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EVALUATION OF BACKFILL AS A BARRIER TO RADIONUCLIDE MIGRATION
IN A HIGH LEVEL WASTE REPOSITORY1,2

T. M. Ahn, R. Dayal, and R. J. Wilke

Department of Nuclear Energy
Brookhaven National Laboratory
Upton, NY 11973

ABSTRACT

The feasibility of using highly sorptive synthetic minerals such as zeolites or
titanates as backfill in a HLW repository has been evaluated in terms of the NRC
1,000 yr containment and 10-5/yr controlled release criteria. The results indi-
cate that for groundwater velocities below 1 ft/yr, diffusion and sorption are
the dominant processes controlling radionuclide migration in backfill systems.

A 3-ft-thick bed of synthetic zeolite backfill can provide total containment of
activity released continuously from a 55-gallon glass monolith for a period of
up to 1,000 years. For longer time periods of up to 106 years, the controlled
release rate of 10~3/yr can be met by a >10-ft-thick bed of zeolite backfill,
assuning the glass monolith to be the source term. In the absence of the waste

form as an engineered barrier, a bed thickness of 3 to 10 ft is required to

1 support for this work was provided by the U.S. Nuclear Regulatory Commission
Contract No. DE-AC02-76CH00016.

2 This report was prepared as an account for work sponsored by an agency of the
United States Government. Neither the U.S. Government, nor any agency thereof,
or any of their employees, makes any warranty, expressed or implied, or assumes
any legal liability or responsibility for any third party's use, or the results
of such use, of any information, apparatus, product or process disclosed in
this report, or represents that its use by such third party would not infringe

privately owned rights. The views expressed in this paper are not necessarily
those of the U.S. Nuclear Regulatory Commission.
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satisfy the controlled relesse criterion for a.period of up to 105 years. Hith
a bed thickness of 200 ft, synthetic zeolites can be used &s backfill to PYOVide
containment of the total U.S. waste inventory (109 Ci), if it were placed in

-
B

one repository, for periods up to 106 years. Zeolites are known to exhibit

radionuclide-specific sorption properties. We believe that the range of sorptun
coefficients (103-104 ml/g) considered in the calculations will cover the varimn
zeolite-radionuclides systems. We wish to emphasize that the above estimateg
are conservative since diffusion occurs radially and we have only considered

uni~dimensional transport in our models. 1In addition, radioactive decay of the f{

nuclides has not been considered in the calculations. -

We also wish to note that in this report we have not dealt with radiation and

thermal stability of backfill materials. Zeolites have been used to clean .
radioactivity from water systems and have been loaded to as high as 75,000
curies per MTHM. Although we believe that zeolites should be structurally
stable to low radiation loadings (epprox. 1,000 curies per cubic foot) and that
radiolysis efforts should not be important at these levels of radiation, very
little work existes in this area. In addition, we have not addressed the reten-

tion of long-lived anionic species such as Seozz, I-, TcO, . It appears
that other materials will have to be added to backfill to maximize its

effectiveness for retention of all radionuclides of interest.
INTRODUCTION

The operational life of a geologic high level waste (HIW) repository after
decommissioning can be divided into two time periods: (a) the period (<1,000
yr) during which the short lived fission products dominate the hazard posed by
the waste, and (b) the long term period (>1,000 yr) during which the hazard is
dominated by the very long lived isotopes including the actinides {l]. In view
of these considerstions, the Nuclear Regulatory Commission (NRC) had adopted a
strategy for regulatory and licensing the disposal of high level radiocactive
wastes in geologic repositories which requires that the engineered systems of
the underground facility meet the following criteria [2]:

tnr



a. Containment of all radionuclides in HLW for at least the first 1,000 years
after decommissioning of the geologic repository, assuming expected events
and processes. This containment ghall result from properties of the waste

package.

b. Starting 1,000 years after decommissioning of the geologic repository, the
radionuclides present in HLW will be released from the engineered system to
the geologic setting at an annual rate that in no case greater than one
part in one hundred thousand of the total activity present within the

underground facility at that time, assuming expected processes and events.

¢, For transuranic waste (TRU), the engineered system shall be designed so
that following decommissioning of the geologic repository the annual
release rate from the underground facility into the geologic setting is at
most one part in one hundred thousand of the total activity present in the
underground facility at any time following decommissioning.

Most of the current Department of Energy (DoE) programs in high levels waste
research are investigating the waste form and container as potential components
of a waste package in meeting the containment requirements outlined above. 1In
this report, we have attempted to evaluate the effectiveness of using synthetic
zeolites and titanates as potential backfill materials in an HLW repository.

It should be pointed out that a DoE waste package is defined to include every—
thing that is placed in the waste repository emplacement hole, i.e., the waste
form, filled container, overpack, sleeve, and backfill, The NRC waste package
includes discrete backfill [3) in contrast to non-discrete backfill in DoE
definition. Since the 1,000 yr criterion applies specifically to the waste
package and the 10‘5lyr controlled release criterion refers to the engineered
systen, we have evaluated the effectiveness of backfill in meeting both perfor-
mance requirements: discrete backfill for 1,000 yr containment and non-discrete

backfill for controlled release.
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Zeolites and Titanates as Backfill

Although backfill in an HIW repository has been identified to provide several 1ﬁ
functions, the most important role is to retard migration of radionuclides in 25
groundwater that has reached the waste in the event of a container breach. Itif
is primarily this property that we have considered in our evaluation of synthetf :
zeolites and titanates for backfill. In addition to providing a high potentiaifwg
for required retention of radionuclides, synthetic backfill materials of regu~ AJI
larly shaped small spheres can be used, through prior selection of the mass, -
volume, shape, and packing densities, to predetermine and control the ground-
water flow rates and patterns into and through the engineered underground

facility for varying aquifer pressureg and flow rates. Such & modification of
the hydrodynamics of an engineered facility could be edvantageous in that rapide1

radionuclide transport by advection would be minimized, resulting in diffusion- §
controlled transport.

Existing technology, widely used in purification systems for water reactors,
has demonstrated that synthetic materials including & wide range of zeolites
can be used to quantitatively hold up fission products and actinides. A most
prominent example of zeolite application to waste management is the use of
IONSIV-IE95 and Zeolon 900 in the Submerged Demineralized System (SDS) to be
used to decontaminate water from the Three Mile Island Unit 2 Nuclear Power o
Plant [4]. Another such example is the storage of krypton-85 in sodalite zeo-
lite [5}. Recently, Nowak [6] and Winslow [7] at Sandia Laboratories and
Komarneni and Roy [8] at Pennsylvania State University have examined the sorp-
tion properties of zeolites as potential backfill material for use in a HIN
repository. Pennsylvania State University is also investigating the use of
mixtures of zeolites and clay minerals for backfill material around & waste

package and the fixation properties of sorbed radionuclides of various zeolite
minerals (9).

Sodium titanate materials have been developed at Sandia Laboratories for
quantitative removal of fission products and actinides from commercial liquid
wastes [10, 11]). Subsequent pressure sintering of the loaded material results
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in a dense ceramlic waste form resistant to leaching. Based on the high decon-

tamination fectors observed in HLW studies, the Sandia titanate materials are
also being investigated for the decontamination of defense liquid wastes stored

at the Hanford site in Washington.

In this report, we have attempted to evaluate the feasibility of using highly
sorptive materials such as synthetic zeolites and titanates as backfill in e
HLW repository. The effectiveness of such a barrier with respect to‘radio-
nuclide retention has been assessed in terms of the NRC release criteria

discussed above.
Radionuclide Transport Processes

To evaluate the migration of radionuclides in an ion exchange backfill barrier,
we have to first consider the dominate transport mechanisms. The principal
mechanisms controlliﬁg the nature and extent of radionuclide transport in sorp-
tive materials are ion exchange, sorption, diffusion, precipitation, advection,
and other irreversible reactions. Ion exchange and sorption processes are
essentially reversible (at least over short time periods), resulting in & net
retardation in the diffusion-controlled ion migration. The extent of retarda-
tion will be primarily determined by the sorption kinetics and equilibria of
solid~fluid interactions. Non-reactive ions such as tritium, however, do not
exhibit interactions with particle surfaces. 1In this case, ion exchange and
sorption processes are not significant and, consequently, the migration is

primarily controlled by diffusion and advection.

Precipitation of dissolved radionuclides as authigenic minerals will decrease
the rate of radionuclide migration. Formation of new minerals, immobilizing
radionuclides release from the waste form, as & result of quaternary interac-
tions involving waste/backfill/host rock with hydrothermal fluids has been
documented [12]). However, such data are not available for the various backfill
materisls. Therefore, precipit&tion, as a retardation process, will not be
considered in this report.
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Similarly, irreversible reactions such as fixation of sorbed ions with aging of

the sorbent can also decrease the rate of radionuclide migration. Recently,
was reported that s&nthetic zeolites, used for decontamination purposes at
Hanford, were found to fix certain radionuclides irreversibly in a period of
less than five years [13]. Although this mechanism could be potentially effec~
tive in retarding radionuclides in & bed of synthetic zeolites, the available
data are insufficient at this time for this mechanism to be considered in our

transport model.

At a recent Waste Rock Interaction Technology Meeting in Seattle, a paper was
presented describing the role of fine suspended particulates in transporting
radionuclides [14). This process could serve as a potentially important mecha-~
nism for radionuclide migration in argillaeceous backfill materials which commonly
contain extremely small particulates. However, in the case of synthetic mate-
rials, the particle size distribution would be very narrow, giving rise to a
relatively uniform particle size. Therefore, we believe that this mechanism
will not contribute significantly to an increase in the rate of radionuclide
migrafion in backfill systems. However, the significance of this process as a

transport mechanism for radionuclides should be fnvestigated.

The principal transport mechanisms which we have considered for evaluating
zeolite backfill are diffusion, sorption, and advection. Since groundwater
flow rate is relatively low in a realistic repository situation, dispersion
associated with advection is considered to be negligible. An example of radio-
nuclide transport by advection, diffusion, and a combination of advection, dif~
fusion, and sorption processes is displayed in figure 1 [15]. As shown in
figure 1, pure diffusion corresponds to radionuclide migration as a result of
interstitial concentration gradient for non-reactive ions such &s tritium. For
reactive ions such as Cet and Sr2t and assuming bulk fluid flow to be negligi-
ble, the transport is primarily determined by diffusion and sorption, where the
sorption equilibrium coefficient determines the extent of ion retardation as
compared with diffusional transport for non-reactive ions. For systems having
a high groundwater flow velocity, advection becomes the dominant tramsport pro-
cess as compared with diffusion (figure 1). Dispersion effects, resulting from
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the variaetion in bulk fluid flow velocities between the particles, could give

rise to & broadening of the advective front.
MODEL CALCULATIONS

We have developed one-dimensional models that describe quentitatively the
transport of radionuclides in a backfill bed. A range of values are considered
for groundwater flow rate, sorption coefficient, bed thickness, and transit

time.
Phenomenological Model 1

In model 1, the details of which are given in appendix 1, we have assumed a
waste glass, having a constant leach rate over a longer period of time, to be
the source term. A constant concentration is maintained at x=0, the interface
between the waste glass and backfill. In other words, it is assumed that the
radionuclide source is non-depleting, time invariaent. The transport mechanisms
considered are diffusion, sorption, and advection. The groundwater velocity is
assumed to be constant with time and uniform throughout the bed. The dispersion
term, resulting from localized velocity variations around the particles, is
assumed to be negligible. Finally, radioactive decay of the source term and

precipitation and fixation of the radionuclide are not considered.

Nowak {6] simplified a material balance equation around a differential volume
element in the backfill bed. His formulation is directly applicable to the
present analysis. It consists of a linear partial differential equation with
three terms: (1) the rates of accumulation (or depletion) of sorbing species
in the 1liquid and on the solid, (2) the net transport of liquid phase species
by advection, and (3) the net tramsport of liquid phase species by ion diffu-
slon. The groundwater flow in & repository must be considered and could serve

as a potentially important transport process, especially for non-reactive
radionuclides.

Using model 1, the results were calculated for & range of conditions and the

concentration-bed thickness profiles for various transit times are displayed in
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figure 2. 1In figure 2(a), for a sorption coefficient of 1,000 ml/g and a water
velocity of 1 ft/yr, the 1,000 year and 10,000 year profiles show that for
relatively short time periods diffusion plus sorption are the rate controlling
processes, with the initial concentration dropping by a factor of >106 within
20 feet of backfill thickness. However, for longer time periods of up to
100,000 years and greater, transport associated with bulk fluid flow becomes
dominant, even for reactive ions having a sorption coefficient of 1,000 ml/g,
In the absence of bulk fluid flow, the advective term becomes zero. As shown
in figure 2(b), the transport is dominated by diffusion and sorption. These
findings are in general agreement with those reported recently by Nowak [21],
For materials having negligible sorptive capacity such as quartz, and in a
zero groundwater flow stationary system, radionuclide transport is determined
by pure diffusion via interstitial water (figure 2(c)), emphasizing the import-

ance of sorption as a retardation process in the transport of radionuclides
through a backfill barrier.

Phenomenological Model 2

In this model, we exclude the waste form as an engineered barrier which
maintained constant concentration at the interface of the glass and backfill by
continuous congruent leaching over a period of time. Instead, at zero time
(t=0), the total concentration of the radioactive waste is hypothesized to enter
into the backfill instantaneously along the x direction as a sharp step increase
(more precisely as a delta function) in its liquid phase concentration c¢ from
zero to a constant value C,. We derived a mathematical expression using the
appropriate initial and boundary conditions in appendix 2. The calculated
results were obtained using the same range of parameters given in table 1.

The assumption of an instantaneous pulse at time t=0 and continuously depleting
over a period of time for the source term in model 2 means that no reliance is
placed on the waste form as an engineered barrier. Concentration-bed thickness
profiles for various transit times, based on model 2 using the parameters given
in table 1, are given in figure 3.




Evaluation of NRC Criteris

Although the concentration-bed thickness profiles generated using models 1 and
2 (figure 2 and 3) are useful in terms of identifying the processes that control
radionuclide migration in a sorptive backfill system and in determining their
relative magnitudes, quantitative information is required to address the
performance objectives set by NRC. For this purpose, we assumed the source

term to be a glass monolith having a volume of 55 gallons. Assuﬁing 30 percent
waste loading in the glass, an activity of approximately 4.2 ci/em3 of glass
monolith is calculated. The age of the waste is assumed to be approximately

1.5 years old {21]. The average glass leach rate 1s considered to be 103
g/cm?-yr,

Based on assumed leach rates for the waste glass, surface areas of the glass
monolith and the total amounts of radioactivity released from the source for
the periods 103 and 106 years as estimated from the profiles shown in figure 2,
we estimated the total amount released from a 3-ft-thick backfill, having a
range of sorptive capacities, in a period of 1,000 years at the groundwater
flow velocity of 1 ft/yr. As shown in table 2, a 3-ft-thick bed of backfill
materials, such as zeolites having a sorption coefficient of 104 wl/g, will con-
tain practically all the inventory released from the waste for a period of up
to 1,000 years. This implies that a discrete zeolite backfill will satisfy the
NRC 1,000 year containment criterion. Table 3 shows calculated results of frac~
tional controlled release rate from a 10~ and a 100-ft-~thick backfill bed over
a period 106 years. In these calculations, the assumptions made for the source
term and backfill are the same as those described in table 2., Assuming a leach
rate of less than 103 g/cmz-yr and a surface area of the glass monolith to be
3.6 x 10% em?, the NRC controlled release criteria can be met using a >10-ft-
thick non~discrete zeolite backfill bed for periods of up to 106 years. These
calculations show the significance of a waste form having & low leach rate with
respect to meeting the controlled release criterion. In such & situation, the
sole purpose of the backfill would be to control water ingress in order to
minimize the probability of container corrosion. It must be emphasized that
bulk fluid flow, based on & groundwater velocity of 1 ft/yr, also contributes
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to radionuclide transport. In a realistic repository situation, the flow velg-
cities are much smaller than that assumed in our calculations, In that case,
the transport would be predominantly diffusion-controlled, resulting in a more
effective containment by the backfill barrier.

Using model 2 and making the same assumptions for the source term and backfill
barrier, we obtained estimatees of the total amount of activity released from a
3-ft-thick backfill barrier in & period of 103 years. As shown in table &4, the
calculated values indicate that the 1,000 year containment criterion will be

met by a 3-ft-thick bed of backfill with sorption coefficients in the range of

104 ml/g. Also included in table 4 are values for fractional amounte of activity f
released from the backfill barrier in 1,000 years.

Using the same model and considering & time period of 105 years and bed
thicknesses of 3 ft and 10 ft, we obtained estimates of fractional release per
year from the backfill bed (table 5). The results show that for backfill mate-
rials having sorption coefficients in the range of 104 ml/g, the ennual frac-
tional release from 3-ft-and 10-ft-thick beds are 10-5/yr and 10~6/yr, respec-
tively. This indicates that the controlled release criterion of 10-5/yr will

be met by highly sorptive backfill materials such as synthetic zeolites and/or
titanates for long period of time.

Model Calculation for Total U.S. Waste Inventory

In order to demonstrate the effectiveness of backfill as a barrier to
radionuclide migration, we assumed the source term to be the total U.S. waste
inventory and calculated the total thickness of backfill that would be required
to provide controlled release rate over a period of 106 years.

Using models 1 and 2, we used a value of 109 Ci [23] for the total waste
inventory in the U.S. [12]) and 100~ and 200-ft for bed thicknesses. The calcu-
lated estimates of radionuclide release are compiled in tables 6 and 7. Table
6, based on model 1, shows that the annual release from 200-ft-thick backfill,
having a sorption coefficient of 104 ml/g, is on the order of 10-80 Ci/yr.

This indicates that the total containment will be achieved during this period.
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Table 7, based on model 2, also shows’that a 200-ft~thick bed of backfill

(K_dnlo4 ml/g) will provide total containment. A bed thickness of 100 ft,
however, is not sufficient to obtain the desired containment.

CONCLUSIONS

For groundwater velocities below 1 ft/yr, diffusion and sorption are the
dominant processes controlling radionuclide migration in highly sorptive back-
£f11l materials such as synthetic zeolites. A 3-ft-thick bed of synthetic zeo-
lite backfill can provide total containment of activity released continuously
from a 55—-gallon glass monolith for a period of up to 1,000 years. For longer
time periods of up to 106 years, the controlled release rate of 10-3/yr can be
met by a >10-ft-thick bed of zeolite backfill, assuming the glass monolith to
be the source term. In the absence of the waste form as an engineered barrier,
a bed thickness of 3 to 10 ft is required to satisfy the controlled release
criterion for a period of up to 105 years. With a bed thickness of 200 ft,
synthetic zeolites can be used as backfill to provide containment of total U.S.

waste inventory (109 Ci), if it were placed in one repository, for periods of
up to 106 years.
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Table 1

Parameters Considered in Radionuclide Transport Calculations

Backfill Bed Thickness (ft): 1, 3, 10, 100

Transit Time (years): 1,000, 10,000, 100,000, 1,000,000
Sorption Coefficient (ml/g): 1, 10, 100, 1,00, 10,000
Ion Diffusion Coefficient (cm2/sec)[6): 10-5
Groundwater Velocity (ft/yr)(16,17,18]}: O, 1

Bed Porosity[19): 0.34

Bed Density (g/cm3)[20): 0.423
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Table 2

Total Release of Radioactivity from a 3-ft-thick

Backfill in 103 Years (Model 1)

Backfill Sorption Coefficient Total Assumed Released from Backfill (Ci)
Kd (ml/g) SA = 3.6 x 104%(cn?) SA = 3.6 x 106(cm2)
100 4 x 104 4 x 1062
1,000 4 x 100 4 x 102
10,000 5 x 10-46 5 x 10~44

8 Artificial number indicating total inventory release

Vg = 1 ft/yr; backfill thickness = 3 ft; leach rate (IR) = 1073 g/cmz-yr;
Co = LR x SA x transit time/area under the concentration curves;

SA = surface area of the glass monolith.

Table 3

Fractional Release Rate from a 10-ft-and a 100-ft-Thick

Backfill in 106 Years (Model 1)

Fractional Release Rate From Backfill (/yr)

Backfill Sorption Coefficient SA = 3.6 x 104(cm?) SA = 3.6 x 105(cm2)
Kd (ml/g) 10-ft 100-ft 10-ft 100-ft

100 6.8 x 1075 6.7 x 10™5 6.8 x 10~3 6.7 x 10°3

1,000 6.7 x 10™5 6.0 x 1075 6.7 x 103 6.0 x 10-3

10,000 6.0 x 107> 3.6 x 109 6.0 x 10™3 3.6 x 10~/

Vg = 1 fe/yr; leach rate (LR) = 1073 g/cm2-yr;
SA = surface area of the glass monolith,



Table 4

Fractional and Total Release from & 3-ft-Thick Backfill
in 103 Years (Model 2)

Backfill Sorption Coefficient

Kd (ml/g) Fractional Release Total Release (Ci)
100 9.97 x 10-1 8.80 x 105
1,000 3.25 x 10~4 2.90 x 102
10,000 5.93 x 10-50 5.20 x 10744

Vg =1 ft/yr, backfill thickness = 3 ft.

Table 5

Fractional Release Rate from a 3-ft-Thick Backfill and a
10-ft~Thick Backfill in 105 Years (Model 2)

Backfill Sorption Coefficient Fractional Release Per Year (/yr)
kd (ml/g) 3-ft 10-ft
100 >10-5 . >10-5
1,000 >10-5 >10-5
10,000 9.97 x 10~6 1.85 x io—6
V, =1 ft/yr.
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Table 6

('z.
‘e

Annual Release From a 200-ft-Thick Backfill for 106 Years, Assuming
the Source of Term to be Total U.S. HLW Inventory (Model 1)

:

i
st ; '
%41‘: Backfill Sorption Coefficient Annusl Release From Backfill (Ci/yr) »
.3 Kd (ml/g) SA = 2.4 x 105 (cm2) SA = 2.4 x 107 (cu?) 38
L
v i

1‘* 100 : 4 x 102 4 x 104
-";;.é?‘ 1,000 3 x 102 3 x 104
C
~¢g 10,000 3 x 10-80 3 x 10778

(P

. Vg = 1 ft/yr; backfill thickness = 200 ft; leach rate (LR) = 10-3 g/cm? yr;
ot

i" SA = surface area of all the glass monolith considered.
.* .‘.
oL
“ L

kR
;;‘.’ Table 7

1] -
I, W , WO
| e

Annual Release From a 200-ft-Thick Backfill for 106 Years, Assuming
the Source Term to be Total U.S. HLW Inventory (Model 2)

e I Y

¢ Backfill Sorption Coefficient Annual Release From Backfill
?*f Kd_(ml/g) (Ci/yr)
c' g
o 100 103
&
1) T
b 1,000 103
b,
4
wi 10,000 10-79
‘. Vg = 1 ft/yx.
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Figure 1. Principal radionuclide transport processes in sorptive backfill
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Figure 3.
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Concentration vs. bed thickness profiles for various transit times
based on model 2: (&) Kq = 1000 ml/g, Vg = 0 ft/yr; (b) kq = 100
ml/yr, v, =1 ft/yr; A = 103 yr, B = 104 yr, C = 103, D = 106 yr
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APPENDIX 1

The simplified equation of the differential mass balance is

Sc(x,t) jﬁ; Sc(x,t) _ Dg . 82¢(x,t) -
st + Rf 6x /2 Rf 5x2 0 )

where

p, K
Re = (1+¢_4d), the retardation factor
€

x = the distance from the interface of the glass and the zeolite
along the direction of flow and longitudinal diffusion

t = time

c(x,t) = liquid phase concentration, quantity of sorbing species per unit

volume of liquid at distance along flow direction x and time t

e = effective porosity of bed (fraction of bed volume conteining
flowing liquid)

Vg = average interstitial velocity of flowing water

Dg/vV3 = coefficient of longitudinal fluid diffusion with & tortuosity
factor to account for the tortuous diffusion path through the
porous bed

pp = the bulk packing density of solid sorbent, mass of solid per
unit bed volume

K4 = the distribution coefficient for a linear sorption isotherm. The

ratio of quantity of sorbed species per unit mass of solids to quan- '

tity of mobile species in the liquid phase per unit volume of liquid. §

",
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The boundary condition 1is
e{x =0, t >0) = C,.

The initial condition is
c(x >0, t =0) =0,

Define

U(x,t) = c(x,t) Vex vé't ]
x,t) = c(x + exp . exp
’ ’ /E-Df 2/5_0 Df . RfJ

Then, Equation (1) is reduced to & heat equation of U(x,t) as function of x and
t. With the rearrangement of boundary and initial conditions, the Fourier trans-
form is applied to the heat equation, and the subsequent convolution gives the

following solution

o/t JE; . x

g -
3/4 ——— 3/4
2 Df . Rf 2 Df o t

c(x,t)/Co =] - ; erfc

"EV s X v OIt— /R—'X
-exp{ —02F& . erfc 7 E + 3/4f )
Dg 2 o e 2 g e

where

erfc(y) = 1 - erf(y) and erf(y) is the error function of y.

The integration from x = backfill thickness to infinity is done numerically for
the total release from backfill.
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APPENDIX 2

The same differential equation 1s used as in model 1. The new constraint
instead of the boundary condition is

I C(x>0, t>0)dx = Ceotal
o}

and the new initial condition is

where 8(x) is a delta function of x and Cyoral is & total quantity of sorbing
species,

The transformation technique may not be plausible in this case for the closed
form solution. However, since we know the.tesponse of step function from
appendix 1, the response of the delta function should be the derivative of the
response of the step function with respect to x: the derivative of equation
(2) of appendix 1. Further, we need the integral from x equals the backfill

thickness of infinity, which is equivalent to the response function of
appendix 1 (equation 2).
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EVALUATION OF BACKFILL AS A BARRIER TO RADIONUCLIDE MIGRATION
IN A HIGH LEVEL WASTE REPOSITORYL,2

T. M. Ahn, Re Dayal, and R. J. Wilke

Department of Nuclear Energy
Brookhaven National Laboratory
Upton, NY 11973

ABSTRACT

The feasibility of using highly sorptive synthetic minera;s such as zeolites or
titanates as backfill in a HLW repository has been evaluated 1n‘terms of the NRC
1,000 yr containmeﬁt and 10~5/yr controlled release criteria. The results indi-
cate that for groundwater velocities below 1 ft/yr, diffusion and sorption are
the dominant processes controlling radionuclide migration in backfill systems.

A 3-ft-thick bed of synthetic zeolite backfill can provide total containment of
activity released continuously from a 55-gallon glass monolith for a period of
up to 1,000 years. For longer time periods of up to 106 years, the controlled
release rate of 10~3/yr can be met by a >10-ft-thick bed of zeolite bécéfill,
assuming the glass monolith to be the source term. In the absence of the waste

form as an engineered barrier, a bed thickness of 3 to 10 ft is required to

1 support for this work was provided by the U.S. Nuclear Regulatory Commission
Contract No. DE-AC02-76CH00016.

2 This report was prepared as an account for work sponsored by an agency of the
United States Government. Neither the U.S. Government, nor any agency thereof,

or any of their employees, makes any warranty, expressed or implied, or assumes
any legal liability or responsibility for any third party's use, or the results
of such use, of any information, apparatus, product or process disclosed in
this report, or represents that its use by such third party would not infringe

privately owned rights; The views expressed in this paper are not necessarily
those of the U.S. Nuclear Regulatory Commission.
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satisfy the controlled release criterion for a period of up to 105 years. Wit
a bed thickness of 200 ft, synthetic zeolites can be used as backfill to provy

containment of the total U.S. waste inventory (109 Ci), if it were placed in

one repository, for periods up to 106 years. Zeolites are known to exhibit

radionuclide-specific sorption properties. We believe that the range of sorptig;
coefficients (103-104 ml/g) considered in the calculations will cover the vario

zeolite-radionuclides systems. We wish to emphasize that the above estimates

are conservative since diffusion occurs radially and we have only considered

uni-dimensional transport in our models. In addition, radioactive decay of the

nuclides has not been considered in the calculations.

We also wish to note that in this report we have not dealt with radiation and

thermal stability of backfill materials. Zeolites have been used to clean
radioactivity from water systems and have been loaded to as high as 75,000

curies per MTHM. Although we believe that zeolites sghould be structurally
stable to low radiation loadings (approx. 1,000 curies per cubic foot) and that'

radiolysis efforts should not be important at these levels of radiation, very

little work exists in this area. In addition, we have not addressed the reten-

tion of long~lived anionic species such as Seozz, I-, Tc04". It appears
that other materials will have to be added to backfill to maximize its ¥ |

effectiveness for retention of all radionuclides of interest.
INTRODUCTION ' f

The operational life of a geologic high level waste (HIW) repository after
decommissioning can be divided into two time periods: (a) the period (<1,000
yr) during which the short lived fission products dominate the hazard posed by
the waste, and (b) the long term period (>1,000 yr) during which the hazard is
dominated by the very long lived isotopes including the actinides {1]. In view
of these considerations, the Nuclear Regulatory Commission (NRC) had adopted a
strategy for regulatory and licensing the disposal of high level radioactive
wastes in geologic repositories which requires that the engineered systems of
the underground facility meet the following criteria [2]: 4
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a. Containment of all radionuclides in HLW for at least the first 1,000 years
after decommissioning of the geologic repository, assuming expected events
and processes. This containment shall result from properties of the waste

package.,

b. Starting 1,000 years after decommissioning of the geologic repository, the
radionuclides present in HLW will be released from the engineered system to
the geologic setting at an annual rate that in no case greater than one 7
part in one hundred thousand of the total activity present within the

underground facility at that time, assuming expected processes and events.

c¢. For transuranic waste (TRU), the engineered system shall be designed so
that following decommissioning of the geologic repository the annual
release rate from the underground facility into the geologic setting is at
most one part in one hundred thousand of the total activity present in the

underground facility at any time following decommissioning.

‘Most of the current Department of Energy (DoE) programs in high levels waste

research are investigating the waste form and container as potential components
of a waste package in meeting the containment requirements outlined above. 1In
this report, we have attempted to evaluate the effectiveness of using'synthetic
zeolites and titanates as potential backfill materials in an HLW repository.

It should be pointed out that a DoE waste package is defined to include every-
thing that is placed in the waste repository emplacement hole, i.e., the waste
form, filled container, overpack, sleeve, and backfill. The NRC waste package
includes discrete backfill [3] in contrast to non-discrete backfill in DoE - |
definition., Since the 1,000 yr criterion applies specifically to the waste
package and the 10‘5/yr controlled release criterion refers to the engineered
system, we have evaluated the effectiveness of backfill in meeting both perfor-
mance requirements: discrete backfill for 1,000 yr containment and non-discrete

backfill for controlled release.




Zeolites and Titasnates as Backfill

Although backfill in an HIW repository has been identified to prbvide several
functions, the most important role is to retard migration of radionuclides ip:-
groundwater that has reached the waste in the event of a container breach. it.

is primarily this property that we have considered in’'our evaluation of syhthé}r
' . . < |v' J’»: ,é-
zeolites and titanates for backfill. 1In addition to providing a‘high potential’

for required retention of radionuclides, synthetic backfill materials of regu~
larly shaped small spheres can be used, through prior selection of the mass,
volume, shape, and packing densities, to predetermine and control the ground-
water flow rates and patterns into and through the engineered underground '

facility for varying aquifer pressures and flow rates. Such a modification ofl%

the hydrodynamics of an engineered facility could be advantageous in that rapi

radionuclide transport by advection would be minimized, resulting in diffusioﬁ
controlled transport.

Existing technology, widely used in purification systems for water reactors,
has demonstrated that synthetic materials including a wide range of zeolites
can be used to quantitatively hold up fission products and actinides. A most

-~

prominent example of zeolite application to waste management is the use of
IONSIV-IE9S5 and Zeolon 900 in the Submerged Demineralized System (SDS) to be
used to decontaminate water from the Three Mile Island Unit 2 Nuclear Power
Plant [4]. Another such example is the storage of krypton-85 in sodalite zeo-
lite [5]. Recently, Nowak [6] and Winslow [7] at Sandia Laboratories and
Komarneni and Roy [8] at Pennsylvania State University have examined the sorp-
tion properties of zeolites as potential backfill material for use in a HIN
repository. Pennsylvania State University 1s also investigating the use of

mixtures of zeolites and clay minerals for backfill material around a waste
package and the fixation properties of sorbed radionuclides of various zeolite
minerals [9].

Sodium titanate materials have been developed at Sandia Laboratories for

quantitative removal of fission products and actinides from commercial liquid
wastes [10, 11]. Subsequent pressure sintering of the loaded material results
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in a dense ceramic waste form resistant to leaching. Based on the high decon-
tamination factors observed in HIW studies, the Sandia titanate materials are

also being lnvestigated for the decontamination of defense liquid wastes stored

at the Hanford site in Washington.

In this report, we have attempted to evaluate the feasibility of using highly
sorptive materials such as synthetic zeolites and titanates as backfill in a
HLW repository. The effectiveness of such a barrier with respect to radio-
nuclide retention has been assessed in terms of the NRC release criteria

discussed above.
Radionuclide Transport Processes

To evaluate the migration of radionuclides in an ion exchange backfill barrier,
we have to first consider the dominate transport mechanisms. The principal
mechanisms controlling the nature and extent of radionuclide transport in sorp-
tive materials are ion exchange, sorption, diffusion, precipitation, advection,
and other irreversible reactions. Ion exchange and sorption processes are
essentially reversible (at least over short time periods), resulting in a net
retardation in the diffusion-controlled ion migration. The extent of retarda-
tion will be primarily determined by the sorption kinetics and equilibria of
solid-fluid interactions. Non-reactive ions such as tritium, however, do not
exhibit interactions with particle surfaces. In this case, ion exchange and
sorption processes are not significant and, consequently, the migration is

primarily controlled by diffusion and advection.

Precipitetion of dissolved radionuclides as authigenic minerals will decrease
the rate of radionuclide migration. Formation of new minerals, immobilizing
radionuclides release from the waste form, as a result of quaternary interac-
tions involving waste/backfill/host rock with hydrothermal fluids has been
documented [12]. However, such data are not available for the various backfill
materials, Therefore, precipitation, as a retardation process, will not be

congidered in this report.



Similarly, irreversible reactions such as fixation of sorbed ions with aging of

the sorbent can also decrease the rate of radionuclide migration. Recently, 1t
was reported that synthetic zeolites, used for decontamination purposes at.
Hanford, were found to fix certain radionuclides irreversibly in a period of-
less than five years [13]. Although this mechanism could be potentially effec-‘
tive in retarding radionuclides in a bed of synthetic zeolites, the available'g\
data are insufficient at this time for this mechanism to be considered in our

transport model,

At a recent Waste Rock Interaction Technology Meeting in Seattle, a paper was
presented describing the role of fine suspended particulates in transporting

radionuclides [14]. This ptocess could serve as & potentially important mecha~-v

nism for radionuclide migration in argillaceous backfill materials which commonly‘g“

contain extremely small particulates. However, in the case of synthetic mate-
rials, the particle size distribution would be very narrow, giving rise to a
relatively uniform particle size. Therefore, we believe that this mechanism
will not contribute significantly to an increase in the rate of radionuclide
migration in backfill systems. However, the significance of this process as a

transport mechanism for radionuclides should be investigated.

The principal transport mechanisms which we have considered for evaluating
zeolite backfill are diffusion, sorption, and advection. Since groundwater
flow rate is relatively low in a realistic repository situation, dispersion
associated with advection is considered to be negligible. An example of radio-
nuclide transport by advection, diffusion, and a combination of advection, dif-
fusion, and sorption processes is displayed in figure 1 [15]. As shown in
figure 1, pure diffusion corresponds to radionuclide migration as a result of
interstitial concentration gradient for non-reactive ions such as tritfum. For
reactive ilons such as Cst and Sr2t and assuming bulk fluid flow to be negligi~
ble, the transport is primarily determined by diffusion and sorption, where the
sorption equilibrium coefficient determines the extent of ion retardation as
compared with diffusional transport for non-reactive ions. For systems having
a-high groundwater flow velocity, advection becomes the dominant transport pro-
cess as compared with diffusion (figure 1). Dispersion effects, resulting from
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the variation in bulk fluid flow velocities between the particles, could give

rise to a broadening of the advective front.
MODEL CALCULATIONS

We have developed one-dimensional models that describe quantitatively the
transport of radionuclides in a backfill bed. A range of values are considered
for groundwater flow rate, sorption coefficient, bed thickness, and transit

time.
Phenomenological Model 1

In model 1, the details of which are given in appendix 1, we have assumed a
waste glass, having a constant leach rate over a longer period of time, to be
the source term. A constant concentration is maintained at x=0, the interface
between the waste glass and backfill. In other words, it is assumed that the
radionuclide source 1is non-depleting, time invariant. The transport mechanisms
considered are diffusion, sorption, and advection. The groundwater velocity is
assumed to be constant with time and uniform throughout the bed. The dispersion
term, resulting from localized velocity variations around the particles, is
assumed to be negligible. Finally, radioactive decay of the source term and

precipitation and fixation of the radionuclide are not considered.

Nowak [6] simplified & material balance equation around a differential volume
element in the backfill bed. His formulation is directly applicable to the
present analysis. It consists of a linear partial differential equation with

three terms: (1) the rates of accumulation (or depletion) of sorbing species
in the liquid and on the solid, (2) the net transport of liquid phase species

by advection, and (3) the net transport of liquid phase species by ion diffu-

sion. The groundwater flow in a repository must be considered and could serve

as a potentially important transport process, especially for non-reactive
radionuclides.

Using model 1, the results were calculated for a range of conditions and the

concentration-bed thickness profiles for various transit times are displayed in
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figure 2. In figure 2(a), for a sorption coefficient of 1,000 ml/g and a water .
velocity of 1 ft/yr, the 1,000 year and 10,000 year profiles show that for

relatively short time periods diffusion plus sorption are the rate controlling

processes, with the initial concentration dropping by & factor of >106 within -

20 feet of backfill thickness. However, for longer time periods of up to
100,000 years and greater, transport assoclated with bulk fluid flow becomesg
dominant, even for reactive ions having a sorption coefficient of 1,000 ml/g.
In the absence of bulk fluid flow, the advective term becomes zero. As shown
in figure 2(b), the transport is dominated by diffusion and sorption. These
findings are in general agreement with those reported recently by Nowak [21].
For materials having negligible sorptive capacity such as quartz, and in a
zero groundwater flow stationary system, radionuclide transport is determined
by pure diffusion via interstitial water (figure 2(c)), emphasizing the import-

ance of sorption as a retardation process in the transport of radionuclides
through a backfill barrier.

Phenomenological Model 2

In this model, we exclude the waste form as an engineered barrier which
maintained constant concentration at the interface of the glass and backfill by
continuous congruent leaching over a period of time. Instead, at zero time
(t=0), the total concentration of the radioactive waste is hypothesized to enter
into the backfill instantaneously along the x direction as a sharp step increase
(more precisely as a delta function) in its liquid phase concentration c¢ from
zero to a constant value C,. We derived a mathematical expression using the
appropriate initial and boundary conditions in appendix 2. The calculated
results were obtained using the same range of parameters given in table 1.

The assumption of an instantaneous pulse at time t=0 and continuously depleting
over a period of time for the source term in model 2 means that no reliance is
placed on the waste form as an engineered barrier. Concentration-bed thickness
profiles for various transit times, based on model 2 using the parameters given

in table 1, are given in figure 3.




Evaluation of NRC Criteria

Although the concentration-bed thickness profiles generated using models lband

2 (figure 2 and 3) are useful in terms of identifying the processes that control
radionuclide migration in a sorptive backfill system and in determining their
relative magnitudes, quantitative information 1s required to address the
performance objectives set by NRC. For this purpose, we assumed the source

term to be a glass monolith having a volume of 55 gallons. Assuming 30 pércent
waste loading in the glass, an activity of approximately 4.2 Ci/cm3 of glass
monolith is calculated. The age of the waste is assumed to be approximately

1.5 years old [21]). The average glass leach rate is considered to be 10~3
glem?-yr.

Based on assumed leach rates for the waste glass, surface areas of the glass
monolith and the total amounts of radioactivity released from the source for
the periods 103 and 106 years as estimated from the profiles shown in figure 2,
we estimated the total amount released from a 3-ft-thick backfill, having a
range of sorptive capacities, in a period of 1,000 years at the groundwater
flow velocity of 1 ft/yr. As shown in table 2, a 3-ft-thick bed of backfill
materials, such as zeolites having a sorption coefficient of 104 ml/g, will con-
tain practically all the inventory released from the waste for a period of up
to 1,000 years. This implies that a discrete zeolite backfill will satisfy the
NRC 1,000 year containment criterion. Table 3 shows calculated results of frac-
tional controlled release rate from a 10~ and a 100-ft-thick backfill bed over
a period 106 years, In these calculations, the assumptions made for the source
term and backfill are the same as those described in table 2. Assuming a leach
rate of less than 10~3 g/cmz-yr and a surface area of the glass monolith to be
3.6 x 104 cm2, the NRC controlled release criteria can be met using a >10-ft-
thick non-discrete zeolite backfill bed for periods of up to 106 years. These
calculations show the significance of a waste form having a low leach rate with
respect to meeting the controlled release criterion. In such a situation, the
sole purpose of the backfill would be to control water ingress in order to
minimize the probability of container corrosion. It must be emphasized that
bulk fluid flow, based on a groundwater velocity of 1 ft/yr, also contributes
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to radionuclide transport. In a realistic repository situation, the flow veld:f

cities are much smaller than that assumed in our calculations. In that case,
the transport would be predominantly diffusion-controlled, resulting in & more

effective containment by the backfill barrier.

Using model 2 and making the same assumptions for the source term and backfil]

barrier, we obtained estimates of the total amount of activity released ftom‘a‘
3-ft-thick backfill barrier in a period of 103 yeare. As shown in table'é,'tne'
calculated values indicate that the 1,000 year contaionment criterion will be -
met by a 3-ft-thick bed of backfill with sorption coefficients in the range of '
104 ml/g. Also included in table 4 are values for fractional amounts of activigy
released from the backfill barrier in 1,000 years.

: Using the same model and considering a time period of 105 years and bed

?» : thicknesses of 3 ft and 10 ft, we obtained estimates of fractional release per
o : year from the backfill bed (table 5). The results show that for backfill mate-
fﬁ ”; rials having sorption coefficients in the range of 10% ml/g, the annual frac-

tional release from 3-ft-and 10-ft-thick beds are 10~5/yr and 10=6/yr, respec-
tively. This indicates that the controlled release criterion of 10-5/yr will

be met by highly sorptive backfill materials such as synthetic zeolites and/or
titanates for long period of time.

Model Calculation for Total U.S. Waste Inventory
In order to demonstrate the effectiveness of backfill as a barrier to

radionuclide migration, we assumed the source term to be the total U.S. waste

inventory and calculated the total thickness of backfill that would be required

to provide controlled release rate over a period of 106 years. _g

Using models 1 and 2, we used a value of 109 Ci [23] for the total waste
inventory in the U.S. [12] and 100~ and 200-ft for bed thicknesses. The calcu- _
lated estimates of radionuclide release are compiled in tables 6 and 7, Table ;?
6, based on model 1, shows that the annual release from 200-ft-thick backfill,
having a sorption coefficient of 104 ml/g, is on the order of 10~80 Ci/yr.
This indicates that the total containment will be achieved during this period.




Table 7, based on model 2, also shows that a 200-ft-thick bed of backfill
(K_dclo4 ml/g) will provide total containment. A bed thickness of 100 ft,
however, is not sufficient to obtain the desired containment.

CONCLUSIONS

For groundwater velocities below 1 ft/yr, diffusion and sorption are the
dominant processes controlling radionuclide migration in highly sorptive back-
fill materials such as synthetic zeolites. A 3-ft-thick bed of synthetic zeo-
lite backfill can provide total containment of activity released continuously
from a 55-gallon glass monolith for a period of up to 1,000 years. For longer
time periods of up to 106 years, the controlled release rate of 10'5/yr can be
met by & >10-ft-thick bed of zeolite backfill, assuming the glass monolith to
be the source term. In the absence of the waste form as an engineered barrier,
a bed thickness of 3 to 10 ft is required to satisfy the controlled release
criterion for a period of up to 105 years. With a bed thickness of 200 ft,
synthetic zeolites can be used as backfill to provide containment of total U.S.
waste inventory (109 c1), if it were placed in one repository, for periods of
up to 106 years.
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~ Table 1

Parameters Considered in Radionuclide Transport Calculations

Backfill Bed Thickness (ft): 1, 3, 10, 100

Transit Time (years): 1,000, 10,000, 100,000, 1,000,000
Sorption Coefficient (ml/g): 1, 10, 100, 1,00, 10,000
Ion Diffusion Coefficient (cm2/sec){6]: 103
Groundwater Velocity (ft/yr)[16,17,18}: 0, 1

Bed Porosity[19]: 0.34

Bed Density (g/cm3)[20]: 0.423
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Table 2

Total Release of Radioactivity from a 3-ft-thick
Backfill in 103 Years (Model 1)

Backfill Sorption Coefficient Total Assumed Released from Backfill (c1)v}
Kd (ml/g) SA = 3.6 x 10%(cn?) SA = 3.6 x 106(cm?) N

100 4 x 104 4 x 106a

1,000 4 x 100 4 x 102
10,000 5 x 10-4%6 5 x 10-44

a Artificial number indicating total inventory release.

Vé = 1 ft/yr; backfill thickness = 3 ft; leach rate (LR) = 1073 g/cmz-yr;
Co = LR x SA x transit time/area under the concentration curves;

SA = surface area of the glass monolith.

Table 3

Fractional Release Rate from a 10-ft—-and a 100-ft-Thick
Backfill in 106 Years (Model 1)

Fractional Release Rate From Backfill (lyr)
Backfill Sorption Coefficient SA = 3.6 x 104(cm2) SA = 3.6 x 106(cm2)
Kd (ml/g) 10-ft 100-ft 10-ft 100-f¢

100 6.8 x 1073 6.7 x 10™5 6.8 x 10~3 6.7 x 10-3
1,000 6.7 x 1073 6.0 x 10~3 6.7 x 103 6.0 x 10~3
10,000 6.0 x 107> 3.6 x 107 6.0 x 10~3 3.6 x 10”7

vg = 1 ft/yr; leach rate (LR) = 10-3 g/cmz-yr;
SA = surface area of the glass monolith.




Table 4

Fractional and Total Release from a 3—ft-Th1ck Backfill
in 103 Years (Model 2)

Backfill Sorption Coefficient

: Kd (ml/g) Fractional Release Total Release (Ci)

| 100 9.97 x 10-1 é.éo x 105
1,000 3.25 x 10~4 Az.9o x 102
10,000 5.93 x 10~50 5.20 x 10-44

Vg =1 ft/yr, backfill thickness = 3 ft.

Table 5

Fractional Release Rate from a 3-ft-Thick Backfill and a
10-ft-Thick Backfill in 105 Years (Model 2)

Backfill Sorption Coefficient Fractional Release Per Year (/yr)
Kd (ml/g) 3-ft 10-ft
100 >10-5 . 21075
1,000 >10-5 >10-5
10,000 9.97 x 10-6 1.85 x 10-6
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Table 6
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Annual Release From a 200-ft-Thick Backfill for 106 Years, ASsuming
the Source of Term to be Total U.S. HLW Inventory (Model 1)

Backfill Sorption Coefficient Annual Release From Backfill (Ci/yr) -
Kd (ml/g) SA = 2.4 x 105 (cm2)  SA = 2.4 x 107 (cm?

100 4 x 102 4 x 104

1,000 3 x102 3 x 104

10,000 3 x 1080 : 3 x 1078

Vg = 1 ft/yr; backfill thickness = 200 ft; leach rate (IR) = 10-3 g/cm2 yr;

SA = surface area of all the glass monolith considered.

Table 7

Annual Release From a 200-ft-Thick Backfill for 106 Years, Assuming
the Source Term to be Total U.S. HLW Inventory (Model 2)

Backfill Sorption Coefficient Annual Release From Backfill
Kd (ml/g) (Ci/yr)

100 103

1,000 103

10,000 10-79

Vg = 1 ft/yr.
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APPENDIX 1

The simplified equation of the differential mass balance is

Sclx,t) , Vg &clx,t) _ Df  82c(x,t) 0
3 Rf 8x /2 Rf 5x2

where

p, K
(1+-d4 _4), the retardation factor
€

)

= the distance from the interface of the glass and the zeolite
along the direction of flow and longitudinal diffusion

= time

c(x,t) = liquid phase concentration, quantity of sorbing species per unit

volume of liquid at distance along flow direction x and time t

¢ = effective porosity of bed (fraction of bed volume containing
flowing liquid)

Vg = average interstitial velocity of flowing water

Df//E = coefficient of longitudinal fluid diffusion with a tortuosity
factor to account for the tortuous diffusion path through the

porous bed

pp = the bulk packing density of solid sorbent, mass of solid per

unit bed volume

K4 = the distribution coefficient for a linear sorption isotherm. The
ratio of quantity of sorbed species per unit mass of solids to quan-

tity of mobile species in the liquid phase per unit volume of liquid.




The boundary condition is
e(x =0, t >0) = Cq.

The initial condition is
e(x >0, t =0)=0.

Define

-v V2 .t ]
U(x,t) = c(x,t) ¢+ exp|——LX|¢ exp 4
v’in 2/2 . Df . RfJ

Then, Equation (1) is reduced to a heat equation of U(x,t) as function of x and
t. With the rearrangement of boundary and initial conditions, the Fourier trans-
form is applied to the heat equation, and the subsequent convolution gives the

following solution

1 v, * /;' YR, » x
c(x,t)/Co =1 - 5 erfc 7% - 3/4f
27 Ype erg T Tpg et
"?Z.V * X V J; YR, o X
-expd —E&  }e erfc E + £ (2)
D 4 — . 3/4 —

where
erfc(y) = 1 - erf(y) and erf(y) is the error function of y.

The integration from x = backfill thickness to infinity is done numerically for
the total release from backfill.




APPENDIX 2

The same differential equation is used as in model 1. The new constraint
instead of the boundary condition is

L]

J ©(x>0, t>0)dx = Ceora
o

and the new initial condition is
C(x >0, t =0) =Ceopar 6(x)

where 8(x) is a delta function of x and C¢orael is a total quantity of sorbing
species.

The transformation technique may not be plausible in this case for the closed
form solution. However, since we know the response of step function from
appendix 1, the response of the delta function should be the derivative of the
response of the step function with respect to x: the derivative of equation
(2) of appendix 1. Further, we need the integral from x equals the backfill

thickness of infinity, which is equivalent to the response function of
appendix 1 (equation 2).
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