

Othet asalubdlities are from Krauskopfa, at 20°C, moderately




TABLE II

Calculated Fractional Dissolution Rates for Commercial Spent Fuel

Waste cylinder radius = 0.43 n

. length = 2,46 m

Armount of initial uranium = 2770 kg

Concentration ' Fractional
in gpent fuel, dissolution rate,
Constituent g/cm3 ' yf-l
U 1.2 2 x 102
¥p 6.2 x 102  3x10?
Pu 1.2 x 10 2. . zx1w0®
Am 1.1 x10 7 2 x10°°
Se 6.4 x.lO-S 3 x ld—S.
—
Sa LS5 xIo 1x10 0
Tc 5.5 z:lﬂ_a . b x;lﬂ—lﬂ

Stezdy-stote dissolutica rates cdrouicted frexm
Equation (1) for &Xfusive—convective kass traxasfer.
Ground water pore velocity = I mfyr. D = 3.2x10~Z nZ/yr.

Solchlitdes from TASLE X,

%



matrix, these elements do not dissolve congruently with the matrix, forming
precipitates as the matrix dissolves.

Table I gives values of fractlonal dissolution rates for silica and for
various radioactive elenents!® in borosilicate glass, calculated from
experimental data reported from IAEA-type laboratory experiments in which
leachant is perlodically replaced. For substances of limited solubility, the
values of f; computed from Equation (1) are smaller than those derived from
laboratory }each tests, as 1s expected.: For slightly soluble specles in waste
that has been embedded in a rxepository rock, the slow diffusion and slow
novenent of the liquid around the waste containers may be more significant in
controlling the net rate of dissolution than the rate at which substances in
the waste solid react with the surface liquid. If the solubility is very
small, the rate of escape Into groundwater will be determined primarily by the
solubility, the properties of the porous rock, and the ground water velocity;
1f the solubllity 1s sufficlently large, the kinetics of the interaction
between the solid waste constituents and water may dominate,

In Table II are calculated fractional dissolution rates at steady state
for a waste package of commerclal spent fuel. Because of the large inventory
of uranium, Iits fractional dissolution rate is much lower than for
borosilicate glass and is lower than that calculated for low-solubility
fission products and other actinides. Therefore, unless there is a mechanism
for waste constituents to be preferentially released from the U0y matrix more
rapidly than the matrix dissolves, all of the listed specles should dissolve
congruently at the fractional dissolution rate of uranium.

2, Steady—-state diffuslon—controlled dissolution rates. In most of
the repository designs the ground water veloclty is so low that the convective
component of the release from the waste form iIs negligible, Equation (1) is
not applicable, and an alternate form developed by Chambre’ for a prolate
spherolidal waste solid must be used:

BEDN? 1 '
fs ’
i n,

u-+0 (2)

vhere B 1s a geometrical parameter that can be calculated from the waste-form
dinensions:

For a sphere of radius R

B = 3 , . : (3)

For a prolate spherold waste of semiminoxr axls b and eccentricity e

B == 3e il as=cosh"l(i'-) (4)
b“nfcoth 72-] A :

Using the properties listed in Table I, the limiting low-velocity fractional
rclease rates are calculated to be about a fourth of those calculated for a
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pore velocity of 1 m/yr, which i1llustrates the nonconservatism (see II A.2) in
neglecting diffusional transport at pore velocltles of the order of a few
nillimeters per year. B

The time to reach steady state Increases from the few years for a rore
velocity of 1 m/yr to tens of thousands of years for near-~zero velocities®.
Sorption parameters do mot enter these equations for steady-state release of
long-lived radionuclides, but sorption Increases the transient dissolution
rate and the time to reach steady stateSrd,

3. Extenslons of the mass-transfer analysis. In subscquent studles
Chambre’ has extended the mass~transfer analyses t8 consider the effect of a
backfill layer between the waste package and rock? , the Increased dissolution
rates that can result when the concentratlon profile 1s steepened by
radioactive decay and sorpt%?ng, the effect of nonlinear soxption
characteristics of backfill“", the effect of repository heating on mass
transfer and release rate““, and the rate of release of specles that have
already diffused from the UO, matrix in spent fuel and are readily accessible
as soluble constituents in the fuel voids and fuel-cladding gap.

4, Use of latoratory leach-rate data. If one wishes to include the
solid-liquid reactlon rate as part of a more comprehensive model of waste-
package performance in a repository, a concentration—~dependent reaction rate
should be used as a boundary condition at the waste-form surface, with the
concentration In the surface liquid determined by the calculated time-
dependent rate 8f mass transfer into the exterilor porous or fractured rock.
Zavoshy et al.l0 show that when the boundary conditlon of constant surface
concentratlon is replaced by an experimentally measured concentration—
dependent solid-liquid reaction rate, obtained from laboratory leach data for
glass, the calculated dissolution rate approaches that from the simple model
of saturation in surface liquid within a few years after emplacement, and the
surface concentration at steady state deviates in only a minor way from
saturation for the low-solubility components. Therefore, the complication of
a reactlon-rate boundary condition I8 not necessary when the low-solubility
elements approach saturation in surface liquid at times that are short
compared to the times of interest in repository performance analysis, and the
rellability of long-term prediction does not suffer from the uncertain
extrapolation of laboratory leach-rate data.

. . (

55 Effect of borehole water. A recent mass transfer analysils by
Chambre’?3 ghows that the volume of ground water trapped within the borehole
and waste package introduces only a short time delay in the rise in
concentration of dissolved species at the waste surface. Within the long
times Important .in repository performance analysls, and for the low-solubility
waste constituents, the concentration within the borehole liquid approaches
saturation and the dissolutlion rate is congso%ged by the rate of nass transfer
into the backflll oxr rock. Thus, assuming”“ -~ that borehole water represents
an equivalent volume of conflned leachant to use in applylng a laboratory )
leach correlation (ef., III B.1,2) ignores the important long-term release
mechanisms in a repository, and it does not produce a conservative or bounding
estinate of release rate. Because of the empirical extrapolation of real-time
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laboratory data, it cannot be a reliable technlque to predict long-term
releases.
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6. Reliability and validation. Although these mass—-transfer theorles
unrealistically assume that all waste solids are suddenly and completely
exposed to groundwater, these theorles predict compliance with the numerical
performance criterla for most of the radioelements in glass and spent fuel.
Because the mass~transfer theorles are mechanilstic, mathematically formulated,
exact, and require only a few directly measurable parameters, they are readily
adapted to testlng for valldity and can be expected to result in rellable
predictions of long-term performance, although still conservative and not
realistic Iin all detall that might be desired. As the complexity Increases,
more phenomena, assunptions, and input data nust be validated, and predictive
rellabllity becomes more difficult, as illustrated below,
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D. Effect of Partly Failed Frotective Waste Containexrs

Further realism is usually expected to result in lower predicted
releases from the waste package. For example, not all of the protective
container is expected to faill at once, and releases from the waste solid will
likely be reduced by the tortuous pathways through the partly failed outer
layers and corrosion products. The multicomponent corrosion products can
result in solid phases with low saturation concentration of contained
radioelements, The protective features of these more realistic phenomena
should be taken into account, where possible. However, in any predictive
effort there is a compromise between the Increased detall for realism as
contrasted with the loss of predictive rellability, when the greater detall
invokes additional physilcal parameters and requires more data and validation
than may be possible within availlable resources and time.
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% The WAPPA codeza, listed by all of the repository projects as one of

HE thelr system codes for predicting waste-package performance, predicts release

1 I rates by finite-difference calculations of molecular diffusion through

backfill, One of the several unjustified approximations® made In the WAPPA

release-rate calculation is to assume that diffusfonal transport through holes
of known area in the container is given by the diffusional transport from a
bare waste solid multiplied by the ratio of lole area to total area. In
attempting to be more realistic by taking into account partial container
failure, predictive reliability suffers in two ways: (1) data are required on
the time-dependent extent of contalner failure, including the number, size,
and spacing of penetrations, and (2) the assumption of release rate

- proportional to hole area is incorrect when the holes are small.

Chambre’’s analytical solution?3 for diffusion through well-separated
holes shows that for small holes the area proportionality assumed by WAPPA is
not obeyed. As shown in Figure 2, if the equivalent hole radius is 1 mm and
if the total hole area is about 0.05 percent of the contalner area, the rate
of diffusive transport through the holes 1s the same as 1f no contailner
material were present2 . This is a consequence of the large concentration
gradlents and large diffusive fluxes near the hnle edges, and it may explain
3 observations by Johnson et al. of large releases of cesium through small
‘ apertures in Zircaloy cladding. Of course, the holes could become plugged




with corrosion products, or the failure phenomena may be such that contailners
are penetrated by only a few openings, so that the net release rate could be
appreciably lower than that of a bare waste solid. However, even 1f there are
enough contalner holes to remove the container as an iImportant barrier, the
nass-transfer rates will remain low because of the slow diffusive-conveetive
transport through surrounding backfill and rock.

Obtaining sufficlent data to rellably predict the effect of partial
failure of waste contalners on release rate is a challenge to experiment and
theory.

E. Effect of Statistically Distxibuted Contain?t Fallures

The Nuclear Regulatory Commission requires that the yearly release
rate of a radiongclide from engineered barriers in a geologlc repository be_go
greater than 107”7 times the 1,000-year inventory of that radionuclide ox 10
times the total curie iInventory of all radlonuclides at 1,000 years. TFor the
simple analogue of a bare waste solid surrounded by rock, the release rate
would equal the dissolution rate estimated by Equations (1) and (2; fbr steady
state or by the analytical solutions for the transient dissolution’» 1f

-a backfill is present, the release rate wguld Be the mass-transfer rate

calculated at the backfill-rock interface )92

I1f the NRC release—rate ctiterion is to be applied to the entire ensemble'
of waste packages in a repositoryl, the statistlical distribution of waste-
package container fallures can affect the average release rates for the
repository.

At a given time t the average fractlonal release rate £(t) of the
repository inventory of a radionuclide, based on the radionuclide inventoxry
at 1,000 years, Is a statistically weighted average of the fractional release
rates from the waste packages failed up to time t. At time t the fractional
release rate from a package whose container fails at time t’ after emplacement
1f £ (t,t’), and the failure probability per unit time at time t’ is p(t’).
The Praction of contalners failing in the time span between t’ and t’ + dt’ Is
p(t’)dt’, so the repository-average fractional release rate of the
radionuclide is given by:

£(t) n%( £,(t,t")p(e’)de’ ‘ (5)

The repository averaged fractional release rate will not differ much from the
slngle-package fractional release rate for low-solubility long-lived species
1f waste dissolution continues after all contailners have failed, It will be
Jower than the single-package release rate for soluble long-lived specles that
are available for rapid dissolution once the waste container fails, such as
cesium-135 and iodine-129 in the gap activity in spent fuel.

1. Ilustration for cesium-137. Statistically distributed container
failures do not necessarily result in repository-average release rates lower
than those for individual waste packagfg. To i1llustrate, we consider the
release of cesium-137 from glass waste We_assume that the cesium dissolves
congruently with silica and apply Chambre"523 analytical solution for the
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time-dependent fractional dissolution rate from a gpherical waste surrounded
by porous rock, for a silica solublility af 200 g/m’, and for a waste package
containing initially 270 kg of silica and 0.45 kg of cesium-137. The single—
package fractional dissolution rate of cesium-137, for a container that fails
at the time of emplacement, is shown in Figure 3. Because of the low 1,000-
year inventory of 30-year cesium=-137, the fractional dissolution rate 1s very
large at early times before cesium—~137 has decayed. However, if the contalner
does not fail for 300 years, most of the cesium-137 will have decayed and the
single-package fractional dissolution rate will be much smaller than the
calculated equivalent fractional release limit of 0.02/year.

Assuming that the container fallure rate is governed by a log-normal
distribution with mean time to fallure of 300 years and a deviation of 300
years, we obtain the repository-average fractlonal dissolution rate of cesium-~
137 shown in Figure 3. The consequence of a statistical distribution of
container fallures iIs to allow earlier container fallures and to increase the
average normalized dissolution release rate of cesium—137, The calculated
release rate of cesium~137 into rock will be much smaller i§ a sgrbing
backfill is present or if the low effsctive solubility (1072 g/m ) recently

measured for cesium in defense glassz is considered.

. 2. Data needed for rellable prediction. Data on the probablility
distribution of container fallures are necessary for relilable prediction of
repository-average release rate, placing additional demands on the experlments
and performance assessment to establish container failure modes.

III. NOMMECHANISTIC ESTiMATES OF WASTE-PACKAGE RELEASE RATE

A. Use of Laboratory Leach Data to Predict Radiorcclide Release Rates
Beginning over twenty years ago laboratory leaching experiments have

been performed on borosilicate glass and other candidate waste forms.
Typlcally, a small sample of a waste-form materlal Is exposed to a leachant
liquid in a vial kept at constant temperature. The leachant is periodically
analyzed for the concentration of dissolved constituents, Most data are
reported for leach times of about one month, but some leach times of a few
years have also been reported. Many publications propose coxrelations of the
rate of dissolution of silica from borosilicate glass, and a few extend the
correlations to radicelements contained in glass waste. Some of the
correlations are structured in a way to suggest possible mechanlsms that
control dissolution rate, such as surface films, sorption, etc., but all of
the correlations are empirical and include several arbitrary and adjustable
paraneters that are determined by curve fitting to laboratory data.

In 1980 the Waste Isolation System Panel® (WISP) of the National Research
Council began a three-~year study that included an evaluation of the
applicability of these laboratory leach data to predict release rates from
waste solids in a geologic repository. In 1981 the panel concluded that (1)
there is no reliable basils for extrapolating the empirical correlations of
laboratory leach data to predict release rates at exposure times thousands of
tines longer than encountered in the experiments, and (2) the repository
analogue proposed as a means of using the laboratory leach data is a



10

nonmechanistic postulate and is not valid. The analogue problems are
discussed In the WISP report and are summarized below.

B. Postulated Repository Analogues for Predicting Releases

The laboratory leach experiments measure the net rate of reaction
between the leachant and the solid surface., In the liquid-continuum leachant
no appreciable concentration gradients are expected, so the exterior~fleld
diffusive-convective transport processes that control the dissolution rate in
a repository environment are not present In the laboratory experiments. The
buildup of corrosion products within the leachant can affect the rate of
dissolution of the waste samples, so the ratio S/V of sample surface S to
leachant volume V is used as a correlating parameter; a larger S/V results in
more rapld Increase In concentration of dissolution products in the liquid,
more rapld approach to saturation, and more rapid reductlon in leach rate.

" 1. Repository S/V based on borehkole water. Various proposals have
been made30-3 to extrapolate the laboratory leach-rate data to repository
conditions by adopting the laboratory data taken at the same S/V ratio that is
presumed to exist for the waste package in a repository. Although, it has
been pointed out that there is no meaning to an equivalent vzlume'of ground
water In contact w}th the surface area of each waste package”, it is still
assumed by some1»32 that there is a repository analogue of the laboratory .
leach experiment. The assumption”*™~“ that the equivalent repository water
volume associated with a waste package 1s the volume of water in waste-package
volds and in the bore-hole annulus leads to a prediction of zero steady-state
release, because the concentration in this assumed confined liquid volume will
reach saturation, '

However, because the borehole liqulid is, in fact, mot confined, dissolved
specles will transport into surrounding porous medium by diffusion and
convection in pore water, the mechanisms considered in the mass—transfer
analyses by Chambre’ et al. and others. Release willl continue at a finite
rate, the solute concentration in the bore-hole liquid will fall slightly
below saturation, and solid-liquid reaction at the waste surface will proceed
at a steady-state rate equal, for long-lived specles, to the rate of
diffusive-convective transport into the exterior pores.

2. Postulates of ground water resldence time and volume. Macedo et
a1,30-32 have obtained laboratory leach data for glass waste powder with
periodic partial replacement of leachant, simulating a small and continuous
leachant flow through a leach-test vial with well-mixed solid and liquid.

At early times the dissolution rates are controlled by the solid~liquid
reactlon rate, which decreases with Increasing concentration of solute. At
later times the dissolution rate is found to be proportional to the volumetric
rate of replacement of leachant, suggesting that an equlvalent saturation
concentration has been reached and that the release rate is given by the
simple bulk-flow saturation-limited caleculation discussed in II A above. The
diffusive-convective transport mechanisms that control the net release in a
repository environment are not present in these experiments. Macedo et al,
enpirically correlate thelxr leach data with the ratio S/V of powder surface to

leachant volume and the average residence time T, of leachant, the latter
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~ determined by dividing the leachant volume by the volumetric replacement rate
of leachant,

To apply theilr empirical correlation of laboratory leach gata to
predicting waste performance In a repository, Macedo et al.3 propose a
repository analogue that has waste fragments well stirred with a specified
volume of ground water assoclated with each waste package, with a specifiled
volumetric flow of ground water through the well-stirred wlume. For a waste
solid surrounded by a large volume of wet rock, they propose that tha leachant
volume be identifled as the volume of woids inltially Inside the waste
container, which will become filled with water when the waste contalner fails.
Here they do mot include water that may be in the gap between the waste
package and rock. They propose that the volumetric flow through this well-
mixed contalner of waste fragments and vold water be identified as the
upstream Darcy velocity of ground water multiplied by the projected ecross—
sectional area of the e0lid waste. They do not consider the effect of any
backfill between the waste package and rock, and they equate NRC’s fractional
release rate with the fractional dissolution rate. The expected fractional
dissolution rate when liquid in contact with the waste is at concentration Ny
is then estimated by Macedo et al. to be:

N4V

—_— (6)
miTrS

£y =

where my is the mass of specles 1 In the waste solid per unit surface area of
solid. It 1s clear that this analogue distorts the physical situation In the
repository. Contrary to the assumptions of Macedo et al., fragmented waste is
not well stirred with void water and with any water that may flow through the
waste, If the waste solid has finite flow permeability, the actual rate of
flow through the waste willl depend on the ratio of waste solid permeability to
the permeability of surrounding backfill and rock, and it can depart
considerably, and eilther direction, from that estimated by Macedo et al,

More importantly, dissolved specles can and will diffuse into
surrounding backfill and rock and will be transported by diffusion and
convection into a much larger volume of flowing water than estimated from the
Macedo analogue. If the analogue were correct, Equation (6) would become
identical with the diffusive~convective Equation (1) as the waste permeabllity
becomes very small, resulting In o volumetric replacement of vold water and
an Infinite void-water resldence time. However, Equation (6) would
incorrectly predict zero dissolution, whereas the dissolution rate from
Equation (1) is finite. As another test, as the volume of void water goes to
zero Macedo’s Equation (6) predicts zero dissolution rate. In contrast,
Equation (1) was derived for a waste solid in contact with wet rock and it
correctly predilcts finite dissolution rate whether or not vold water is
present, Because Equation (1) is for steady-state dissolution rate, it
applies also to a waste package wlth finite void water, provided that the
radius R is taken as the radius of the bore lole. Also, applying Macedo’s
Equation (6) to a repository would overlook the effect of rock porosity, an
important parameter that affects the waste dissolution rate, as shown in
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Equation (1). The repository analogue proposed by Macedo et al., for finite
convective flow Is unrealistic and results In nonconservative predictions.

Recogniziﬁg_that exterlox—field diffusion can affect the dissolution rate
in a repository, Macedo et al. 1, propose that at low ground water flow
rates the equivalent contact time of ground water to be used in Equation (6)

be calculated by:

2
d
Tr

where d 1s the waste dlameter, K I8 the retardation coefflcient, and D is the
coefficlent for molecular diffusion in ground water in the rock pores. If
Equation (7) were corrected by moving the retardation coefficient to the
numerator, T, would be the the time for a diffusion front to travel a distance
d in a sorbing medium. However, it has not been explained why this transient
diffusion time should have any connection with the mean residence time for
steady-state dissolution, and why it should be related to the mean residence
time for Macedo’s laboratory experliments, for which Equation (6) was derived.
It. is not valld to adopt estimates of T. based on exterlor-field diffusion
nechanisms to use in adapting correlations of laboratory data which represent
dissolution mechanisms not affected by exterlor—field diffusion. Different
phenomena are involved, and the repository analogue is postulated without
demonstrating its causal connection to the laboratory experiments.

The fallacy of the postulated analogue can also be demonstrated by
comparing the results predicted by the technique of Macedo et al. with results
predicted by Chambre’’s Equation (2), which is exact for steady-state
dissolution at o flow and without decay. Macedo et al. state that, by using
the diffuslon estimate for T, Equation (6) will predict dissolution rates in
a repository when convective effects on dissolution are negligible, In the
absence of convection, there can be no finite flow through a fractured waste
solid, so Macedo’s Equations (6) and (7), derived for steady state
dissolution, should agree with the exact steady-state solution in Equation
(2). However, Macedo’s fIncorrect repository analogue and his unjustified
assumption of a diffuslon-limited equivalent residence time introduce the
sorption retardation coefficlient K, even though soxrption cannot affect steady-
state dissolution of long-lived specles. He fails to predlct a functional
dependence on rock porosity, which 18 shown in Equatfon (2) to be an important
parameter in affecting dissolution rate. He incorrectly predicts zero
dissolution rate when there 18 o vold water in the waste package, although as
explained above (IL C.5) water In waste package voids and in the borehole
annulus has no affect on the steady-state dissolution rate. Macedo’s
equations fail to predict the much greater transient dissolution rates that
are shown by Chambre’s exact solutions to occur over hundreds and thousands of
years in a low-flow repository. Neglecting rock porosity and transient
diffusion-controlled dissolution results in nonconservative estimates of
dissolution rate. :

As concluded by the WISP panel4, such enpirical techniques are useful to
correlate laboratory leach data, but postulating equivalent values of S/V,
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volune flow rate per waste package, and T, in attempting to use these
correlations to predict performance in a wet-rock repository is neither valid
nor necessary. Predictive rellability is lost by ‘such postulates. Proper
mechanistic theories of repository performance exist, and these theories
speclfy the kind of laboratory data, such as saturation concentrations, that
are needed for valid and rellable predictions of waste dissolution rates.

3. Data on matural analogues. Macedo et al.31 base their conclusion that
solid-liquid reaction rates contrzl dissolution in a repository on a limited
nunber of obserxvations by Bernex> » Who studied the dissolution rates of
isolated gralns of low-solubility minerals surrounded by a wet porous solid.
By observing the temperature dependence of the dissolution rate, Berner
concluded that dissolution was controlled by exterfor-field diffusion for some
nineral grains and by solid-liquid reactlon rate for others. Ranking the few
samples according to thelr solubility, ha found that the dissolution of most
of the low solubility grains was controlled by solid-liquid reaction rate.

The observation was empirical and was limited to a small number of minera)_l;1
samples. It does not justify the unqualified conclusion by Macedo et al.
that different materlals, ‘e.g., borosilicate glass, and enortnusly larger
solid forms will follow the ranking observed by Berner.

. Better insight Iinto the fallacy of generalizing and extrapolating_ f£fron
Berner’s data is provided by the analytical solution of Zavoshy et al. for
dissolution from a solid sphere of radius R surrounded by a saturated soxbing
porous medium. The solid-liquld reactlon rate, expressed by a simple first—
order reaction dependent on the concentration of solute in the liquid at the
solid surface, 1s used as a dissolution-flux boundary condition to connect
with the mathematical analysis of exterior-fileld diffusion in the absence of
convection., The analytical solution for the time-dependent dissolution rate
contains a term VY, the magnitude of which determines which phenomenon
controls dissolution rate at steady state, where:

Y = forward reaction rate per unit area at R - kR (8)
~ steady-state diffusive mass transfer rate at R €D.

where k is the forward reactlon rate constant, When Y 48 nuch larger than
unity, steady—state dissolutlon is controlled by exterioxr-field diffusion;
when Y is much less than unity, solid-liquid reacton rate controls. Inferring
k from early-time leach data for silica from borosilicat% glass, assuning a
waste sphere 0.44 m in radius, and with D = 7,7 x 107 /yr for silica acid
at 90°C and € = 0.01, we calculate ¥(5107) = 1240, Foxr this large glass
sphere, silica dissolution is controlled by exterior-field diffusion.

1f we make the sphere radius small enough, Equation (8) will predict a
small ¢ and solid-liquid reaction rate will control. This is what one would
expect from the physics of the problem. We know of no causal effect of
curvature on the solid-liquid reaction rate, but the high curvature of a
small-radius sphere promotes more rapid exterlor-fleld diffuslon and can
eliminate it as a controlling phenomenon.

Equation (7) demonstrates that it is not valid to appl§ Berner’s
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conclusions on small nineral grains to large waste solids,

The only physico-chemical property of the solid contained in Equatifon (7)
is the forward reaction rate constant k. The theory shows that the
dissolution rate of Berner’s small mineral grains should have been ranked
according to k, if It were known, instead of solubility. The ranking
according to solubllity does not demonstrate a casual effect of solubllity on
first-order dissolution and should not be generalized. Berner observes that
the solid-liquld reaction 1s usually complex, and a higher-order reaction
could result in the observed ranking.

There is no valld basls for the conclusion by Macedo et al. that the
dissolution rate of nuclear waste In a repository would be expected to be
controlled by surface reaction mechanisms. Based on the foregoing analysis,
and as demonstrated in Table I, we conclude that for borosilicate glass the
dissolution rate of silica and other low-solubility specles in borosilicate
glass waste will be controlled by exterilox—field mass transfer and that solid-
liquid reaction rate will not influence the dissolution rate except during the
very early time of exposure to groundwater. This early time Is no rmore than a
few days if the sqlid~liquid reaction rate Is given by the parameters adopted
by Zavoshy et al. }

4, Flow of ground water through fractured waste,. In explaining his
proposed model for predicting waste dissolution rate in a repository,
Macedo31s states that his model consliders ground water flowlng through a
fractured waste solid, whereas the mass-transfer analytical solutilons
presented by Chambre’ assume an impermeable waste solid. Glass waste will be
internally fractured from thermal stress. Water is likely to penetrate lnto
fractured glass, but it will not alter the results of Chambre’s mass transfer
analysis if there is m net through flow of liquid through the waste. Solid-
liquid reactions on iInternal surfaces will only increase the net solid-liquid
reaction rate, which 1s already sufficlently rapid to maintain near-—saturatlon
concentrations of the low-solubility constituents in surface iiquid in a
repository enviromment,

Net through flow of ground water through the fractured waste is not
included in the present mass-transfer analyses by Chambre’, but it can be
added. Because only a portion of the ground water flow can permecate the
fractured waste, parameters appearing Iin the resulting mass transfer analysis
nust Include the hydrodynamic permeabllities and porositles of the waste
solid, backfill, and rock. Mass transfer from waste particles to through—
flowing liquid will introduce dimensions of waste fragments and flow
interstices, in addition to the other parameters already appearing in the
mass—transfer analysis. None of these additlonal parameters appear in
Macedo’s proposed method of predicting waste dissolution rate in a repository
because Macedo assumes that all ground water flowing through rock of cross—
sectional area equal to that of the waste solid will f£low through the
fractured waste, and he assumes that this permeating ground water is well
stirred with powdered waste, as in hils laboratory experiments. Therefore, the
effect of any finite flow of ground water through fractured waste nmust rest on
a more realistic and mechanistic analysis and cannot be predicted by the
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postulates of Macedo et al. The fact that Macedo’s experiments include well-
mixed flow through powder samples does not necessarily mean that the same flow
and dissolution process will occur in repository waste.

Theoretical studies of the hydrodynamics and mass transfer in two-
region porous media are undexway by Chambre’, and extension to include the
effects of flow through waste can be considered.

IV. SUMMARY AND CONCLUSIOHNS

Predicting rates that radionuclides are released from waste packages
cannot rest upon empirical long-term extrapolations of laboratory leach data.
Reliable predictions can be based upon simplified assumptions, such as
solubility-linited bulk—flow, 1f the assumed parameters are rellably known or
defensibly conservative, but assuming volumetric flow rates through a waste-
package cross section Is arbiltrary and can be nonconservative.

Wherever possible, performance analysis should proceed beyond simple
bounding calculations to obtaln more realistic-~-and usually more favorable--
estimates of expected performance. Desire for greater reallsm must be
balanced against Increasing uncertainties in prediction and loss of
rellability. Theoretlcal predictions of release rate based on mass—transfer
analysis are bounding, and the well-established theory i1s well adapted to
verification. The results from the exact analytical solutions can be used to
test predictlons from numerical techniques and from less mechanistie
analogues. : '

Lower release rates are expected 1f less than complete fallure of waste
containers is considered, but data for reliable quantitative predictions are
not yet available and will be difficult to obtain. Diffusive transport
through small holes and cracks can be much greater than incorrectly predicted
on the basis of area proportionality. '

Repository-average release rates, taking into account statistical
distribution of contalner fallures, can be lower than individual-package
release rates for some radlonuclides and greater for others, depending upon
mean-time to failure and the probability distribution of failures. Data are
not yet sufflclent for reliable prediction and will be difficult to obtailn,

Several efforts to predict waste-package release rates in a repository,
utilizing empirical correlations of laboratory leach-rate data, have invoked
postulates of repository analogues to simulate the laboratory leach
experiments, The postulated analogues are unreallstic, they introduce’
flctitious repository parameters, such as volume and volumetric flow rate of
ground water assoclated with each waste package and ground water resldence
tinme, which are assigned arbiltrary values for making predlctions. They invoke
functional dependence on parameters inconsistent with well-established mass-
transfer theory, and they incorrectly assume that the dissolution mechanisms
that control release rates observed in laboratory experiments are controlling
or Important In the repository.
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The most useful experimental results from laboratory leach experiments
are the saturation concentrations of radioelements released from the waste.
Othexr parameters needed for rellable estimates of release rates in a
repository can be directly measured, including rock and backfill porosity,
diffusion coefficlents, sorption, and ground water pore velocity upstream of
the waste,

Effects on release rate due to colloilds, radiolysis, possible flow
through backfill and fractured waste, and graln-boundary diffusion and
interbed flows in salt need to be resolved by theory and experiment.

V. ACENOWLEDGHENT

This work was sponsored in part by the U, S. Department of Energy under
Contract Number DE-ACQ3-76SF00098.

VI. REFERENCES

1. J. A, Lieberman, S. N. Davis, D. R, F. Harleman, R. L. Keeney, D. C.
Kocher, D. Langmuir, R, B. Lyon, W. W. Owens, T. H. Pigford, W. W.~L. Lee,
"Performance Assessment National Review Group," Weston Report RFW-CRWM-85-01,
February, 1985, : ’

2. U. S Depértmeht~of Energy, "Draft Environmental Assessment for the Yucca
Mountain Site", DOE/RW-0012, 1984.

3. T. K. Sﬁerwood, R. L, Pigford, and C. L. Wiike, "Mass Transfer," New York:
McGraw Hill (1975).

4, T. H. Pigford, J. O. Blomeke, T, L. Brekke, G. A. Cowan, W. E. Falconer, N.
J. Grant, J. R. Johnson, J. M. Matusek, R. R. Parizek, R. L. Pigford, D. E.
White, "A Study of the Isolation System for Geologic Disposal of Radioactive
Wastes," National Academy Press, Washington, D.C., April, 1983,

5. P. L. Chambre’, T. H. Pigford, S. Zavoshy, "Solubility-Limited Dissolution
Rate in Groundwater," Trans. Amer. Nucl. Soc., 40, 153, 1982,

6. P. L. Chambre’, S. Zavoshy, T. H. Pigford, "Solubility-Limited Fractional
Dissolution Rate of Vitrified Waste in Groundwater," Trans. Amer. Naucl. Soc.,
43, 111, 1982,

7. P. L. Chambre’, T. H., Pigford, Y. Sato, A, Fujita, H. Lung, S. Zavoshy, R.
Kobayashi, "Analytical Performance Models," LBL-14842, 1982,

8. P, L. Chambre’, T. H. Pigford, "Prediction of Waste Performance in a
Geologic Repository," Proceedings of the Materials Research Society, The
Scientific Basls for Nuclear Waste Management, Boston, 1983,

9. P. L. Chambre’, T. H, Pigford, J. Ahn, S. Kajiwara, C. L. Kim, H. Kinura,
H. Lung, W. J. Williams, S. J. Zavoshy, "Mass Transfer and Transport in a
Geologic Environment", LBL-19430, April 1985,



17

10. S. J. Zavoshy, P, L. Chambre’, T. H., Pigford, '"Mass Transfer in a Geologic
Environment," Scientific Basis for Nuclear Waste Management VIII, C. M.
Jantzen, J. A, Stone, R. C. Ewing, Eds., Materlals Research Society Symposia
Proceedings, 44, 311-322, 1985,

11. B. P. McGrail, L. A, Chick, G. L. McVay, "Initial Results for the
Experimental Validation of a Nuclear Waste Repository Source Term Model,"
Battelle Pacific Northwest Laboratory Report, PNL SA 12015, January 1984.

12, T. H. Pigford and P. L, Chambre’, "Mass Transfer in a Salt Repository,"
Report LBL-19918, May, 1985,

13. I. Neretnleks, "Leach Rates of High Level waste and Spent Fuel: Limiting
Rates as Determined by Backfill and Bedrock Conditions," "Sclentific Basis for
Nuclear Waste Management V, W. Lutze, Ed., 559-568, Proceedings of the
Materials Reseaxrch Soclety Fifth International Symposium, New York: Elsevier

Science (1982)., .
14, R. O. Fournier and J. J. Power, Amer. Minerol. 6L, 1052-56 (1977).

15. I. Neretnieks, "Diffusion in the Rock Matrix: an Important Factor in
Radionuclide Retardation," Journal of Geophysical Research, 85, 4379 (1980).

16. S. K. Neretnieké, "Diffusion in Crfstalline Rocks, "Sclentific Basis for
Nuclear Waste Management V, W. Lutze, Ed., Proceedings of the Materials
Research Soclety Fifth International Symposium, New York: Elsevier Science
(1982).

17. K. Skagius and I. Neretnieks, "Diffusion in Crystalline Rocks," Scientific
Basis for Nuclear Waste Management V, W. Lutze, Ed., 509-518, Noxrth Holland

(1982).

18. M. H. Bradbury, D. Lever, and D. Kinsey, "Aqueous Phase Diffusion in
Crystalline Rock," Scientific Basis for Nuclear Waste Management V, W. Lutze,
Ed., 569-578, North-Holland (1982).

19. G. L. McVay, D, J. Bradley, J. F. Kircher, "Elemental Relecase From Glass
and Spent Fuel," ONWI-275 (October 1981).

20, P. L. Chambre’, H, C. Lung, T. H, Pigford, "Mass Transport From a Waste
Emplaced in Backfill and Rock," Trams. Axzer. Nacl. Soc., 44, 112 (1983).

21, H. C. Lung, P, L, Chambre’, and T. H. Pigford, "Nuclide Migration in
Backfill With a Nonlinear Sorption Isotherm," Trans. Amcr. Nacl. Soc., 45, 107
(1983).

22. P. L. Chambre’, W. J. Williams, C. L. Kim, T. H. Pigford, "Time-
Temperature Dissolution and Radionuclide Transport,'" Trams. Amer. Nacl. Soc.,
46, 131-132, 1984 (UCB-NE~4033).



18

23, P. L. Chambre’, to be published.

24, INTERA Environmental Consultants, Inc., "WAPPA: A Waste Package
Performance Assessment Code," Repoxrt ONWI-452 (1983).

25, Kim, C, L., P. L, Chembre’, T. H. Pigford, "Diffusive Mass Transport
Through Small Holes in Waste Containers,' UCB-NE-4065 (Draft) (1985).

26, L. M. Johnson, S. Stroes-~Gascoyne, J. D. Chen, M. E. Attas, D. M.
Sellinger, ang H, G. Delgney, "Relationship Between Fuel Element Power and the
Leaching of ! 7Cs and 1291 From Irradiated U0, Fuel," Proceedings of the
Topical Meeting on Fission Product Behavior and Source Term Research,
Snowbird, Utah, 1984,

27. U. S. Nuclear Regulatory Commission, ''Disposal of High-Level Radloactive
Wastes Iin Geologic Repositories — Technical Criteria," 10 CFR 60, Fed. Reg.,
48, 120, 18194 (1983). ‘ A

28. C. L. Kin, P. L. Chambre’, T. H. Pigfotd "Radionueiide Release Rates as
Affected by Containcr Failure Probability," Report LBL-19851, June 1985L

29, N, E, Bibler, E. I. du Pont de Nemours, Savannah Rivet Laboratoty, Private

..Communication, May 1985._.;' L o - __E.L_*<.,:L.“ .

30. A. Barkatt, P. B. Macedo, W. Sousanpur, A. Barkatt, M. A. Boroomand C. Fo
Fisher, J. J. Shirron, P, Szoke and V. L. Rogers, The Use of a Flow Test and
a Flow Model in Evaluating the Durability of Various Nuclear Waste-~Form
Materials's Nuclear Waste-Form Materials," Nucl. Chem, Waste Managenent, 4,
153-169, 1983,

 31. P. B. Macedo, "Phenomenological Models of Nuclear Waste Glass Leaching,"

Chapter 6, Final Report of the Defense High-Level Waste Leaching Mechanisms
Progran, J. E. Mendel, Ed., Report PNL-5157 August 1984

32, A, Barkatt, P. B, Macedo, B. C. Gibson, Modelling of Waste Form
Performance and System Release,'" Sclentific Basls for Nuclear Waste Management
VIII, Materials Research Society Symposium Proceedings, C. M. Jantzen, J. A,
Stone, R. C. Ewlng, Eds., 44, 3 13, 1985,

33. M. J. Plodinec, G. G. Wicks, and N. E. Bibler, "An Assessment of Savannah
River Borosilicate glass in the Repository Environment,' DP-1629, E. I. du
Pont de Nemours and Co., Alken, S. C., April 19§2. .

34, R. A. Berner, "Rate Control of Mineral Dissolution Under Earth Surface
Conditions,", Am. J. Sci, 278, 1235~1252 (1978). :



. -

o/]a 3 o \2{\»./. Q_M u\J
05 62388 e

inter-of T I ice mem or rldum

TO: " PACG Members : _ - . DATE: Saot. 12, 1935
FROM:  Larry Rickertsasa, Weston
SURJECT: Perforaznce Assesszment Glossaries \VlO;Noa
. At the PACG meeting of August 29, 1985, it was noted that the NRC will be
very concernad over defl 1itlo1s of terns in their reviews of pnrf' =ance

assessoent plans and activities in the program. 3ecause not all periorsance
assess:ent terﬁinology has yet baeﬁ specified in the p*dgran, {leston was
assigned to raview the E\iat lossar*es at the projects and tho:» 11
progran and NRC docuzents to identify potential issues,

The attached‘pa;;aoe su"ﬂarmzes thu results ;é chis brief revisw. This
packag ‘dnﬁtif*as several areas raquirino PACG considerztion of parforzance
assessnent terminolegy. It is also noted that glossaries are baing !
contenplated for the Ragulaédry Compliance Plan, the Wasté Acceptance
?relininary Specification and the revision to 10 CFR 60 as wall as the SC?
that could benafit fron such coasideration. The PACG should review the
enclosed package and be prepared to discuss the rscozmendations in a

coaference call to be haeld in the latter part of the 3rd week of Septexzbdar.

ot

Arraagesants for this call will be nude with PACG zeabers 2arly in that week

In 2ddition the PACG nembers should be prepared to discuss the nz2eds for

the upcoaing neeting with tha NAC on Perforzance Allocation should advanca

naterial froa the KWXC be availadle.



" PERFCRMANCE ASSZISSMENT TZRMINOLOGY ISSUES

This package contains materlal to help identify issues that may exist with
performance assessment terminology and definitions. It has been prepared in
response to an assignment in the Performance Assessment Coordinating Group
meeting on August 29, 1985 with regard to NRC's concern over DOZ's usage of
terms in written performance assessment plans. ) . -

This package includes the three glossaries from the EAs prepared by MNVSI,
SRPO and BWIPO. Yhile these glossaries are intended to address only the needs
of the EAs, they are, nevertheless, quite comprehensive. Further, although
the glossaries are sorewhat site-specific, they are largely consistent wlth
one another. The BWIP glossary is the rmost complete.

There are sorme minor inconsistencies and gaps in these glossaries with regard
to performance assessment terminology. For example, the term “biosphere” is
not defined at all in the MNWSI glossary, defined as "the surface portion of
the accessible environment” by SR?0, and and somevhat more generally by BWIP.
Neither the SRPO nor the BWIP definition is precisely the same as that given
in the Mission Plan or in the Generic Requiremants Dccument (GRD). This
inconsistency is not very important. It has no implication for regulatory
performance objectives and would not impact any of the biosphere transport
analyses; however, it would be a simple matter to develop a general definition
that could be used by all projects. It is recommended that the SRPO
definition be combined with the BWIP definition and that this consistent
definition be used throughout this orogram.

Another example is in the deflnxtlon of 'brlne ngraglon . NNWSI defines this
process as "the movement of brine inclusions in salt", BWIP defines it rore
narrowly as "movement of brine inclusions in salt toward a heat source", while
the salt project defines it simply as "the movement of brine in salt". YNone
of these is quite the same as the definition in the Misslion Plan which gives
it as "the movement of brine through interstices in rock". It is recommended
that this.ternm be reviewed by the PACG, so that potential confusion with
regard to brine migration processes can be prevented.

An example of a gap in the glossaries is the term "packing” or "packing
raterial™ that identifies any material placed between the container and the
host rock in the emplacement hole. This term is important because it may have
2 bearing on the evaluations of the engineered barrier system performance
cbjectives. It is recormended that this term be added to the projects
glossaries. This recommendation will be discussed more fully below.

There are probably other minor inconsistencies and gaps in the projects'
Glossaries and it is recommended that the glossaries be reviewed from the
point of view of consistency and conpleteness regarding performance assessment
and other terminclogy.

Meanwhile, there are several issues regarding terminology important to
performance assessment which result fron evolution or ambiguity in the
program. Some of these issues are discussed below.
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Ya its review of the SR?0 Performance Assessment Plén, the NRC noted
problems in use of terms such as "disturbed zone", “tenchaarking”,
and "verification” The disturbed zone is discussed belcw (see

Issue 6 balow). The definition of benchmarking given by the N&C ia
the draft Genaric Technical Position (GT?) on Licensing Assessment .
Mathodology for HZigh-Level Waste Geologic Rerositories is as follows:

- "Banchmarking: The process of establishing that a computer
ccde will gpezform numarical calculations that agree with
appropriate analytic solutions (see verification); thak the

umerical solutions of the ~T~32~» =»7aguately represent the_ range
Tor ohysxcal sxtuaclons to“yhlcn the cogce 1> 11<e1y to _be.

polica’ lse° validation); ard that a naw ccde can reoroauce
e uLts of a previGusly “qualified code to an acceptable level
of precision.”

cf.’J

b

The Departrent of Energy is generally in agreement with the
definiticns of verification and validation given by the YNRC (see tke
Project glossaries) but has generally used only the last-'clause o
define benchmarking. The BWIP? definition from the glossary is;

.
e 2+

-“Benchmarking of Computer Codes: code-to-cocde comgarison in

which sinulations obtained with the U.S. Department ¢f Znergy

codas are compared to those cbtained with other available

.~ ccdes. The test cases used for benchmarking will use data
representative of the actual repository setting. thchmarking
is complete when a reasonable consensus between independent
coda predictlons is achiaved "L, -

* . s . . . -_., .-q ".- ‘- -..‘. . . -

Because thls dezinition is enconoassed by thgt given in the G772,
would not cause any confusion, and is ganerally accepted in the
.program, it is recommended that this 3WIP definition be uged
throughcut the program. It is also recommended that the definition -
of verification and validation as given in the GT? be used in the
progran. A fourth term which iIs related to these is
"certification". According to the GT?, certification is "assurance
that the actual version of a code used %o verform a particular
anzlysis is the sare as the formally documentsd version." It is
recormended that this d=finition also b2 adosted. (It is noted that
this definition iIs somewhat different than the meaning of the word
ia @\ zpplications as given in the SR?0 glossary.)

Comolerentary Cumulative Distribution Tunction (CCDF)

Although the CCDF is well-defined mathematically, there is potential
confusion in the construction of tha CCDF with regard to the roles
cf uncertainty, scenario probability, and risk., The relaticnship
between scenario probability and parameter uncertaiaty and their
rele in defining the CCDT has nobt yet teen deternined. It is
vecommended that this role be reviewed by the PACG in order to
jetermine a clearer definition of the CCD?T.



With regard o risk, the GT? del a_ns

probabzllt/ and severity of adve ffeCtS {consequernces); the
e\éected | detriment per unit time to a person or population from a
given cause” The first clause In this definition is essentially
correct although it can be made more specific for rerository
parformance assessments.. The second clause is not accurate since it
confuses a rate with’ risk (which may be expressad as a rate). It is

rascomiended that the program adopt the following definition:

3
2
-
g

es this term as "a _m2asure. of _ the_ -
o

©
S

"risk - the product of the probabxlxtj aﬁd conseguence of a set
of processes and/or events"

v .

3. Waste Packace and Engineecred Barrier Svstems - - ) - -
Some evolution in component and system definitions has ‘occurred in
the design pregran. It is reccmmended that the following
terminolcgy be used:

"waste form -~ the radioactive waste material and any
encapsulating or stabilizing mutrlx.

"Canister - the matal vessel-into vhich the waste forn is
placed.”

fContaiher -~ the metal vessel placed around the canister to
meet the 10 CFR 60 containment requirement.”

Packing - the materialhﬁlaced betveen the container and the
host rock wall of the enpl;c-uent hole."

L haste Pacxace - the waste forﬂ, canlster, any container,
and any packing.”

'"Dlsposal Package = the waste pacnage that is enplacej in
‘ the underground facxllty. .

"Zngineered B*rrier System - the waste package and any other
manmade components of the underground facility designed to
restrict movement of water and to limit release of
radionuclides into the geologic medium. It includes any
liners, seals, grouts, bulkheads, or backfill placed within
the underground facility, but does not include any of the

. host rock itself excent where darouted or sealed.”

In this centext, "overpack” would no longer be: used to describe a
conmponent of the system, In addition it is noted that these
definitions differ in minor ways frem those in the GRD, the Mission
Plan, 10 CFR 60, and the GT?, as well as those in the projects’
glossaries. As a result it will be necessary to get concurrence
regarding these terms.

It .is also noted that the GT? calls for calculation of waste package
¢ contalnnent tire at the boundary of the waste package, while the
ctated intention of EOZ is to evaluate this time zat the boundary of

-



the centainer. Further, the GTP indicates that the maxinun
radionuclide release rate will be amzasured at the boundary of tha
engineered barrier system, while BOZ intends to Dredict this rate
using tested mcdels,

Radionuclide 2elease Rate from the Engineered Barrier Systen

This term has been clarified in the dctter from Dobezt E. Browning
of the NRC to William Bennett of the DOE (September 10, 1984). .
Evaluations cf the system with regard to this perhorﬂa ice objectives.

4
should rete'ence this letter,

Substantiallv Complete Containment ~ L
Two issues nz2ed to be resolved: (a) the -interpretation - of the
containnent requirement and (b) the intsrpretation of the term
"substantially complete”. With regard to the first issue the VWaste
Package Ccordination Group has determined that the design objective
for the containazr is that the container lifetime will ba sufficient
that the containment requirement is mat. It nay be possible to
deronstrate that radionuclides are still contained within the waste
package system even after the container has breached. It is
recommended that the containment requiremant and the approach to
evaluation of the waste package with regard to this requirement be

. reviewed by the PACG. In this regard, it should bte noted that the
- required time before loss of containment will be a pericd specified

by the NRC (based on the information providsd by the LOZ) and that
the specification of this period will influesnce the ev a’uatlon of
the rate of radxo“ucllde release frow the engineered barrier systen.

- . B . .... u-..-.
: o .

2lith regard eo the second issue, ‘a quantztxve interp:etation of the
requizerent has not yet been determined. One interpretation is that
"substantially complete containment"” is obtained if it can be

“.deronstrated with reasonable assurarce that the containment

requirement is met with a level of confidence of 99 perceat. A1t is
recoamended that the PACG review this situation to dstermine if a
rosition on this reguirerent can be made at the present tics and, if
so, what that position shculd b=.

Pre-emolacement Ground-wWater Travel Time

This performance objective has also received some clarification in a
letter from the NRXC to DOZ (letter from Robert Browning to Ralph
Stein, June 12, 19383) and it is anticipated that further
clerification will be made with reqard to the meaning of "fastest
path of likely radionuclide travel" in a future technical position
paper., There are two other issues with regard to this parformance
objective: (a) definition of the bcundaries of the accessitle
environzent and the controlled area and (b) gdefinition of the
disturbed zore. '



l

(2) Definition cf the 3oundary of the Accessiltlee Environnent-

pl

Hith respact to Issue (a), the accessible envircnmant toundary
definiticn in 10 CFR 60 refers to the controlled area which is
specified as being "10 kiiomete;; in any direction frcm the outer
btoundary of the undergrournd facility.” The definition of the
controlled area given by the ZPA is "(1l)a surface lccation to bz
identified by passive institutional controls, that cnconpasses no
rore than 100 square kilomaters and extends horizontally ©o more
than five kilometers in any direction from the outer boundary of the
original lccation of the radiocactive wastes in a disposal systen;
(2) the sub:ur‘ace uwderlylng such a surface locatxoﬁ.

While the definition of the controlled area specified by the NaC

need not correspond to the E2\ definition, the intention of the NRC
was that the travel time rerformance objective and E?PA's standard
for cunulative release to the .accessible environment would be
consistent. Therefore, it s recormmended that LOZ zdoot the EEA
definition of the controlled area for the purposes of evaluating the
pre-erplacenont ground-watgr travel tire.

(b) Pefinition of Disturbed Zone

" It has been érguéd that the disturbed zone canrot be défined until

site-specific data are obtained during detailed site
characterization studies. MNevertheless the lack of definition of
this zone has provided a source of controversy regarding 'the travel
tine evaluations being conducted for site nomination and.
mecomnendation: At the same time there appears to be no reason for
this controversy. [for example, the salt sites were evaluated and a
disturbed zone extending no more than 10 meters into the host rock
.was determined based ugcn preliminary, but very conservative, ]
evaluations.. These evaluations are described in Appendix’ 6A of the
salt EAs. This appendix from the Deaf Smith County EA is attached.
It considers various interpretations of the NRC definition of the
disturbed zone and it gives simdle analyses for disturbances to the
thermal, mechanical, fluid, chemical, and radiation environments.

There does not seem to be any coocd reason that similar analyses

cannot be conducted for other sites as well A very good case can be

nade for the following definition:

"The disturbed zcne is defined as a zone within the bourndaries
defined by the farthest axtert of the hoilina isaothern or a
distance one roon dianeter into the host reck, whichever
provides the largest zone.”

This definition is based upon the fact that buoyancy-type.
considerations for the groundwater are predictable since the density
. and viscosity properties of the water are known, that few, if any,
othnr thermally-induced disturbances are significant below the ’

! box’ing point, that radiation effects
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8. -

extend only a small distance, and that local mechapical _disturbances
are insignificant moce than one room diameter away from the
excavation. VWhen the results of testing become available, it may be
possible to define even a smaller disturbed zone, if desired. It is
recommended that the PACG review this definition and determine if it
is applicable.to the site prior to full characterization.

-

Far Field, Mear Field, and Vary Near Field c.

The NRC indicated in its review of the SRPO Ferformance Assessment
Plan a concern that these terms are used to define subsystems apart’
from the subsystem definitions specified in 10 CFR 60. The far
field is defined in the GTP as "the portion of the geologic setting
that lies between the outer edge of the disturbed zone and the
accessible environnent”. The SRRSO glossary defines the far field as
“the geosphere, hydrosphere, 2nd biosphere cutside the thermally
influenced area of a recository”. These definitions could be cuite

" different depending upon the criteria defining "thermally influenced

area®™ and "disturbked zone"™. The SRPO definition of the near field
is essentially the repository, the host rock and the engineered
barrier systen while the very near field appears to corzespond to
the waste package system.

There does not appear to be a strong reason to provide detailed
definitions for these terms since there are no requlatory
performance cbjectives for these regimes. Indeed, the terms are
intended largely to indicate recuirements for particular phenomena
or environments, or the range for bouncary conditions for evaluating
these effects.. Since the range for thermal changes may be gquite
different than for mechanical effects or fluid effects, it may not

" e meaningful to be very specific without reference to particular

processes.. Therefore it is recommended that no detailed definitions

. be given in the glossary. 1In addition it is recommended that DOZ

.acknowledge NRC's concern and that_thése terms not be used to define
systens for analyses.- '

Important to Safety

The NRC gives the following definition in 10 CZFR 60:

"Important to safety with reference to structures, systems, and
conponents neans those engineered structures, systems, and
cenponents essential to the prevention or mitigation of an
accident that could result in a radiation dose to the whole
body, or any organ, of 0.5 rem or greater at or teyond the
nearest bcundary of the unrestricted area at any tlm until the
completion of permanent closure.

While this definition is explicit and therefore useful, it provides
an unreasonable requirement on the system with respect to very low
probability events. It is recommended that the definition be
ncdified for these latter cases. For example, accidents which are
not credible {e.g. with a frequency of 10~6/yr .or -less) should

not be considered at all in the analysis.. In addition, the risk

o

o,
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from accidents of low protability (e.g. thosa that have less than
one chance in 100 of occurring during the preclosure period) should
be no greater than those with greatar probability. It is .
recormended that the PACG raview this definition to determine if an
acceptable criterion can be develecped.

As lLow as Reasonably Achievable (ALARA) -

An apprcach to ALARA nust be developad for the preclesure systen.
In general this principle means that the sufficient constraints are
included in the design that preclosure occupational and gpublic
exposures are as low as reasonably achievable ta<1ng into acccunt
the state of technology, the costs in relation to the benefits to
public health and safety, and other considerations. Criteria to
assure releases are ALARA at LDOE facilities are given in DOZ Order
5480. Whether additional criteria will be used must yet be
determined. It is reccmmended that the PACG review these criteria
to determine if the ALARA recuirement is adequately addressed for
the preclosure repository syste:n.

Performance Criteria -

Performance assessment plans call for the specification of

"performance criteria” which may be confusing because the

regulations refer to "performance objectives"” and "siting

criteria”™. It is recommended that the following dc*1n1tions ba used

in the onzforuance assessment pregran.
"Patformance Objectives - the requxrerents for rerository
Performa ance specified in 10-GFR 60, Sections 111 through 113.
These include the requireménts of 10 CFR 20 for the preclosure .
system, the EPA standards for systenm performance in 40 CZR 191,
the pre~emplacement ground-water travel time reguirezent, the
requirement for containment of high-level. waste within the
waste package, and the lirpit to the rate of release of
radionuclides from the enginecred tarrier system".

"Performance Criteria - rules developed within the projranm by
which the performance of the repository system can be judged.
These include the regulatory performance objectives, but also
include other rules or standards developed by DOZ in the course
of performance assessment. These latter criteria are not fixed
and may b2 changed to suit the needs for assessment of the
system. Examples of these latter criteria might include a
requirement on the lifetime of the container, a limit to the
release of rate of release from the waste package, or thermal
criteria established for components of the system”.

“Performance Heasure - a variable for which a performance
criterion is set; e.g waste package. lifetime, rate of release

- . of radionuclides from an elerment of tHe system, cumnulative
release of radionuclides.”



"assessuent Croiteria = sece 'Ferformance Criteria'.®
"System Critoria - see 'Performance Criteria'; usuallj used in

the conte<t of the preclosure systen.”
ples rforannce Coals - see 'Ps'forﬂance Crxterza' "

ansicn Goal - a rule set by designers for an engineered

. _component of the system and usually based upon performance
criteria for the comgonent but may include additional design
nargin to account for nanuhacgutxng or purgneter uﬁcertaintles .

'°erLormance Allocation - the precess of develoo ng sub51d1ary
Performance crlterla for subsystems (or comconents) to assure
that system (or subsystem) pecformance criteria are met with
reasonable assurance"” : '

"Raliability Coal. - a performance criterion set for an elemant
of the system in terms of the level of confidence that the

conronent will meet a system performance criterion; e.g. a
goal for the confidence level that the waste package subsysten
. alone will meet the EPA standard for cumulative release to the
accessible environment or a goal for the confidance lewvel that
. the container will meet the contalnmewt requlrcrent for the
- "1.entire waste ngckage. - : '

- .

11. Conceotual Hodel

Thls termn is used in a varlety of ways 1n the progran and naj te a
" - source of confusion. In the GT? this term is defined as "a
Dictorial and/or narrative descrivtion of a recository systen or
subsysten which relates all relevant components and structures
_ contained within the system or subsystem, the ‘interactions between
.components and structures, and any internal or external processes
which affect the overall performance of the subsystenm.” This term
is so general that it includes any description, picture, data or
paraneter representation, and any mathematical mcdel for the
system. In the GT?, in fact, the term conceptuzl rcdel is applied
in each cf these ways. It is therefore difficult to6 interpret what
is meant when performance assessment plans call for the
. specification or develorment of “conceptual mcdels". Nevertheless,
*  becausa there is no explicit regulatory obligation to provide a more
definitive explanation of this terﬂ, it is recommended that no rore
ppecific dcfinxtion be given.
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Rockwell Hanford Operations
el T opf’o. gecx aooc; Rockwell
Richland, WA 99352 International
October 11, 1385 In reply, refer to letiter 28313.Rl
0. L. 01§Bn. Director
Basalt Waste Isolation Division
Depariment of Energy
Richland Operations Gffice
Rich]andt Washington 99352
Dear Mr. Olson:
RESPONSE TO INSTRUCTIONS FROM R. E. BROWNING, DIRECTOR, 7

DIVISION OF WASTE MANAGEMENT, HUCLEAR REGULATORY

COMMISSION, ON CLARIFICATION OF IODIHE-129 ISSUES

(Contract DE—ACO‘ 77RL01030) . N

Rockwell Panford Operat1ons (nocPwe11) was asked to prerare a response to
the Browning (1985) letter for incorporation into the environmental
assessment (EA) comment response document. That letter referenced two
documents :that the Nuclear Regulatory Commission (HRC) believes are
important to the groundwater travel time issue addressaed in the EA, The
reports identified were: ‘

2raver, F. P, and H. G, Rieck, Jdr., 1973. "1(129). Co(69), and Pu(106)
Measurements on Water Samples from the Henford Project Environs,"
Battelle, Pacific Rorthwest Laboratories, Richlend, V¥ashington, 36 p.

Brauer, F. P. and K. M. McFadden, 1975. "I1(129), Co(60), and Ru(196)
lieasurements on Water Samples from the Haenford Project Environs:
1962-1974," Battelle, Pacific Northwest Laboratories, Richland,
Washington, 26 p. (plus data appendices of 74 pages).

A Brauer and Rieck (1973) report was issued in 1973 as BNWL-SA-4487. It

is assumad that this report is the same Brzuer and Rieck (1973) document

identified in the Brewning (1985) letter (Browning showed the report as

having 36 pages while the actual report contains 38 pages). Does e e
. ;~ Brownirg have a draft or final copy of BIWL-3A-44877  Brauer and_Rieck 4*udm?$:§ ey

: (i973) basically describes ana1yt1ca1 and groundhater ‘sampling
techniques. Data discussion is mostly generic and emphasized
radionuclide recoveries from different ion-exchange methods. The actual
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well and groundwater semple identifications along with analytical results
were later detailed in Brzuer and McFadden (1975). While the Brauer and
Rieck (1973) report can be easily incorporated into the basalt EA, the
Brauver_and _McFadden (E975) cannot without Bepartment.of_ Energy-Richland
Uberat1ons “Office (DOE-RL) clearance. Rockwell recommends that DOE-RL
Work with Pacific Northwest Laboratory (PNL) and proceed in the release
of Brauer and McFadden (1975). :

Rockwell also recommends that DOE-RL request PNL to prepare a ‘summary
document concernipng the current know1edge of iodine-129 distribution-dn-
groundaaters on the Hanford Site and in surrounding areas. If DOE-RL
accepts this~ ‘Yecommendation, then Rockwel1™%il1 provide & detailed
specification to PNL to enable them to provide a document that will
support future site characterization planning. In the meantime, Rockwell
defense waste management is reviewing their f11es for_any informetion
pertaining to iodine-129 Weasurements made_on _groundwaters_ ‘s_sampled from
'basalt.aqUIfers They will “document any such data relevant to waste
nanagewent oct1v1t1es 1n accordance with DOE-RL public re1ease policy.

The 8rown1ng (1985)_ letter Has been Togged into the official EA comment

matrix and will be included in the comment response portion of .the final
EA. T

Assuming that the above noted iodine-129 data are publicly released, the

following type of writeup is planned for inclusion in the final EA, It
could be inserted into Section 3.3.2.

~ ———— e

"lodine-129 and tritium have been detected in confined groundwater zones
in the Saddle Mountzin basalt beneath the Hanford Site. Two areas have
above background concentrations of iodine-129. These are in the vicinity
of ¥est Lake and Gable Mountain Pond and at ore borehole, DB-7, located

approx1nate1y 20 kilometers (12 miles) to the southeast near the Yak1ma
River.'

e
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"In the West Lake - Gable Mountain Pond area, the basalts were uplifted
along the eastern extension of the Umtanum Ridze-Gable Mountain anticline
end then eroded by post-glacial flood waters and the ancestral Columbia
River (Ledgerwood and Deju, 1976; Graham et al., 1§fil< Hydraulic .. .-1° =
intercommunication now exists between the upper c§’f1q§a‘saa‘3523§?ined‘
aquifers in this area. Because waste waters from chemical processing
plants are discharged into ponds near the 200 East Area on the.Hanford
Site, hydraulic heads in the unconfined aquifer near these discharge
areas have exceeded those in the shallow basalts. This has created a
hydraulic driving Torce for transporting low-level contaminated water
from the unconfined aquifer into the uppermost basalt aquifer(s)
(Gephart, et al., 1976; Graham et al., 1984). The presence of iodine-129
and tritium in the Saddle Mountains Basalt is thought to result from this
exchange. Reported Q@Rcentrations of iodine-129 in the Rattlesnzke gidge
interbed (Figure 3-6) range:from near the detection limit of 4 x 107
picocuries per liter to a maximum of 4 x 10-2 picocuries per liter near
liquid wasté disposal sites (Graham et al., 19284; Strait and Mocre, 1982;
Gephart et al., 1976)." 7' . _
"At borehole DB-7 near the horn)of the Yekima River, iodine-129 in the

Fabton interbed was detected at concentrations of approximately

3 x 10-4 picocuries per liter. Data reported by Brauer and McFadden

(1975) indicate that this concentration is higher than at other

groundwater sampling points away from waste disposal areas. The

analytical and groundwater sampling techniques used by Brauer and

FcFadden (1975) are described in Brauver and Rieck (1973). However, data
given in Early et al. (1985), show the absence of tritium (less than 0.1
tritium units) in any wells monitering the Mabton interbed ocutside the

200 Areas, including borehole D8-7, This implies that the source of o
slightly elevated iodine-129 concentrations in borehole D8-7 could not be -
the result of aquifer transport originating from either precipitstionor
subsurface movement from radioactive liquid waste disposal sites farther
north, The source of iodine-129 in borehole DB-7 is unknown and will be
addressed by the Department of Energy (DOE). Studies are underway to .
examine the structural integrity of borehole DB-7 which may influence the .xrztriic:

Nt
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"Brauer and McFadden (1975) reported iodine-129 concentrations of

6 x 103 picocuries per liter in the Columbia River and 2 x 10-2

to 8 x 10-3 picocuries per liter in Hanford 300 Area rain water.
Price et al. (1985), reported that iodine-129 concentrations in the
Columbia River in 1984 ranged from 1,2 x 10~ picocuries per liter

upstream from Hanford to 7.4 x 10-5 picocuries per liter downstream from

Hanford., The DOE concentration guideline for iodine-129 is 60 picocuries

per liter, The U.S. Environmental Protection Agency drinking water
stanoard is 1.0 picocurie per 1iter (EPA 1976)."

Very iruly yours, = -

R. Fitch, Acting Director
Basa]t Naste Isolation PrOJect
LRL/R4S/ abj ’
cc: J. H. Antonnen - DOE-RL

P. E. Rasmussen - DOE-RL
J. J. Sutey - DOE-RL
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