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SUMMARY

Release consequence methodology developed under the Assessment of Effec-
tiveness of Geologic Isolation Systems (AEGIS) program has now been applied to
four hypothetical repository sites. This paper summarizes the results of these
four studies in order to demonstrate that the far-field methodology developed
under the AEGIS program offers a practical approach to the post-closure safety
assessment of nuclear waste repositories sited in deep continental geologic
formations.

Because of the generic and hypothetical nature of the various studies
reported, along with the different levels of complexity of the models used,
one should not attempt to use the information to judge the merits of one site
or medium as against another. Instead it can be used to draw some general
conclusions regarding release consequence methodology and other important
areas related to nuclear waste repositories elucidated by these studies.

The four studies are briefly described and compared according to the
following general categories:

e physical description of the repository (size, inventory, emplacement
depth)

e geologic and hydrologic description of the site and the conceptual hydro-
logic model for the site

® description of release scenario

e hydrologic model implementation and results

® engineered barriers and leach rate modeling

e transport model implementation and results

e dose model implementation and results.
These studies indicate the following:

e Numerical modeling is a practical approach to post-closure safety assess-
ment analysis for nuclear waste repositories.

® Near-field modeling capability needs improvement to permit assessment of
the consequences of human intrusion and pumping well scenarios.
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e Engineered barrier systems can be useful in mitigating consequences for
postulated release scenarios that short-circuit the geohydrologic system.

® Geohydrologic systems separating a repository from the natural biosphere
discharge sites act to mitigate the consequences of postulated breaches
in containment.

® Engineered barriers of types other than the containment or absorptive
type may be useful.
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INTRODUCTION

The National Waste Terminal Storage (NWTS) Program is concerned with
developing methods for using geologic formations to safely dispose of spent
fuel and/or high-level radioactive waste from commercial nuclear power reac-
tors. Part of this program is managed for the Department of Energy by Battelle
Memorial Institute's Office of Nuclear Waste Isolation (ONWI). Under ONWI
sponsorship, the Pacific Northwest Laboratory is responsible for the Assessment
of Effectiveness of Geologic Isolation Systems (AEGIS) Program, formerly the
Waste Isolation Safety Assessment Program (WISAP).

The AEGIS mission is to develop and implement methods to assess the post-
closure safety of geologic repositories, methods that are eventually to be
applied in site selection, qualifications, and licensing. Compared with safety
assessments for other engineered systems, however, the assessment of geologic
isolation safety is unique because of the uncertainties resulting from

® the long time periods involved in the assessments

e the hypothetical nature and low probabilities of the nuclide release
scenarios and

e the Timited ability to characterize deep geohydrologic systems.

The AEGIS methodology for release consequence analysis has now been
applied to two generic sites, sa]t(l) and hard rock (granite),(z) for the
International Nuclear Fuel Cycle Evaluation (INFCE) Program. In addition,
this methodology has been applied to two specific hypothetical sites in the
U.S. where a moderate amount of actual data for the geohydrologic system
exists. One site is in bedded salt in the arid west,(3) and the other is a
salt dome near the Gulf Coast.(4) The AEGIS methodology has also been compared
to the release consequence methodology used for the Waste Isolation Pilot Plant
Environmental Impact Statement/Environmental Report (WIPP EIS/ER).(5’6)
Other release consequence studies, already performed for generic sites by
(7) (8,9) (10) (11)

useful material.

tngland, Sweden, Finland, and Belgium can provide additional



(1-4) +5 i110us-

The purpose of this paper is to summarize four studies
trate the use and applicability of the AEGIS release consequence analysis
methodology. The reader is cautioned, however, not to use this synopsis to
compare one medium with another since the amount and quality of the data vary
from one site to another. This is especially true for the INFCE studies,
where dose models of different levels of sophistication were used. Method-
ology for generating release scenarios will not be treated here although the

release scenario used for each study will be discussed.

In the two INFCE studies, release consequence impacts were analyzed for
wastes from seven reference fuel cycles or reactor strategies provided by
Working Group 7 of the INFCE Committee. These fuel cycles are as follows:

1. Tlight water reactor (LWR) with spent fuel disposal

2. LWR with plutonium recycle

3. fast breeder reactor (FBR) with plutonium recycle

4. heavy water reactor (HWR) with spent fuel disposal

5. HWR with plutonium recycle

6. HWR with uranjum-thorium recycle

7. high-temperature reactor (HTR) with uranium-thorium recycle.
The Paradox and Hainesville studies were conducted essentially only for Fuel
Cycle 1, with the inventory adjusted for projected U.S. power production.

The AEGIS methodology for release consequence analysis has thus far con-
centrated on far-field modeling technologies (regional hydrologic transport
and dose codes). Near-field effects were handled by conservative assumptions
or simple leach rate or engineered barrier models. Release scenario methodol-
ogy is being developed under AEGIS, but it was not used in the cases presented
here. Release scenarios were developed via modified Delphi methods utilizing
expert opinion. Figure 1, a general diagram of the interrelationships between
the various facets of release consequence analysis, shows the path from the
data on the site through the modeling required to estimate possible future

doses to man resulting from a potential release.

As this document summarizes four separate reports, it uses the same sys-
tem of units found in each of the original reports.
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FIGURE 1. Schematic Diagram of Release Consequence Analysis






GENERAL DESCRIPTION OF A REPOSITORY

The following brief discussion provides a physical and functional descrip-
tion of a nuclear waste repository in deep geologic medium. A nuclear waste
repository in deep geologic medium consists of the following:

e surface facilities for receiving and preparing waste for burial

e a system of shafts to give access to a deep, stable, lTow-permeability
geologic medium that will provide for the primary long-term isolation

® a system of tunnels or storage rooms in the deep geologic medium in which
the waste canisters containing the waste form are so emplaced as to
minimize perturbations on the geology as a result of the heating and
radiation caused by the waste.

A nuclear waste repository is a multiple-barrier containment system with the
following barriers:

e stable, deep, low-permeability geologic medium containing the repository,
which has been appropriately sealed following emplacement of the wastes

& the geohydrologic system separating the deep geologic medium from the
biosphere, which acts to retard, disperse and dilute any wastes that
might escape a breached repository

® engineered backfill for the tunnels, shafts and waste emplacement holes
within the repository, designed with the appropriate chemical and/or
physical properties to minimize the consequences of a breached repository

e engineered waste canisters designed to allow for safe handling of the
waste during emplacement and for some time period on the order of
1000 years or greater while the potentially more hazardous fission
products are abundant

& the waste form itself, which should have the appropriate chemical and
physical properties to minimize leachability should it contact
circulating ground waters.



The generic design for the INFCE hard rock repository will be used to
illustrate repository design. Repository designs for the other sites and
media are similar in general design and functional parts.

DETAILED DESCRIPTION OF THE INFCE GRANITE REPOSITORY

The repository facilities comprise surface facilities for receiving and
encapsulating the waste plus a tunnel system in the hard crystalline rock
(granite) 500 m below the surface for final disposal (Figure 2). In this
concept all categories of waste are disposed of in the same repository even
though safety considerations do not require that drums containing medium-level
waste (MLW) and low-level waste (LLW) be placed in the same type of repository
as high-level waste (HLW, i.e., spent fuel or vitrified waste). Because geo-
chemical conditions are important to the proper functioning of the repository,
the various types of wastes are placed in separate parts of the repository,
and due regard is given to direction of ground-water flow to avoid negative
effects on the geochemical environment.

A11 repository facilities and their operational sequences are designed
to protect the public and the operating personnel from radiation and contami-
nation hazards, both during normal operations and emergency or accident situa-
tions. Facilities containing radiocactive materials are designed to maintain
their integrity during natural disasters.

Repository Dimensions

For both INFCE studies the repository dimensions are based on the reposi-
tory's ability to hold the waste from 1 year of a 100-GWe economy. Table 1
shows the number of canisters (HLW) and drums (MLW and LLW) from 1 GWe-yr for
each of the seven INFCE fuel cycles considered. Table 2 gives repository
tunnel lengths, spacings, area and mining requirements for each of the seven
fuel cycles, and Figure 3 gives dimensions and spacings for the HLW. Based on
the maximum area (122 hectares, range 65 to 122) requirement for any of the
fuel cycles, the reference repository is assumed to be 1150 x 1150 m and 500 m
below the surface.






TABLE 1.

Summary of Packaged Waste Arisings from Reference
Fuel Cycles/GWe yr

Fuel Cvcle
1 2 3 4 5 6 7
LWR FBR HWR HTR
Once- U-Pu U~Pu Once- U-Pu U-Th C-Th
Origin Package Type Through Cvcle Cycle Through Cycle (Cycle Cycle
Conversion Drums, unshielded 364 221 18 122 51 22 144
and enrich-
ment plants
Fuel ele- Drums, unshielded 200 285 318 498 750 1207 175
ment fabri-
cation
plant
Power plant Drums, unshielded 1800 1800 15 1547 1547 1547 3060
Drums, shielded 600 600 610 524 524 524 535
Canisters, HWR 3 10 7 8
Spent fuel Drums, shielded 45 80
coundition~ Canisters, PWR 53
ing plant Canisters, BWR 22
Canisters, HWR 132
Reprocess~ Drums, unshielded 320 201 747 1066 3469
ing plant Drums, shielded 112 72 237 381 43
Canisters, HWR 33 86 31 49
Canisters, HLW 67 53 67 69 65
Gas flasks 17 17 17 18 18
Total Drums, unshielded 2364 2626 552 2167 3095 3842 6818
packaged Drums, shielded 645 712 682 604 761 905 578
waste Canisters, PWR 53
Canisters, BWR 22 :
Canisters, HWR 3 43 93 132 31 49 8
Canisters, HLW 67 53 67 69 63
Gas flasks 17 17 17 18 18



TABLE 2. Repository Data, 100 GWe-yr Generated

Power, 10-Yr-01d HLW

Required Required
Annual Distance Annual Annual Volume of
Length of Between Disposal Solid Rock to be
Disposal Tunnel Area Excavated, o3
Fuel Tunnels Centers A, ha (access tunnels
Cycle Tvpe of Waste £L, = ¢, m A=c.TL and shafts excl.)
L Canisterad HLW 26,300 25 66 447,000
Other canistered wasce 210 13 0.3 3,300
Drummed actinide waste 0 35 o] o]
Drummed nonactinide wascte 6,020 35 21 440,000
2 Canistered HLW 23,500 25 59 280,000
Octher canistered waste 3,100 13 S 50,000
Drummed actinide waste 1,180 35 4 87,000
Drummed nonactinide waste 5,500 33 19 403,000
3 Canistered HLW 18,600 25 47 220,000
Other canistared waste 6,400 i3 10 100,000
Drummed actinide waste 1,180 35 4 86,000
Drummed nonactinide waste 1,290 35 4 94,000
4 Canisterad HLW 23,100 25 58 319,000
Other canistered wascte 210 15 0.3 3,000
Drummed actinide waste 0 35 2 0
Drummed nonactinide waste 3,540 33 19 406,000
3 Canistered HLW 23,450 25 53 279,000
Other canistered waste 2,400 L5 4 37,000
Drummed actinide waste 3,470 35 12 254,000
Drummed nonactinide waste 4,240 35 15 311,000
6 Caniscered HLW . 24,150 25 80 287,000
Ocher canistered waste 3,630 13 5 57,000
Drummed actinide waste 5,320 35 19 389,000
Drummed nonactinide waste 4,190 35 13 367,000
7 Canistersd HLW 22,800 25 37 271,000
Other canistered waste 5350 15 0.8 9,000
Drummed actinide waste 7,380 35 26 540,000
Drummed nonactinide waste 7,420 35 26 544,000












shown in Figure 6. ATl fuel cycles give rise to some form of medium- and
lTow-level waste (MLW and LLW), which is packed in drums and placed in the
repository with backfill as shown in Figure 7. Further data on canister and
bentonite dimensions, canister shape, canister content and canister thermal
loading are given in Table 3.

Repository-Caused Perturbations

The creation of a repository containing wastes will cause several pertur-
bations from the natural conditions, but the repository is designed to minimize
their impact. The removal of rock for emplacement of wastes creates new hydro-
logic paths and openings which, because of the low extent of plastic deforma-
tion, will not close. Negative effects are minimized by orienting tunnels
properly and by backfilling the tunnels and openings. The bentonite-sand or
compacted bentonite swells upon absorbing natural rock waters.

Heat-induced effects on the geohydrology are minimized by proper heat
loading considerations based on the conductivity and heat capacity of the
rock, along with the waste spacing. For the thermal loading expected in the
repository the temperature excursions are given in Figures 8 and 9 for spent
fuel and vitrified waste, respectively.

Other repository-induced changes involve radiolysis, oxidation and tem-
porary depression of the ground-water table around the repository. Radiolysis
has a very local effect owing to the shielding provided by the rock.

Opening of the subsurface repository may cause temporary oxidation in the
drained volumes of rock near the repository. Oxidation during this phase is
comparable to that induced by underground mining. Published studies(lz)
indicate that this effect is very limited. It cannot be expected to -endanger
the barrier action of reductive precipitation further along the flowpath of
the ground water.

While the repository is accessible, the direction of the ground-water
flow will be towards it and no outward migration of nuclides can take place.
During this period good possibilities are at hand to detect and thus modify

eventual inflow of ground water.
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TABLE 3. MWaste Package Descriptions

Volume of Thickness Thermal Load
External Internal Waste Heavy of Bentonite (10-year-old
Package Package Waste Type Diameter, Diameter, Length of Contained, Mcrals, Sleeves waste),
Type Material Contained n m (approx.) Cantster, m @ ton (HPu) m kW/canister
Canister PWR Staluleys Spent PWR fuel 0.35 0.32 4.90~5. 10 1 PWR 0.45 0.30 0.55
steel with agsemblies. element
lead back- Control rods.
f£i11
Canlster BWR Stalnless Spent BWR fuel 0.44 0.41 4.90 3 BWR 0.54 0. 30 0.55
steel with assemblies. elements
lead back- BWR control
fill rods
Canlister MNR(a) Stainless Spent HWR fuel 0.90 0.86 1.15 72 HWR 1.35 0.30 0.30
steel wich assemblies. assemblies
lead back- Hulls, spacers, 0.6 m3)
fill insolubles.
MLW from
reprocessing.
Canister HLW Stainleas Vierified HLW 0.22 0.20 3.00 0.077 0.20 0.50
steel (netr vol.)
Drum, Carbon LLW and MLW Variable Variable 0.20
unshielded steel
Drum, Carbon MLW Variable Variable 0.20
shlelded steel and
concrete

(a) Note that the canister "type HWR" is not only used for waste from the HWR cycle, but also for some waate from other cycles.
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INFCE SALT REPOSITORY

The general design of the INFCE- salt repository is similar to the granite
repository's. The hypothetical repository in salt is 600 m below the surface.
One year of waste produced by a nuclear economy operating at 100 GWe/yr for
(14) or 20 to
25 tunnels to store all high-, medium- and low-level waste. The nuclear

1 year would require 50 to 60 ha for all reactor strategies,

inventory is the same as that discussed for granite above.
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PARADOX BASIN REPOSITORY

The conceptual repository for the Paradox Basin is similar in general
design to the above. It is rectangular, 10,428 ft long and 8148 ft wide,
and contains 98 disposal tunnels on 78.83-ft spacing. Each disposal tunnel
contains 1000 metric tons of heavy metal (MTHM), for a total capacity of
9800 MTHM. The inventory is spent fuel, and values for the isotopic content
are taken from Reference 15.

18



HAINESVILLE REPOSITORY

The basic conceptual design for a repository in a salt dome is similar to
those discussed above, but the actual geometry of a repository is controlled
by the shape of the dome at the emplacement depth. The hypothetical Haines-
ville repository is essentially egg-shaped, allowing an 800-ft buffer zone of
intact salt to surround the 1375 acres of tunnels that comprise the repository
1700 ft below ground surface. The repository is designed to hold 152,000 BWR
spent fuel assemblies and 108,000 PWR spent fuel assemblies. The isotopic
content of these assemblies was supplied by Bechtel National, Inc., and is
similar to that used in the Paradox study.
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REFERENCE SITE DESCRIPTIONS

Four reference repository sites are described below. The first three
sites are for repositories in salt formations, and the fourth site is for a
repository in granite. The three salt studies discussed are the INFCE Salt
Study,(l) the Paradox Basin Study,(3) and the Hainesville Study.(4) The
fourth study is the INFCE Hard Rock (Granite) Study.(z)

Each site is located in a stable region without excessive tectonic
stresses. The region has a low seismic level, being remote from recorded or
historic earthquakes of greater than "moderate" intensity. There are no faults
of significance at or near the site. The region is devoid of any recoverable
resources of interest such as oil, gas, or potash.

For each of the four release consequence analyses discussed, a synopsis
is given illustrating the
e data available for the site
release scenario selected
hydrologic model
- rationale for selection
- results
e assumptions or models used for barriers and leaching
e transport model
- rationale for selection
- results
e dose code used and results.

GEOHYDROLOGIC DESCRIPTION OF SALT

For long-term geologic isolation of radioactive wastes, salt has many
distinguishing characteristics that make it an excellent candidate host rock.
These include relative abundance, ease of excavation, relatively high thermal
conductivity, impermeability, very low water content, plasticity and self-
sealing properties, and lack of fracturing. However, some potential disadvan-
tages are its frequent proximity to oil and gas fields, the specific value of
the salt itself, and the suitability for storage of other materials. Salt is

21



also water-soluble and, in the presence of water, can be corrosive to materials
~such as steels that may be used in waste packages.

At the depths of interest for siting and constructing a repository, salt
deposits are found throughout the world in two principal forms. One type is
an undeformed, bedded, sedimentary formation, laid down as the result of
natural evaporation of sea water from prehistoric oceans. Commonly called
"bedded salt," this deposit is usually extensive laterally and restricted ver-
tically. The first two repository sites described below are for bedded salt
host rock. The other type of salt occurrence can be characterized as an
extensive mass of rock salt upwardly intruded through and into overlying
sedimentary strata as the result of overburden-induced plastic deformation of
an extremely deep bedded salt formation. Commonly called “"dome salt," this
deposit typically is extensive vertically and restricted laterally. The third
repository site described below is for a dome salt host rock.

The characteristics of salt that make it attractive for disposal of
radioactive wastes are common to both bedded and dome salt deposits. The two
types are considered equally suitable, with the choice of one over the other
influenced more by the range of natural occurrence and the thrust of site
exploration programs within a specific area.

Salt formations are found in sedimentary basins. Depending on the actual
site and salt form (bedded or dome), these deposits are generally overlain by
various sequences of sedimentary formations ranging from unconsolidated sands,
gravels and clays through sandstones, limestones, and anhydrites. Underlying
sequences are typically of the same character, but unconsolidated sequences
are generally much less prevalent, or nonexistent. Figures 10, 11, and 12
illustrate the cross sections for the INFCE,(l) Paradox,(3) and the Haines-
vi]]e(4) study areas, respectively. Climatic conditions vary from arid(3’4)
to wet and humid.(l’z) Some of the sedimentary formations or sequences of
these formations overlying or underlying the salt contain water but are
generally not prolific aquifers. Water in these deeper underlying formations
is typically of poor quality, with total dissolved solids generally above

(1,3)

100,000 ppm to nearly saturated brine. Water in aquifer systems

directly overlying these salt formations is generally more variable, ranging
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TABLE 4.

and Parameters of the Sites

Hydrologic Properties
{measured values)

Typical Values and Ranges in Hydrologic Properties

Hydrologic Parameters Related to Particular Breach
Scenarios and Active Model Predictions for the Site

Path Length

From Source Velocity, Travel Flow from
Permeability to Discharge, m/yr Time, Repository,
Site m/sec (ft/yr) Porosity m {(miles) (ft/yr) yr m3/yr (ft3/yr
nrce1-12)
Average 1077 (60) 0.2 6,100 (3.79) 0.06 (0.197) 100,000 190 (6,700)
Low 10710 (50 x 107%)  0.13 5,950 (3.70) 0.059 (0.194) 97,000 -
High 10-5 (1040) 0.2 6,400 (3.98) 0.061 (0.200) 109,000 -
Paradox(3)
Average 1077 (51) 0.05 55,650 (34.6) 1.20 (4.21) 43,200 3.9 x 10 (1.4 x 10%)
Low 2.9 x 1072 (0.3) 0.05 54,700 (34.0) 1.26 (4.16) 43,000 -
High 9.9 x 10-7 (102) 0.05 56,700 (36.3) 1.30 (4.26) 43,700 -
Hainesvi]]e(4)
Average 107° (5076) 0.2 59,950 (37.25) 4.04 (13.26) 14,825 5.2 x 10° (1.8 x 107)
Low .4 x 107° (146) - 55,700 (34.6) 3.55 (11.66) 11,950 -
High 2.1 x 1074 (22,000) 0.3 66,800 (41.5) 4.67 (15.33) 18,800 -



biosphere but instead interact with the overlying sediments to control the

rate of water movement thEough the repository after a breach(via)boreho]e or
4,5,6) 1,3

after the breach scenario and water flow path to the biosphere have been iden-

other man-caused failure, or fracturing and faulting. Only

tified can the appropriate hydrologic characteristics for describing the

travel time to the biosphere be identified. As shown in Table 4, the perme-
abilities along the flow path from the breached repository to the biosphere
range from 5 x 10710 m/sec (0.05 ft/yr) to 2.1 x 107 m/sec (22,000 ft/yr)

and porosities from 0.05 to 0.3. It is important to note that while perme-
ability ranges over six orders of magnitude and porosity ranges over one order
of magnitude along the travel path, the hydrologic model-predicted travel times

range over less than one order of magnitude from 11,950 to 109,000 years.

INFCE Salt Site

The repository site for the INFCE Salt Study is assumed to be Tocated in
a large undeformed sedimentary basin. The top of the salt structure lies 250 m
below the surface, and the structure extends indefinitely below this point.
The sedimentary formations overlying the structure consist of about 250 m of
interbedded shales, limestones/sandstones, anhydrites, and dolomites (Fig-
ure 10). The strata within the basin, particularly those overlying the salt
structure, are nearly flat, with a small regional dip.

The strata overlying and surrounding the salt contain water, but are not
considered prolific aquifers. In the limestone-dolomite-sandstone aquifer,
the water is considered to be a brine and therefore will not dissolve the salt
if it contacts it. The ground-water level is within a few meters of the sur-
face, and the hydraulic gradient is about 1 m/km for all aquifer systems.
Table 5 lists the average permeabilities, range of permeabilities, and average
porosities for each material in the various layers.

The regional discharge site for the water within the various layers (i.e.,
the biosphere uptake point for radioactive releases from the repository) is
assumed to be a river. Figure 13 depicts the concept of a regional discharge
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TABLE 5. Hydrogeologic Parameters for Generic Salt Stratigraphy
Hydraulic Unit
Conductivity, Porosity, Weight,
Rock Type cm/ sec Range ¥ kg/m3
Unconsolidated sand, 6.8x10~3 1x10-7 - 1x10-2 20 1700
gravel, and silt
Calcareous shale, 1.2x10-5 1x10-10 - 1x10-3 13 2300
partly sandy
Sandstone 8.1x10-5 1x10-10 - 1x10-2 20 2400
Dolomite 8.1x10-5 1x10-10 - 1x10-2 20 2750
Cherty limestone 5.8x10~5 5x10-8 - 1x10-3 20 2600
Dolomite, some 5.8x10-5 5x10-8 - 1x10-3 20 2800
anhydrite
Interbedded shale 6.8x10-6 1x1--10 _ 1x10-3 20 2500
and dolomite
Salt 2 xl0-18 2x10-21 _ 1x10-8 0. 2160
MOUNTAIN

RECHARGE

HIGH
POTENTIAL

RIVER
} LAYER 1}

RECHARGE

FIGURE 13.

Cross-Section View of Regional Discharge
to a River (vertical scale exaggerated)
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site and the associated upward movement of water to the river. The center of
the repository was located 5 km from the river, a practical and probably con-
servative distance.

The salt structure's composition is almost pure halite, with only minor
amounts of impurities occurring as isolated concentrations with well defined
boundaries. The salt structure itself is sufficiently large to allow develop-
ment of the repository workings to proceed without intercepting the concentra-
tions of impurities.

Paradox Basin Site

The Paradox Basin bedded salt region, as used in the study, is defined at
the surface by the zero isopleth of the Pennsylvanian salt beds. Commonly
called the "zero-salt" line, this line circumscribes the outer perimeter of
the salt, i.e., where salt thickness decreases to zero. About 10,000 square
miles 1ie within the zero-salt line, of which about 6000 are in southeastern
Utah and 4000 in southwestern Colorado. Figure 14, the location map for the
region, shows the zero-salt line in a generalized form as defined by
wengard.(16) The salt beds exceed 4000 ft in thickness at some locations

within the region and provide the location for the hypothetical repository.

Figure 15 shows the base map of the model area within the Paradox Basin
Region selected for the release consequence analysis. The model area lies
between the Green and Colorado Rivers, extending about 100 miles northward
from the confluence of the two rivers. Figure 15 also shows the location of
the hypothetical repository about 35 miles north of the river junction. The
repository is located more than 3000 ft below ground surface in a thick sec-
tion of interbedded salt and shale layers (Paradox Formation) that separate
the uppef and lower aquifer systems.

Table 6 shows the geologic formations that are present in the model area,
their thickness, age, and role.

Figure 11 shows the relationship of the various formations in the general-
ized geologic column of the Paradox Basin bedded salt region. The Leadville
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FIGURE 14. Paradox Basin Bedded Salt Region

limestone consists of limestone overlying dolomite. The Timestone is dense,
fine-grained, and massive, and the dolomite massive and coarsely crystalline.
Fractures within the formation provide its transmissive capabilities. The
Molas Formation consists of calcareous shales and sandstone with lenses of
limestone. The Pinkerton Trail Formation is mainly crystalline limestone and
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TABLE 6. Geologic Formations in the Paradox Modeled Area(17,18)
Thickness,

Formation ft Geologic Age Role
1. Moenkopi 400 Triassic Aquiclude
2. Cutler 200 Permian Upper Aquifer
3. Rico 400 Pennsylvanian Upper Aquifer
4. Honaker Trail 400 Pennsylvanian Upper Aquifer
5. Paradox 4300 Pennsylvanian Aquic]ude(a)
6. Pinkerton Trail 100 Pennsylvanian Aquiclude
7. Molas 100 Pennsylvanian Aquiclude
8. Leadville 500 Mississippian Lower Agquifer

(a) Location of hypothetical repository.
interbedded shale. The Paradox Formation in this area is mainly interbedded
sodium salt, shale, and potassium salt beds. A salt anticline accounts for
the unit's great thickness here. The Honaker Trail Formation is crystalline-
to-granular limestone with interbeds of chert and calcareous siltstone.
Fractures within the formation provide its transmissive capabilities. The
Rico Formation is interbedded sandstone, limestone, conglomerate and inter-
bedded shale. The Cutler Formation is mainly cross-bedded sandstone with
interbeds of siltstone, shale, and limestone. The Moenkopi Formation consists
of shale, siltstone, and limestone. For the purposes of this exercise, the

Moenkopi is assumed to be an aquiclude.

Potentiometric maps of the Mississippian (Leadville), Honaker Trail, and
the Permian (Cutler) Formations ) plus 30 oil well drill stem test analy-
ses were used for this exercise. Twenty-five tests were analyzed in the
Mississippian aquifer, three in the Paradox Formation, and one each in the

Honaker Trail (Hermosa) and Permian Formations.

The potentiometric maps provided the hydraulic head and gradients of the
upper and lower aquifer systems used in the hydrologic model. Additional
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information shows that little difference exists between the Honaker Trail and
Permian potentials, indicating that the Rico Formation does not act as a
hydraulic barrier. Thus these three formations comprise the upper aquifer and
the Mississippian Formation the lower aquifer. The potentiometric maps indi-
cate that the potential of the lower aquifer ranges from 250 to 400 ft above
the upper aquifer potentials. Because a 250-ft head difference appears more
common, it was used for this exercise. The potentials were corrected to fresh
water densities. To avoid the local disruptions of the ground-water contours
caused by faults in the north, the specific test site was located south of the
faults.

The drill steam test data provided permeabilities and transmissivities of
the two aquifers. Permeabilities in the lower system range from 0.4 to
190 ft/yr. The average of this range, about 45 ft/yr, was used for the initial
runs of this exercise. For the upper aquifer the only permeability values
available are 0.3 and 102 ft/yr; 100 ft/yr was used for this exercise.

Hainesville Site

The Hainesville salt dome is in the central part of Wood County in North-
east Texas (Figure 16), with the regional surface sloping generally from north-
west to southeast. It is one of 26 salt domes in the Northeast Texas Salt
Dome basin. Within 200 miles of Hainesville are four cities with a population
of over 100,000--Dallas, Fort Worth, Shreveport, and Waco.

The sediments of the Northeast Texas Salt Dome basin record a series of
marine transgressions and regressions, superimposed on a progradational deposi-
tional basin. The basin contains a very thick formation of Louann salt, and
most structures in the basin are probably related to movements of salt from the
Louann.

The Hainesville salt dome is the northernmost shallow piercement salt
dome in the basin. Its site area consists of about 542 square miles of roll-
ing hills. Within this area, the data used to characterize the dome include
11 wells penetrating the salt, one seismic reflection line, a basin grévity
survey, and several wells near the dome.
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The dome pierces 16,000 ft of strata, ranging from Late Jurassic to Early
Tertiary in age (Figure 12). Cap rock is believed to cover the top of the
dome, with thickness ranging from 50 ft to more than 250 ft. This cap rock is
composed of a top zone of pyrite, a middle zone of gray shaley limestone, and
a lower zone of clear, very dense anhydrite. The dome itself is made of
crystalline halite, with some evidence of shale inclusions on the periphery of
the dome. At the repository depth, the dome is assumed to be about 2100 acres
in cross section. Of this area, the repository would occupy about 1370 acres
surrounded by an 800-ft buffer zone.

The hydrologic system in the vicinity of the dome consists of the

following:
Geologic Unit

Sparta Formation aquifer

Weches Formation aquitard/aquiclude
Queen City Formation aquifer

Recklaw Formation aquitard/aquiclude
Carrizo Formation aquifer

Wilcox Group aquifer

Midway Group aquiclude

The Midway extends well below the repository level, and all aquifers below
the Midway are saline. Thus Tower aquifer systems were not considered impor-
tant in the preliminary safety analysis because they are not likely to be used
by humans or come in contact with the repository waste.

As the Weches is an incomplete barrier between them, the Sparta and Queen
City Formations were taken to be a single unit. Similarly, the Carrizo and
Wilcox are treated as a single unit. The Wilcox-Carrizo aquifer is the most
important aquifer in the study area. Most of the larger municipalities and
industries in the region obtain their water from this aquifer. Moreover, this
aquifer surrounds the dome at repository depth.
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The Wilcox-Carrizo is very thick, so that it has a moderate transmissivity
despite the relatively low hydraulic conductivity of its sands. Pumping tests
conducted in the aquifer in Wood County from eight wells indicated the
following characteristics:

Transmissivity 600-19,000 gpd/ft

Well discharge rates 50-500 gpm

Specific capacities 0.8-9.7 gpm/ft of drawdown
Hydraulic conductivity 4-700 gpd/ft2 (50 gpd/ft2 average)
Storage coefficient 0.00007-0.00027 (unitless)

GEOHYDROLOGIC DESCRIPTION OF GRANITE

Granite represents a viable host rock for a nuclear waste repository

because of its many suitable characteristics.(2’8’9’20’21)

One of the most
abundant rock types in the earth's crust, granite occurs at the surface in
large, tectonically stable platform areas. In these areas the granite appears
in rather monotonous, uniform geologic units, and at depth these units are
generally poor sources of water. Granite masses have good mechanical strength
that permits relatively safe and economical mining. Selection of sites where
erosion has reached a mature stage will greatly decrease the probability of
further erosion. Because granite masses rarely contain significant ore

deposits, the chance of human intrusion is very slight.

Some potential disadvantages result from the presence of water at depth
in granite and the rock's Tow thermal conductivity. The presence of water is
generally of 1little concern because flow rates and velocities at repository
depths are thought to be very Tow. The low thermal conductivity, while of
concern, can be accommodated by proper emplacement design.

Flow in granite systems is dominated by flow in fractures. In these
large areas of rock mass away from the discrete fracture zones, it is the
degree and nature of the fracture's or joint's interconnection with other
fractures or joints that determine the rock mass permeability. Since
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(22,23) indicate that for single fractures hydraulic con-

laboratory studies
ductivity is a function of the aperture squared and the flux is a function of
the aperture cubed, it is understandable that analysis of field data on
permeability and porosity of hard rock systems suggests a logarithmic varia-
tion with depth.(24’25)

of crystalline rock, thus accounting for the rapid decrease in permeability

Fractures represent the most deformable component

and porosity with depth due to the increasing normal stresses.

Table 7 and Figure 17 illustrate the range of permeabilities for granitic
and other crystalline rock that have been measured. Figure 18 illustrates the

ranges in matrix porosity data that have been measured.(26)

In the INFCE study the porosities and permeabilities were assumed to vary
linearly on a log-log plot of permeability or porosity with depth. Data cited
on effective porosity measurements via various methods and for various granitic
rocks(g’g) indicate values for porosity between 0.028 and 0.001 (m3/m3). The
three-dimensional ground-water flow modeling of the Finnsjo area of

(8,9,27) indicate that a l km2 repository would fit in an area where

Sweden
ground water takes longer than 3000 years to reach the surface. In these
studies the hydraulic conductivity of the rock blocks dominated by flow
through joint systems varied with depth according to:

-0.003 Z-6

K =10 (m/sec)

where Z is the depth in meters below the surface. The porosity value was con-
stant in this study at 0.001. The above variation of K with depth corresponds
6 0'7'5 m/sec at 500 m below the

surface. Discrete high-conductivity fracture zones that were included in the

to a value of 107" m/sec at the surface and 1

model had permeability vary as:
Kp = 10"0.003 Z‘4

where Z = depth below the surface in meters.

(m/sec)

It should be noted that the solid rock blocks in the massive areas, where
the dominant flow is through joint systems, have permeabilities <10"ll m/sec.
Thus water that contacts waste emplaced in these nontransmissive solid rock
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TABLE 7.

Degrees of Permeability of Various Rock Types

Permeability, [, 5 1071 192 103 10 10° 10® 107 108 10?7 10710 0!
m/sec
| 1 | l 1 | 1 | | 1 | 1
Darcies 100 100 108 102 10! 1.0 10! 10?7 10 10t 10 108
i | | o | | | 1 1 | | 1 |
Degree of Very Very
Permeability | High High Moderate Low Low
e Shale
= (fractured) Sandstone {
Rock (solution cavities) Limestone and dolomite (unfractured) ———————=
= ( fractured or weathered)—Volcanic rocks, excluding basalt
Type (cavernous and fractured) Basalt (dense) ———
p=— (weathered) Metamorphic rocks

t=—Bedded salt

t=— (weathered) Granitic-type rocks










mining and milling) were assumed placed in a geologic repository designed for
hard crystalline rock. The reference repository for this study was in granitic
rock or gneiss as the host rock.

For this study a generic site was considered that was assumed to be com-
posed of relatively large areas of granite or gneiss consisting of solid rock
blocks surrounded by small fracture planes or joints interconnected to some
degree. This degree of interconnection gives rise to low permeability and
porosity associated with these relatively large areas. These large areas of
low permeability rock, dominated by flow through joint systems, are bounded by
fractured zones which vary in length and width and need not be continuous
throughout the rock mass. According to the stresses which now exist or caused
these highly fractured zones, the first- and second-order tension zones were
assigned widths of 50 and 10 m, respectively. Shear zones and compression
zones were assigned widths of 20 and 5 m, respectively.

The values of permeability and porosity used in the INFCE release conse-
quences analysis are shown in Table 8. It is generally accepted that the
hydraulic conductivity of these large areas of granite and gneiss, where flow
is through joint systems, is <10'11 m/sec and that, therefore, significant
flow can occur only through the bounding fractured zones. The hydraulic
properties vary, depending on the stresses that produced these zones, the
stresses currently acting on them, and the depth of the zone beneath the
surface. In these hard rock systems permeability decreases logarithmically
with depth because of the decrease in fracture aperture size resulting from

compression produced by the overburden.

The area used in the hydrologic model is 25,000 m by 25,000 m. Within the
generic area, lakes, rivers, and topography are given as shown in Figure 19.
A subdued version of the topography was used to represent the ground-water
table elevations throughout the region. The ground-water divide to the south
has an altitude of 40 to 45 m above the level of the sea to the north.

The granite site is assumed to be in a flat, low-lying, stable platform
area where erosion has reached a mature stage. The surface consists of some
surficial deposits of till and clay from a few meters to a few tens of meters
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TABLE 8. Hydraulic Properties of Different Hydrogeologic Structures
for the Reference Repository Site Area in Granite

Water
‘ Velocity Travel Time for
Permeability, (unit gradient), 1 km under 0.001
Description Width Depth m/sec Porosity -m/sec gradient, yr
Rock Mass 1m 10:10 3 x 10::5" 0 3.33 x 10:2 951
500 m 10 '_10 1 x 10 3170
Flrst Order ' -5 -2 -4
Fracture Zones 50 m lm 10__8 3 x 10~4 3.33 x 10_4 95
(tension) ‘ 500 m 10 10 ‘ 10 317
Second Order -5 -2 T -4
Fracture Zones 10 m lm’ 10_8 I x 10_4 3.33 x 10_4 . 95
(tension) 300 m 10 10 - 10 ; 317
Second Order -7 -3 ;4
Fracture Zones 20m 1m 5 x 10_10 S5 x 10_.5 ‘ 1 x 10‘5 317
(shear) 500 m 5x 10 1.7 x 10 3 x 10 1057
Second Order -6 ; -3 -4
Fracture Zones S5m lm 10_9" 5x 10_5 2 x 10_5 159
1.7 x 10 6 x 10 529

(compression) 500 m , 10






sites. This would ensure that waters entering the repository would move down-
ward through the repository into deeper, more regional circulation systems
enroute to the biosphere.

The granite masses consist of solid rock blocks, containing only micro-
fracture systems in or between mineral grains (permeability <10'11 m/sec), sur-
rounded by fracture planes or joints. These joints are discontinuous in their
own planes, and flow in these rock masses is dominated by the flow in the more
or less interconnected joint sets. Fractures or joints in these large rock
masses generally are continuous over distances that are on the order of three
to four times the average fracture spacing. These larger masses of rock, where
flow is dominated by the joint systems, frequently contain more highly inter-
connected discrete fracture zones that can be identified via various geophysi-
cal methods. These fracture zones are generally much more permeable than the
surrounding rock masses. These zones vary from a meter or so to tens of meters
in width and hundreds to thousands of meters in length. The hydrologic proper-
ties of these discrete fracture zones is dependent on the stresses which formed
these systems as well as the stresses which now exist in the rock masses.

Shear zones, for example, are generally filled with broken or crushed rock and
may be embedded in clay. Figure 20 schematically illustrates the fractured
rock masses with joint systems and discrete fracture zones. While the
microfracture systems in the solid rock blocks do not contribute significantly
to the flow of ground water, they are important in the diffusion of nuclides
from the active fractures and joints--they delay transport times. This
"kinetic effect" is discussed by Neretnieks in Reference 28.

The upper portion of the granitic systems--which can sometimes extend
from the surface up to a few hundred meters--is often characterized by higher
permeabilities because of the more extensive and coherent network of fissures.
With increasing depth there is a transition to larger spacings between frac-
tures or joints that are less interconnected. Sites deep in the granite sys-
tem, where the blocks of solid rock become more massive and are distant from
major fracture and discharge zones, make excellent candidate repository sites.

These massive blocks of solid rock ensure greater isolation.
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RELEASE SCENARIOS

The purpose of a release scenario analysis for a nuclear waste repository
is to evaluate both geologic and man-caused events and processes in order to
determine the impact they might have on the integrity of the repository.
Events, such as earthquakes, faulting and human intrusion, and processes, such
as erosion, uplift and diapirism, could, alone or together, significantly
alter the geology surrounding the repository and lead to a loss of repository
integrity. The output from a release scenario analysis will establish the
geologic and hydrologic conditions in and around the repository at the time of
an identified breach and provide the major geologic boundary conditions for
input into the various consequence analysis models.

For the four studies discussed here, release scenarios were developed via
modified Delphi methods utilizing expert opinion. Of the four studies, the
most complex and thorough release scenario analysis was performed for the
Hainesville Study.

INFCE SALT SCENARIO

The INFCE Salt Study considered both a normal and an abnormal release
scenario.

In the normal scenario it is expected that a repository site will not
experience a disruptive event within several million years that would release
radionuclides to the biosphere at any rate greater than would be expected at
the time of emplacement. Solid materials buried in salt generally will not
move by themselves. Without flowing water only solid-state diffusion can move
the radionuclides from their point of burial. Solid-state diffusion pro-
cesses, however, are slow and temperature-dependent. We know this intuitively
from the fact that ores in vein deposits have not diffused into the surrounding
mother rock by measurable amounts in millions to tens of millions of years
unless other driving forces were present. Generally a diffusion mechanism is
inconsequential at temperatures below one-half of the melting point of the

material.
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For perspective on solid state diffusion as a release mechanism, the move-
ment of one waste constituent through a continuous dense rock stratum to an
overlying permeable interbed was mode]ed.(zg) The model was designed to use
data generally available for an initial evaluation of a deep rock stratum.
Based on movement in three dimensions, this model predicts the waste concen-
tration in the dense rock stratum as a function of time. Using results of the
full-scale analysis, a simple relationship can be defined for evaluating time
for the diffusing constituent to reach the barrier. Specifically, the time
required is given by the expression
_ 0.014522

D

t'm = minimum delay time until a 1% change in relative concentration

t'm

reaches the interface between the dense rock stratum and the over-
lying interbed (unit of time)

2 = the distance between the source of waste and the edge of the con-
tainment barrier (unit of length)

D = diffusion coefficient of the specific waste specie in the particular
rock stratum (units of length squared over time).

A conservative estimate (fast movement) of the diffusion coefficient
would be 1 x 10'10 cm2/sec. Estimating the distance between source mate-
rial and aquifer as 100 m, at least 500 million years would be required for
the radionuclides to migrate to the aquifer. If the diffusion coefficient is
1 x 10'13 cm2/sec, the minimum time will be 5 x 1011 years. With the reference
repository, the radionuclides would have to diffuse across 350 m of salt and
190 m of shale/dolomite/clay before reaching the aquifer. Assuming a diffusion
coefficient of 1 x 10'10 cmz/sec, this would require about 3 x 109 years, or
approximately the age of the earth. Because of these extremely long travel
times the normal release scenario was not considered in the hydrologic, trans-

port and dose modeling.

In developing the hypothetical abnormal release scenario, an attempt was
made to define one that would represent the worst possible release of con-

taminants while still being reasonable in terms of the release mechanism. The
worst case would be one that provides maximum flow through the repository area,
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since this would result in the greatest leaching of the waste and the quickest
entry of the waste into the aquifer system. Given the geologic structure as
defined in the section "Repository Site Description," a reasonable mechanism
allowing for flow through the repository is difficult to envision since the
site assumes no aquifer systems below the salt zone. As a result, flow
through the repbsitory area must occur by the rerouting of aguifer fluids from
above the repository area. If one considers the aquifer fluid to have no salt
content and the salt's cap rock to be fractured, then salt dissolution must be
modeled along with the associated cyclic solution mining of the salt and
subsequent collapse of the overburden materials and resultant change in local
permeability.

The question to be answered for this kind of scenario is: How much fluid
would be flowing past the salt surface, and how Tong would it take to dissolve
the 350-m salt layer above the repository? This dissolution process can be
estimated from an estimate of the maximum rate at which the water could be
flowing past the salt's surface. A conservative estimate of that flow rate
was made by considering that the salt and cap rock were fractured in a zone
through the repository 2400 m wide to a depth of 450 m into the salt and of
infinite extent parallel to the river. This extremely wide fracture zone was
then assigned the same hydraulic properties as the limestone-dolomite-sandstone
aquifer, The flow from the aquifer system into this fracture zone over the
repository's 1200-m length would be ~9.5 m3/day. At this maximum rate,
assuming the aquifer fluid to originally contain no salt, it would require
~1.35 million years to dissolve the 1200 by 1200 by 350-m overburden of salt
before any water reached the repository.

~Actually dissolution of the salt as a result of shaft failure, or some
more reasonable fracture of faulting of the salt cap rock, would be much slower
because the initial flow rate of fresh water past the salt would be much Tower
than this maximum rate; moreover, the flow rate from the fractured cap rock or
failed shaft seal would be greatly retarded by the large density gradient
between the fresh water in the limestone-sandstone-dolomite aquifer and concen-

trated brine in the shaft or fractured cap rock. The resultant movement of
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brine from the shaft or fractured cap rock would be more realistically deter-
mined by characteristically slow molecular diffusion or by second- and third-
order flow effects arising from fresh water flowing past a hole or fracture
filled with a dense brine.

Because of these considerations, the salt dissolution scenario was dis-
carded and the fracture scenario described above for estimating worst case
flow was chosen as representative of the worst case. For the fracture scenario
it was assumed that the fluid in the limestone-dolomite-sandstone aquifer was
a concentrated brine so that effects of retardation due to density gradients
could be negiected. The somewhat unrealistically wide fracture zone can be
thought of as resulting from a multiple fracture pattern through the repository
area or from the collapse of an undetected solution pocket beneath the reposi-
tory. This worst case fracture scenario allows the aquifer fluid to contact
all the repository waste from the onset of the fracture process and aliows the
effects of maximum flow through the repository from the onset of the fracture
to be addressed.

Only this one abnormal scenario was modeled. The design of reasonable
scenarios that would expose the waste to aquifer fluids is extremely challeng-
ing because of their improbability. It should also be pointed out that any
scenario modeled needs to be weighted according to its probability of
occurrence.

PARADOX BASIN SCENARIO

In the Paradox Basin Study the release scenario was developed from con-
sidering a possible but very improbable event. A seismic event was assumed to
generate a fault system through the repository with an alignment parallel to
the disposal rooms in such a way that one entire room of spent fuel (1000 MTHM)
was exposed. The fault fracture system was assumed to extend from the base of
the Tower aquifer through the bedded salt formation to the top of the upper
aquifer. The length of the fault was taken to be 10 miles (about the same as
some faults mapped in the area), and the width of the fracture zone to be about
5 ft. Permeability of the fault zone was assumed to be 500 ft/yr, or about
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ten times the permeability of the lower aquifer. A simple analytical model
was used to calculate a vertical flow of 19.5 gpm of water through the frac-
ture zone.

HAINESVILLE SALT DOME SCENARIO

The development of release scenarios for the Hainesville Study was based
on a team of AEGIS and consultant personnel's addressing three categories of
release scenarios:

e I--resulting from a natural, continuous segquence of geologic processes
ultimately disrupting the repository

e 2--resulting from catastrophic impact of a discrete event such as
meteorite impact

e 3--resulting from human-induced phenomena.

For consideration of Types 1 and 2, the team systematically investigated geo-
logic phenomena that could potentially disrupt a repository. For Type 3 sce-
narjos the team comprehensively assessed ways man might deliberately or
inadvertently cause a future interaction between remaining radioactive mate-
rials and the human enviromment.

The systematic consideration of Types 1 and 2 release phenomena indicated
that no plausible natural mechanism would cause a breach of the repository
within the million years mandated for AEGIS consideration. Therefore, no
natural geologic breach scenario was considered in this study.

The probability for and the consequences of deliterate or inadvertent
human intrusion, in terms of radionuclides released, was determined to poten-
tially far outweigh the consequences and probability of release through grad-
ual ground-water contamination from natural mechanisms. As a result, a Type 3
human intrusion scenario was selected for the Hainesville Study.

The specific human-intrusion scenario involves the solution mining of the
salt dome to produce salt. The time of initial intrusion was assumed to be the
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earliest possible time following the loss of institutional control, at

100 years. However, to illustrate the effect of that timing on the conse-
quences, an identical scenario was analyzed, starting at 1000 years after
closure. The solution mine was assumed to remain operational until it
breached the side of the salt dome. At that time solution mining ceased and
flux through the breached dome continued as a result of leakage from the
abandoned solution mining wells.

In this scenario there are two pathways to the biosphere for contaminated
water: 1) by leaching of radionuclides into the brine being extracted during
the operational phase of the mine and 2) by subsequent leaching into the local
aquifer and geotransport to the aquifer discharge sites as a result of abandon-
ment of the breached solution mine. Pathway 1 is generic to salt domes,
whereas pathway 2, the chronic-type pathway, must be analyzed in any site-
related assessment. The chronic pathway has essentially three phases in its
full development: 1) leaching into the aquifer system based on an intact
conduit as input continues from the surface water system through the abandoned
solution mine shaft, 2) leaching into the aquifer system after partial col-
lapse of the geosystem above the cavity due to collapse of the solution mine,
and 3) leaching into the aquifer after total dissolution of the salt dome
overlying the repository and the concomitant collapse of the overlying strata.
For the purposes of this consequence analysis, this three-phase scenario was
simplified into two phases by assuming that the initial collapse of the solu-
tion mine cavity does not occur until the salt dome above the repository dis-
solves completely away.

INFCE GRANITE SCENARIOQ

Uplift, faulting, and fracturing, and the rate at which they occur in
igneous and metamorphic rocks are the most significant effects of tectonic
activity of concern to the development of a release scenario for granite. The
distribution of mobile zones and stable areas is generally well known on the
basis of earthquake statistics and structural evidence. Normally there is

agreement regarding the age of fractures and the time of the most recent
activity in areas generally considered stable. There is a general consensus
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that post-glacial displacements have occurred chiefly along pre-existing frac-
tures. The evidence generally indicates that a repository in granite could be
sited away from major pre-existing fracture zones and, therefore, would not be
endangered by future seismic activity.

Events such as shear displacements along existing fracture planes might
result in changes in rock mass permeability. No data yet exist indicating
that this would necessarily have any detrimental effect at the repository
level. The main impact on the hydrologic system resulting from tectonic and
erosional activity would be to change Tocal gradients and the Tocation of
recharge and discharge areas. Usually the areal exposure of Precambrian
granites and gneisses, which originally formed at great depth, in itself
indicates that erosion has reached a mature stage in removing the overlying
formations. Therefore the potential is very small for renewed erosion,
particularly in flat and low-lying areas outside recent orogenic regions and
away from major rivers.

For the reasons stated above, no specific violent or abnormal scenario
causing release of radionuclides from the hard rock repository was considered.
The most realistic and probable release mechanism results from the normal,
slow water movement of the in situ rock waters through the very low permeabil-
ity rock. It was assumed that the relatively inexpensive stainless steel
canisters and drums, in which the waste was stored, would simultaneously fail
after 100 years. This fixes the elapsed time before the release begins.
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HYDROLOGIC MODELING

Prediction of the transport of radiocactive contaminants requires estimat-
ing the water movement because water would te the primary carrier of waste in
hydrogeologic systems. Hydrologic models define water-flow paths, quantity,
and travel times from input data describing the hydrologic system and the
release scenario chosen.

The type of code applied to a particular study area depends on: 1) the
physical nature of the study area; 2) the availability and quality of geohy-
drologic data; and 3) the desired model output. Two different ground-water
codes were used in modeling the four studies discussed here. The Paradox
Basin was modeled with the Variable Thickness Transient (VTT) Code;(30) the
INFCE Salt and Hard Rock Studies used the Finite Element Three-Dimensional
Ground-Water (FE3DGH) Code; (31)
The FE3DGW code was used for the near-dome modeling and the VIT code for the

and the Hainesville Study used both codes.

regional modeling.

VIT is a two-dimensional, finite-difference numerical code that solves
the partial differential equation describing unconfined, saturated transient
flow through porous media. The capability also exists to run steady-state
simulations and to run the model for confined aquifer systems if desired. In
addition, VTT can be used to simulate multilayered two-dimensional aquifers
connected through interaquifer transfer. Specifically, a horizontal X-Y
coordinate grid system is adapted to represent a study area. Model parameters
defining the aguifer system are assigned to, and evaluated at, nodes in the
center of each grid block and are considered representative of the whole grid
block area. With the values obtained from the nodes, the code calculates the
ground-water surface elevation at each node. It also calculates ground-water
flow paths, flow quantities, and travel times.

The FE3DGW code is a three-dimensional, finite element numerical code that
solves the equations describing fully three-dimensional, saturated ground-water
flow. The code can simulate confined and/or unconfined, multilayered systems

and can be run in either a steady-state or transient mode. Because the code
uses the finite-element method (irregular grid), it is a more powerful tool for
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representing irregular boundaries (lakes, rivers, outcrops, etc.) than is the

finite-difference method (using uniform square or rectangular grids).

The FE3DGW code divides a region into a number of discrete nodes and ele-
ments at which all hyd-ologic parameters are defined. Connecting the nodes
results in subdividing the entire surface region into two-dimensional elements.
Spacing of the model nodes can be varied as required, thereby allowing a closer
spacing and smaller elements (i.e., higher resolution in the results) in areas
of interest (i.e., around the repository) and a larger spacing in areas where
limited data or less complex interactions are present.

Some of the complex generic and site-specific geologic configurations
consist of multiaquifer systems, and these aquifers respond conjunctively to
stress imposed on any of the various layers. The finite element model can
simulate these multilayered systems, where not only thickness can vary but the
number of layers can be changed to agree with the vertical geologic section.
Moreover, the hydraulic conductivity and the pumping stresses can change from
layer to layer and/or from element to element, thereby allowing an accurate
representation of confining layers' heterogeneities and interaquifer transfer.

To provide for interaction with geologists, engineers, and decision
makers, supporting programs have been developed for both the VIT and FE3DGW
codes to plot background maps, grid values, contour maps, streamlines, and
various three-dimensional graphics. These programs can be used to interpret
and check the accuracy of input data as well as output predictions and to
perform various kinds of analysis of these predictions.

INFCE SALT HYDROLOGIC MODEL

In order to best represent the multilayered hydrogeologic system of the
bedded salt, the FE3DGW code was used. The first stage of the modeling effort
involved examining the geohydrologic data and developing a conceptual model
of the system. Much of this information was extracted from the appendix to
cC WG.7/38,(14) but additions and adjustments were made as required to
properly define the system for use in the modeling effort.
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The modeled area consists of a hypothetical waste repository, a uniform
flow region from the repository to the biosphere uptake point, and uniform
layering of five distinct geohydrologic units. Data supplied on the aquifer
systems addressed only the change in properties with depth; this necescitated
modeling the system as an X-Z system, with properties being uniform along the
Y dimension. Since the three-dimensional code was used, this X-7 system had
to be modeled with one row of three-dimensional elements in the X direction.
As a result, the surface of the region was simulated by a row of 20 rectangu-
lar linear elements involving 46 surface nodes (Figure 21). The elements are
1200 m wide in the Y dimension (approximate length of one repository storage
room) and 500 m long in the X dimension. In the area of the salt layer and
the river the node spacing was changed to 300 and 100 m, respectively, to more
accurately represent the actual size of the repository and a typical river.
The total horizontal length of the region is 8600 m, and the distance from the
repository to the river is 5000 m. The width over the entire region is 1200 m.

For modeling, the vertical dimension consists of four uniform geohydro-
logic units extending the length of the model region plus a fifth layer of
salt that exists only in the area of the hypothetical repository. Table 9
outlines a geologic description of the layers and their applicable hydrogeo-
logic parameters. In the model, vertical nodes were placed at the
intersection of the layers (Figure 22). Additional nodes were evenly spaced
in the thicker layers (i.e., layers 3, 4, and 5 in Figure 22) to increase
resolution and accuracy in the model results. The combined thickness of all
vertical layers is 700 m.
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FIGURE 21. Plan View of INFCE Salt Study Model Region
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TABLE 9. INFCE Salt Study Finite Element Model
Hydrogeologic Input Parameters

Thickness, Hydraulic Conduc- Porosity,
Layer Rock Type m tivity, m/day
1 Unconsolidated sand, 10 5.9 20
gravel and silt
2 Calcareous shale, 30 0.01 13
partly sandy
3 Sandstone, dolomite, 160 0.06 20
cherty limestone
4 Interbedded shale 50 0.006 20
and dolomite (salt
cap rock)
4a Fractured, interbedded 60 0.06 20
shale and dolomite
(salt cap rock)
5 Salt Infinite 0.00006 0.5
5a Fractured salt 450 0.06 20
- 8600 M —
RIVER
LAYER 1 UNCONSOLIDATED SAND, GRAVEL, AND SILT om |\ ]
LAYER 2 CALCAREQUS SHALE, PARTLY SANDY M
LAYER 3 SANDSTONE | CHERTY LIMESTONE, AND DOLOMITE 160 M

LAYER 4 INTERBEDDED

SHALE AND DOLOMITE

LAYER 5 SALT

WASTE REPOSITORY
| Sne—

FIGURE 22. Cross Section of the Five Geologic Layers
Used To Define INFCE Salt Study Model Region
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The hypothetical repository was assumed to be a 1200-m square. This area
closely approximates the 50 to 60 ha required for any of the INFCE reactor
strategies. The repository was placed 600 m below the surface and centered in
the area of the fractured salt formation.

The regional water table was assumed to have a uniform gradient of 1 m in
1 km, and the river elevation to be 190 m above sea level. The repository is
up-gradient from the river, and the water table elevation at the repository is
about 195 m above sea level. To keep this gradient, a flux was calculated for
each of the top four layers and was input in the model at the most upstream
nodes.

The river was assumed to be the regional discharge site for all the water-
bearing layers. To simulate this in the model, the river was made to
intersect the upper layer at nodes 23, 1023, 46, and 1046, and all nodes below
this were considered no-flow boundaries (Figure 23). This would force the
water in the Tower layers to move up to the river as shown in Figure 13.

The output from the hydrologic model is the ground-water potential (eleva-
tion) distribution throughout the X-Z plane over the X-Z region modeled. A
contour plot of these potentials with superimposed water flow paths is shown
in the X-Z cross-section plot of Figure 24, As a result of fracturing the
salt formation and the overlying shale in the area of the repository, some of
the water is able to flow down through the repository and eventually reach the
river,

An auxiliary program for the finite element model can calculate travel
time, travel distance, and velocity of the water along any streamline within
the region. These values are calculated according to the hydraulic conductivi-
ties, porosities, and gradients of the various layers along the flow path.

The input required by the transport model is an average for the flow tube
encompassing the 600 m on the down-gradient side of the repository (see Fig-
ure 24). The averages were calculated using a weighted average accord-

ing to flow for multiple flow tubes and streamlines spaced along the reposi-
tory. The values used in the transport model are the following averages:

59



- -~

| WASTE REPOSITORY

[ ——

ve % o \u o~ . 2 ¥ uu/ ) u/ L) /
O P ./:V,/ TN T T\
e« v/u..,/ .. .u/Tuu uu/ ya n
- -nv/..n.,/ .- -2 2z K] 91 L)
» - 1/'%“‘% -1 b4 |\L..,.I.|.B. R -] .
. NN T
. . e - a. L . MN.WH;T!u I -
h - S 3 1

Three-Dimensional View of INFCE Salt Model Region

FIGURE 23.

60






PARADOX BASIN HYDROLOGIC MODEL

The Paradox Basin in the region of interest can be represented by a two-
aquifer system. The lower aquifer with the higher potential consists of the
Mississippian aquifer (Leadville limestone). This lower aquifer system in the
region of interest is separated from the upper aguifer system by the imperme-
able Paradox Formation. The upper aquifer system consists of the Honaker
Trail and Permian Formations (Cutler-Rico) combined, acting essentially as a
single aquifer. The generalized potentials for these systems are shown in
Figure 25. The formations that comprise the upper aquifer system outcrop
along the Colorado River as shown in Figure 25, and the potentiometric map
indicates that the Colorado River acts as a discharge site for these aquifers.
The Green River lies above the upper aquifer system except near the confluence
of the two rivers. Figure 25 also locates two geologic sections, Section A-A!
and Section B-B'.

Figure 26 shows the generalized geologic section along A-A'. The strati-
graphic units have been grouped into a lower aquifer (Leadville limestone),
central bedded salt and shale zone (Molas, Pinkerton Trail and Paradox Forma-
tions), an upper aquifer (Honaker Trail, Rico and Cutler Formations), and an
upper aquitard (Moenkopi Formation and above). Section A-A' parallels the
length of the hypothetical repository and runs approximately perpendicular to
the hydraulic gradients in both the upper and lower aquifer. Figure 27 shows
the generalized geologic section along B-B'. The section runs approximately
parallel to the hydraulic gradient.

For modeling purposes, a composite potentiometric map was prepared for
the upper aquifer in the region of interest. Based on this potentiometric map
and the other details about the formation, the boundary conditions for the
upper aquifer system were chosen. Figure 28 shows the model boundaries and
composite potential surface for the upper aquifer system. Thickness of the
upper aquifer unit was determined from a cross-section prepared from a surface
geologic map. The unit was modeled as a uniform layer 1000 ft thick with the
max imum observed permeability values of 100 ft/yr.
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FIGURE 29. Ground-Water Flow Tubes and Streamlines from
Breached Repository to the Colorade River for
the Paradox Basin Study

TABLE 10. Paradox Basin Hydrologic Model Results

Average Travel Velocity, Average
Flow Tube Time, yr ft/yr Length, ft
1 43,700 4.26 186,188
2 43,500 4.24 184,500
3 43,200 4.22 182,250
4 43,000 4.19 180,563
5 43,000 4.16 179,438
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solution mine before and after the eventual collapse of the mine and overburden
caused by continued dissolutioning following abandonment. The FE3DGW model

was used for two near-dome hydrologic simulations and the VTT model for the
regional simulations used to supply input to the transport model. For the two
near-dome simulations that have point source/intensive subregional recharge

and vertical variation in thickness and hydraulic properties, the FE3DGW model
can represent the problem effectively by varying the node spacing both
horizontally and vertically and by accounting for the vertical and horizontal
flow patterns around the breached dome.

Figure 30 depicts the hydrogeology of the subregion surrounding the salt
dome before eventual collapse of the solution cavity. This was modeled with
FE3DGW to determine the flow rate past the waste as a result of the solution
mine abandonment. The top aquifer (Carrizo) is 100 ft thick and has a hydrau-
lic conductivity of 13.2 ft/day. The main aquifer surrounding the repository
(Wilcox) is 2000 ft thick and has a hydraulic conductivity of 2.5 ft/day. The
top of the salt dome and the repository are 900 ft and 1700 ft below the sur-
face, respectively. The Sparta-Queen City Aquifer above the Carrizo was not
modeled but it was accounted for in that it provides a 50-ft driving head for
moving water through the breached, abandoned solution mine.

The rate of water flow past the waste and into the ground-water system
was estimated with the FE3DGW code by assuming an intact, abandoned solution
mining casing to connect the Sparta-Queen City aquifer (50 ft higher in head)
to the Wilcox Aquifer through the solution mine via the the 1000-ft2 breach
in the side of the dome. The Wilcox-Carrizo subregion was represented by a
500-ft grid and the dome by radially oriented elements (Figure 31). Only half
of the subregion was actually modeled because the other half is the mirror
image. The model used only three vertical nodes to represent the Carrizo and
Wilcox aquifers throughout most of the modeled area. In the area with radial
elements, however, five vertical nodes were used to increase the resolution of
vertical movement. At the dome breach a 500-ft2 element (half of the total
breach) was established. Figure 32 shows the stratification near the salt
dome, illustrating the variable grid used to simulate the salt dome and the
breach.
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FIGURE 33b. Uniform Finite Element Grid for Simulation of
Flow After Hainesville Salt Dome Collapse

Transmissivity data for the region are scarce. Conseguently, a thickness
distribution was developed using a map of the net sand that covers the confined
areas and extrapolating these data to the boundaries. The average transmis-
sivity for the sands, as determined from pumping tests, was divided by the
thickness to arrive at an initial permeability distribution.

A potential surface for the Wilcox-Carrizo aquifer was drawn from 717 head
measurements. This surface was used in calibrating the model.

Model results were presented for three different cases for the solution
mining release scenario. The base case simulates essentially the present-day
ground-water system. Flow originating at the salt dome travels southeast and
then eastward into a large pumping depression, as shown in Figure 35. This
regional depression is caused by the pumping of Targe quantities of ground
water in the East Texas Qi1 Field area. For this case travel times ranged
from 11,946 years to 18,795 years, with the flow tube lengths ranging from
183,000 to 219,000 ft. The average ground-water velocity was 13.3 ft/yr.
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The second case was postulated with the large pumping depression removed
from the aquifer. This would permit the water originating at the dome to dis-
charge into the Sabine River and the Big Cypress Bayou near the northeast
boundary of the model as shown in Figure 36. The ground-water travel times
for this case range from 38,554 years to 43,015 years over distances ranging
from 326,462 ft to 343,411 ft. The average ground-water velocity was
8.3 ft/yr.

In the third case a well 6 km down gradient from the dome pumps contami-
nated water at a rate of 400 gpm. Flow tubes were generated with an average
length of 22,889 ft and an average travel time of 1050 yr.

INFCE GRANITE HYDROLOGIC MODEL

The FE3DGW flow model was used to model the multilayered granite geo-
hydrologic system with discrete, highly fractured zones.

The generic geohydrology includes the major geologic and hydrologic fea-
tures one would find at the reference granite repository site.(zo) Figure 19
illustrates the boundaries of the reference repository site in granite along
with the regional water table configuration and assumed boundary condition
definitions. Although an actual site might contain some surficial layers of
till and clay, these layers would tend to retard deeper circulation patterns
and hence were ignored in our description so as to favor conservatism. The
stratigraphy was thus assumed to be granite from the surface down. Recharge
calculations were avoided by holding the water surface according to a subdued
version of the actual topography. The reference topography decided upon was a
version of an actual granite area modified slightly to be consistent with the
assumed boundary conditions. Regional tilt is on an order of 10'3 m/m, and

1 m/m. The site shows

Tocal topographic variations are from near zero to 10
a topography common for glaciated hard rock areas in Precambrian shields. The
regional discharge site was assumed to be both large fresh water and salt water
bodies. The boundary conditions include no-flow boundaries on the east and
west, a vertical no-flow boundary to the south since this is assumed to be the
regional ground-water divide, and a lake or ocean boundary to the north that

is held at the lake or ocean elevation. Consistent with data observed for
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FIGQURE 36. Modeled Aquifer Showing Potential Contours and
Flow Tubes from the Hainesville Dome, Case 2
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granite geologies, permeabilities and porosities decrease with depth. For
modeling purposes, the upper 1.5 km is modeled in detail and the lowest layer
is sufficiently thick to preclude interference by the assumed no-flow boundary
along the lower surface.

Major shear or fracture zones in patterns like those observed in an actual
granite area have been included. These fracture patterns at an actual site
should be spaced so that blocks (undisturbed by major fracture or shear zones)
of the appropriate size for repository siting are available. A1l major frac-
ture zones are assumed to be vertical. In accordance with a generic stress
distribution in the rock, the fracture zones are divided into tension, shear
and compression zones.

The area used in the hydrologic model is 25,000 by 25,000 m. The finite
element grid representation of the area is shown in Figure 37. Element size,
shape and orientation were chosen to best represent the actual topography and
structural properties of the granite mass within the modeled region. The
regional ground-water divide to the south is 40 to 45 m above the level of the
regional lake (or sea) elevation. The vertical boundary of the regional lake
or sea is placed about 4000 m from the shoreline, and it is held at the same
potential for all nodes. The major fracture zones are represented by discrete
elements. The widths of these discrete elements were assigned according to
the type of fracture zone. First and second order tension zones were assigned
widths of 50 and 10 m, respectively. Shear zones and compression zones were
assigned widths of 20 and 5 m, respectively. Table 11 gives the values of the
hydraulic properties used in the different geohydrologic structures at the
ground surface and at 500 m depth. The same slope is assumed for the
different geohydrologic units, but they start at different surface values.

The output from the hydrologic model is the ground-water potential dis-
tribution throughout the modeled region. An auxiliary program for the FE3DGW
model calculates the travel time, travel path, and travel distance along any
streamiine within the region. These values are calculated from the predicted
potentials and from the input values used for permeability and porosity. Fig-
ure 38 illustrates the X-Y paths that water would take starting at the upper
left and right corners and in the middie of the repository as it proceeds to
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FIGURE 37. Finite Element Grid Representation of INFCE
Granite Model Region
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TABLE 11. Hydraulic Properties of Different Hydrogeologic Structures
in the Reference Repository Site Area in Granite

Water
Velocity Travel Time for
Permeability, (unit gradient), 1 km under 0.001
Description Width Depth m/sec Porosity m/sec gradient, yr
Rock Mass 1mn 1071 3x 1000 3.33 x 100 951
500 m 10 10 1 x 10 3170
First Order _5 _2 -4
Fracture Zones 50 m 1m 10_8 3 x 10__4 3.33 x lO_4 395
(tension) 500 m 10 10 10 317
Second Order -5 _2 -4
Fracture Zones 10 m Im lO_8 3 x 10_4 3.33 x lO_4 95
(tension) 500 m 10 10 10 317
Second Order -7 -3 -4
Fracture Zones 20 m 1m 5 x 10_10 5 x lO_5 1x lO_5 317
(shear) 500 m 5 x 10 1.7 x 10 3 x 10 1057
Second Order -6 -3 -4
Fracture Zones 5m 1mnm 10__9 5 x 10_5 2 x 10_5 159
(compression) 500 m 10 1.7 x 10 6 x 10 529
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FIGURE 38. X-Y Paths for Streamlines Starting at the Upper Left
and Right Corners of the INFCE Granite Repository as
Well as the Middle. The dots along the streamline
paths are placed 1000 years apart.

the discharge site in Lake C. The dots along the streamlines indicate
1000 years elapsed time. Notice that as the streamlines encounter the second
order tension zone enroute to Lake C they move upward and westward because of
the higher permeability of the fracture and the disjuncture in gradients. The
average streamline parameters are the following:

e distance - 7100 m

e travel time - 11,700 yr * 1300 yr

e velocity - 0.61 m/yr.

Since the transport is to be simulated with a one-dimensional model, the
hydrologic model results must be reduced to an equivalent one-dimensional data
set. The one-dimensional model requires a column length, pore water velocity,
dispersion length, column width, column porosity, column height and column
flow. The one-dimensional column parameters are related as follows:

Flow = width x height x pore velocity x porosity.

The flow through the repository was estimated from the average X, Y, Z flux
per unit area at the corners and middle of the repository. The resultant
one-dimensional flow is 2.6 m3/yr.
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The one-dimensional column width of 1600 m was estimated from Figure 38.
Pore water velocity of 0.61 m/yr is obtained from the quotient of the average
streamline distance and travel time. A porosity estimate of 1.9E-4 was taken
from the average of the time-weighted porosity along each of the five stream-
lines. The theoretical column height of 14.2 m was chosen to be consistent
with the flow, width, velocity and porosity estimates. A column length of
7100 m ensures the appropriate average travel time for a velocity of 0.61 m/yr.
Table 12 summarizes the one-dimensional column data required for the transport
simulation.

TABLE 12. Summary of the Equivalent One-Dimensional Column Data
Required of a One-Dimensional Simulation of Contami-
nant Transport

Parameter Description Value
Column length, m 7,115
Column height, m 14.2
Column width, m 1,600
Column porosity (time-weighted average)(a) 1.9€-4
Column permeability (time-weighted average),(a) 5.95E-9
m/sec
Column water velocity, m/yr 0.61
Minimum column dispersion length required 42

to account for dispersion resulting from
flow geometry, m

Column travel time, yr 11,651
Column flow, m3/yr 2.64

(a) Time-weighted porosity and permeability are needed in
fracture flow systems to pick a representative 8 value
for calculating the retardation factor.
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MODELING OF ENGINEERED BARRIERS AND LEACH RATE

One of the inputs required for a consequence analysis is an estimate of
the rate that waste from a breached repository enters the regional hydrologic
system. Realistic estimation of this rate, however, requires near-field
modeling technology. As previously indicated, this has not been emphasized
under the AEGIS program. As a result, generally, simple, overly conservative
methods and models have been used to determine repository leach rates. For
the following discussions, the repository leach rate is defined as the rate at
which dissolved repository wastes leave the repository with its system of
engineered barriers and enter the regional hydrologic system. The parameters
and phenomena that can influence this repository leach rate function are the
following:

o waste form
canister design
time of breach
temperature
local hydrologic flow patterns and actual quantity flowing past the waste
diffusion, concentration gradients
local geochemistry
backfill geometry and composition
geometry of repository and emplacement strategy
local retardation factors
other engineered barriers
breach scenario

composition of breaching waters.

In the studies discussed, typically only the waste form itself was given
any credit for reducing leach rate. Except in the INFCE Granite Study, most
of the positive effects of engineered barriers and repository design have been
ignored; in that study the influence of the backfill was considered.
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INFCE SALT LEACH MODEL

The leach rate model utilized for the INFCE bedded salt reference reposi-
tory breach was formulated during the earlier Paradox Study using preliminary
data on the effects of flow rate and temperature on leach rate. The data from
leaching experiments on crushed spent fuel (3 cm2 of geometric surface area
per gram of fuel with a density of 10.2 g/cm3) and glass waste indicated that
the specific leach rates (grams 1eached/cm2 of geometric surface area/day) vary
from nuclide to nuclide. The data also indicated that for rates greater than
one solution replacement (or flush) per year the specific leach rate is a func-
tion of the flushing rate. At less than one flush per year, the rates are
essentially constant. The data on temperature effects available indicated
that leach rates depend on temperature through an Arrhenius-type relationship.
Finally, leach rate data comparisons between solid high-level waste and crushed
high-level waste indicated that leach rates are dependent on the actual surface
area but not directly proportional to it since the internal surface area of
the crushed waste is not as effective in leaching. In the model, the highest
specific Teach rate was used for all nuclides, and the entire fuel rod or
glass waste, including all drummed wastes, was assumed to leach congruently at
that rate.

Figures 39 and 40 illustrate the leach functions used in the INFCE study.
Table 13 shows the density, ambient temperature leach rate, initial geometric
surface area per gram, and particle radius used by the leach model to generate
the leach functions for the seven INFCE reactor strategies. The same tempera-
ture function versus time was used for all fuel cycles, and the same Arrhenius
function was used to describe leach rate as a function of temperature. For
the INFCE salt study the entire content of the repository was available for
leaching due to the severity of the release scenario modeled. Canisters were
assumed to fail simultaneously at the time of breach, and backfill was assumed
to have no effect on Teach rate.

PARADOX BASIN LEACH MODEL

The same leach rate model and leach rate function (Figure 39) used in the
INFCE bedded salt study was used for the Paradox Basin bedded salt. Again,
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TABLE 13. Parameters Used by the Leach Model to Generate
the Leach Rate Functions Shown in Figures 39

and 40
Specific Initial Initial
Leach Rate, Surface Spherical
Density, g/cmz/day Area per Particle
g/cm at 25°C gram, cm?/g Radius, cm
Paradox Basin 10.2 5.E-8 3.0 0.098
and INFCE
Reactor
Strategies
1 and 4
INFCE Reactor 3.3 4,E-7 0.424 2.14
Strategies
2, 3, 5,
6, and 7

the highest specific leach rate was used, and all nuclides in the spent fuel
rods were assumed to leach at this rate. It was assumed that all spent fuel
(1000 MTHM) in the repository area fractured by the fault was available for
leaching. Again, it was assumed that the waste cans failed simultaneously at
the time of breach and that other engineered barriers had no effect on leach
rate.

HAINESVILLE LEACH MODEL

The same type of leach rate model used in the bedded salt studies was
employed in the salt dome study. Additional results, however, from spent fuel
leach tests using generic solutions, as well as some more recent literature
data, were incorporated. The principle underlying the development of this
leach rate model is that the dissolution rate would depend on the leach rate
constant until the solubility limit is reached. From then on, the dissolution
rate would be governed solely by the solubility of elements. The uranium
solubility was limited at 6 ppm at the assumed ground-water composition and
temperature in the revised model, and on the basis of congruent dissolution
data this limit controlled the release of the other isotopes. The fraction of
waste exposed that is needed to reach solubility 1imits is shown in Figure 41
as a function of flow rate and leach rate constant. For Hainesville the
source term was calculated to be solubility-Timited within 1.5 years after
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repository breach by solution mining. During the operational part of the
solution mining scenario 0.97% of the waste was leached. The remaining waste
content of the repository was leached during the two phases of the post-
operational part of the solution mining scenario. As in the INFCE salt and
the Paradox Basin studies, canisters and any other engineered barriers other
than the waste form itself were given no credit in reducing leach rate or
delaying the onset of release.

INFCE GRANITE LEACH MODEL

The high-level waste packages to be buried in the granite repository
include two major waste forms: unreprocessed spent fuel and vitrified repro-
cessing waste. Because spent fuel is predominantly uranium oxide, it was
assumed that dissolution of spent fuel occurs at a rate corresponding to the
solubility-Timited diffusion of uranium. Other radionuclides are released in
proportion to their concentrations relative to uranium. It was assumed that
release of spent fuel will begin at 100 years at a temperature of 65°C, when
all canisters fail simultaneously. As the temperature decreases to near
background in the first few thousand years, the release rate similarly drops.
Hence, the release rate as a function of time shows an initial "peak" a few
thousand years wide followed by an extended "plateau" hundreds of thousands of
years wide.

The dissolution of vitrified waste within a diffusion barrier is less
straightforward to analyze because no constituent dominates as does uranium in
spent fuel. Since silica is usually a major constituent of vitrified waste,
and its hydrolysis is closely related to glass leaching, it was assumed that
the release from vitrified waste within a diffusion barrier is that corres-
ponding to the diffusion of amorphous hydrated silica. Other species are being
released in proportion to their concentration relative to silica. The release
rate for vitrified waste will decrease rapidly from an initial maximum as the
temperature decreases.

The non-high-level wastes are packaged in drums. These wastes are more
difficult to analyze because the disposal concept for them is less well devel-
oped and the waste forms are not specified in detail, nor are they optimized.
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A crude estimate of the release rate for these waste categories was made by
assuming that the contained waste was dissolved to saturation in the available
amount of ground water.

For either spent fuel, vitrified waste, or waste in drums, release of
radionuclides is from the waste form through a compacted bentonite backfill,
and into ground water within rock fissures. Canisters of spent fuel and
vitrified waste (both packaged) are emplaced in individual holes; for this
case the release rate can be estimated by taking into account the resistance
of the bentonite buffer to mass transfer.

Neretnieks(32)

has estimated the mass transfer resistance of homogeneous
bentonite annuli fitted inside a hole in fractured rock. On absorbing water,
bentonite swells and exerts pressure on its surroundings. Confined in a hole,
the bentonite fills gaps and interstices, so that the assumption of homogeneity
is reasonable. The canisters are designed to resist the pressure. Following
Neretnieks, it is assumed that the hole intercepts a set of parallel horizontal
fissures in which ground water flows around the bentonite annulus. Because of
compacted bentonite's very low permeability it is assumed that water flow in
the bentonite is too small to increase mass transfer much beyond that due to
diffusion alone. The swelling bentonite will probably intrude into the fis-
sures, thereby extending the buffer region and its attending mass transfer
resistance; however, since the extent of intrusion is difficult to estimate,

it is assumed that no intrusion occurs.

The ion-exchange capacity of bentonite can further inhibit release by
retaining the shorter-lived or more strongly adsorbed radionuclides long
enough for significant radioactive decay to occur. However, any such adsorp-
tive retention must necessarily be preceded by release of canister corrosion
products to the bentonite, which might become adsorbed and thereby reduce the
exchange capacity. For this reason, no ion-exchange capacity for the bentonite
is assumed; however, any retention of canister corrosion products is not
expected to affect the mass transfer resistance described above.

For this study it was assumed that relatively inexpensive stainless steel
canisters and drums are used that last only 100 years. This fixes the time
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elapsed before release begins. As has been shown, however, by the Swedish KBS

(8,9) more expensive canisters can be designed to last for thousands

study,
of years or longer. One advantage thus gained is that the canisters will fail
over thousands of years, or longer; this would disperse any "pulse" release of
unbound radionuclides over a long period and thus reduce the radionuclide
concentration in flowing repository ground water. Realistically, failures of
the "100 year" canisters assumed for this study would be distributed over many

years, but for the purpose of this study, simultaneous failures were assumed.

91






TRANSPORT MODELING

The hydrologic models predict water flow paths and travel times, and the
engineered barrier and leach rate models predict the length of time and rate
at which contaminants enter the regional ground water from the breached
repository. The next step in the modeling sequence is to use a transport
model to predict the movement of the radionuclides in the ground water,
through the geosphere, and eventually into the biosphere.

For contaminant transport simulation, three of the studies(l’3’4) used
the one-dimensional Multicomponent Mass Transport (MMT) code.(33) The MMT
code considers simple radioactive decay, linear chain decay, branched chain
decay, and retardation from soil/nuclide interactions. The method of solution
is to simulate the physical phenomena causing mass transport in ground-water
aquifers. Convection is simulated by attaching mass to a parcel and moving
“that parcel a distance calculated by the product of the local ground-water
velocity and the current time step (Discrete Parcel Random Walk). Dispersion
is simulated by using random numbers between -1 and 1 multiplied by a length
factor, the time step, and the dispersion constant.

The data requirements for the MMT code include the following:
retardation coefficient

dispersion

half-1ives for all nuclides

path Tength

ground-water velocity

flow tube size

initial inventory

time after repository closure when the breach occurs

lTeach information to control entry of waste into ground-water system

a map that illustrates the parent-daughter relationships.
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The retardation coefficient, K, is calculated from the soil-to-solution

ratio, B(%T) and the distribution coefficient, K4 (E%) by Equation 1:

K=l+BKd (1)

g8, the soil-to-solution ratio, is a ratio of the bulk density divided by the
porosity for porous media and a more complex function for fracture flow-

dominated media.(z)

de are estimated based on rock type and water compo-
sition or from laboratory measurements or field in situ tests. The path length

and ground-water velocity were obtained from the hydrologic model.

If desired, the one-dimensional code can be used for pseudo two-and-three-
dimensional simulations. Flow tubes equal in flow rate can be determined from
the hydrologic model. Each flow tube has a different characteristic velocity
and path length to the river. A one-dimensional solution would then be
obtained for adjacent sets of flow tubes. Outputs from the MMT code are
nuclide concentrations in the ground water as a function of time or the rate
of biosphere arrival versus time.

INFCE SALT TRANSPORT MODEL

The input to the MMT code was derived from the output of the hydrologic
and leach rate models. Because of time constraints of the study, the MMT code
was run with a single average flow tube rather than for multiple flow tubes.
Average values of velocity, path length, width, and travel time from the multi-
ple flow tubes were used to describe a single flow tuba. Retardations for the
nuclides were estimates based on the generic geology and brine ground waters.

Table 14 summarizes the transport model input parameters for all seven
reactor strategies. From the overall repository inventories, only those
isotopes that would have any measurable inventory after 10,000 years were
selected for study because travel time to the river was 105 years for water
alone. Isotopes not involved in chain decay schemes can be followed one by
one through the flow system. These isotopes include the fission products and
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TABLE 14. INFCE Salt Study Transport Model Input Parameters for

all Seven Reactor Strategies Modeled*
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the activation products. The actinides, however, are involved in essentially
four decay chains and were modeled as chain decay processes.

To properly represent the transport of the radionuclides, the model was
run until all isotopes either reached the river or decayed to negligible mass.
The results, as summarized in Table 15, were reported as maximum concentration
in the ground water and in the biosphere river, as well as the ratio of these
maximum concentrations to the uncontrolled water radiation standard MPC.34)
An asterisk (*) after the ratio value indicates that the MPC was exceeded.

For all seven reactor stategies, only three of the 15 fission products
Te, 129I 135
decay along the flow path. Of the three fission products reaching the river,
and for all seven reactor strategies, only the 1291 has a ground-water con-

(99 , and Cs) arrive at the river. The other fission products

centration greater than its MPC, and 1291 is the first isotope to reach the
river. For this particular scenario, and for all seven reactor strategies, the
1291 peak ground-water concentration arrives at the river about 670,000 years
after the release from the repository. The 1291 concentrations at the peak
range from 27 to 61 times greater than MPC, with Reactor Strategy 3 having the
lowest peak concentration and Reactor Strategy 6 having the highest. For all
seven reactor strategies, the two remaining fission products take well over one
million years to arrive at the river, and their peak concentrations are at
least 250 times below MPC. The only exception is for Reactor Strategy 3, where
135Cs has a peak concentration in the ground water that is 0.25 of MPC.

Of the 16 actinides modeled, only the 226Ra arrives at the river with a
ground-water concentration greater than MPC for all seven reactor strategies.
For this particular scenario, and for all seven reactor strategies, the 226Ra
peak ground-water concentration arrives at the river about 3.4 million years
after release from the repository, and the peak concentrations range from
2.5 to 1500 times greater than MPC. Reactor Strategy 3 has the smallest peak
concentration, while Reactor Strategy 1 has the largest. For all seven reactor
strategies, the plutonium and the americium decay before reaching the river and
all remaining actinides arrive at the river in concentrations ranging from
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TABLE 15 Summary of the INFCE Transport Model Results
of the Seven Reactor Strategies
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0.87 times MPC U in Reactor Strategy 1) to 6.2 x 107~ times MPC (232

in Reactor Strategy 3). Peak arrival times for the actinides range from

U

3.4 million years to 91 million years.

A11 of the above concentrations should be put in proper perspective: note
that the brine-saturated ground water is about 1000 times above the recommended
drinking water standard for salt content. Moreover, when the ground water
reaches the river, it will be diluted by a factor of 105 to 107, making it

well below MPC.

PARADOX BASIN TRANSPORT MODEL

The hydrologic model was used to determine five flow tubes equal in flow
(Figure 29), each of which has different ground-water travel times and path
lengths, for waste moving from the repository to the Colorado River. Contam-
inant movement was modeled in all five of the flow tubes. MMT code input
parameters are summarized in Table 16.

As in the INFCE Salt transport modeling, only those radioisotopes remain-
ing in significant amounts after 10,000 years were selected for study because
travel times to the river for the water alone were greater than 4 x 104 years.
Similarly, isotopes not involved in chain decay (fission and activation prod-
ucts) were followed one by one through the flow system, whereas the actinides
were followed in four decay chains.

The model results were reported in three formats:

e as a plot of the nuclide concentration (kCi/ml) in the ground water
(which enters the river) versus time for each flow tube

e as a plot of maximum (composite of the five flow tubes) nuclide concen-
tration (pCi/ml) in the ground water (which enters the river) versus time

® as a plot of concentration in the ground water versus distance for the
actinides which have not reached the river in two million years.

99Tc, 129I

-10

, and 135Cs, arrive at the Colorado

pCi/ml (0.01 of the most restrictive
levels for uncontrolled drinking water use). When dilution in the river is
accounted for, their concentrations are reduced by a factor of 1.2 x 10'5

Three fission products,
River in concentrations exceeding 10
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ACTIVATION AND
FISSION PRODUCTS

ACTINIDE ACTINIDE ACTINIDE
CHAIN 1

ACTINIDE
CHAIN &

CHAIN 2

CHAIN 3

ISOTOPE

TABLE 16.

NI-59
SE-79
RB-87
MO0-93
NB-94
ZR-93
TC-99
PD-107
SN-126
i-129
CS-135

PU-240
U-236
TH-232

CM-245
PU-241
Am-241
NP-237
uU-233
TH-229

CM.246
PU-242
u-238
tt 234
TH- 7 20
HA-226

AM-243
PU-239
u-235
PA-231

Radionuclides Modeled by the Transport Code
in the Paradox Basin Study

HALF LIFE,

YEARS.

8.0E+4
6.5E+4
4.76410
3.0E+3
2.0E+4
9.5E+5
2.13E+5
6.5E+6
1.0E+S
1.59€+7
2.3E+6

6540.
2.3€+7
1.4E:10

8.5£:3
15.
433.
2.14€E6
1.58E5
7340.

4760.
3.87€5
4.47E9
2 44€5
7.7E4
1600.

7.37E3
2.439E4
7.04E8
3.25E4

Kd;mk/g

50.
2.
1.0

15.

80.

80.
1.9

38.

B80.

.5
1.0

BO.
2.9
B80.

1120.

80.

1130.

23.
29
BO.

1120.

80.
2.9
29
80.

1130.

80.
29
100.

UNCONTROLLED
WATER
RADIATION 10 YEAR
STANDARD, INVENTORY,
nCi/me CURIES/MTHM
2.0E-4 3.03
3.0t-4 3.5E-1
1.0E-4 1.7€-5
2.0€-4 7.3E-3
1.0E-4 1.0E-4
B.0E-4 1.79
3.0E-4 13.007
9.0E-5 9.9€-2
2.0t-5 .48
6.0E-8 .033
1.0E-4 .27
S5E-6 452.5
3E-5 22
2E-6 1.1E-10
4E-6 .18
2E-4 6.9E+4
4E-6 1600.
3E-6 .32
3E-5 3.8E-5
7E-6 2.8€-8
4€-6 3.6€£-2
SE-6 1.6
4E-4 .32
3E-5 .804
2E-6 4. 1E-6
3t-8 7.4€-9
4E-6 14.7
S5E-6 290.
3E-5 .016
9E-7 5.35E-6



None of the transuranic nuclides was discharged to the Colorado River in
a model run time of two million years. These radionuclides were contained in
the ground water and sorbed on the geologic media at varying distances between
the repository and the river.

HAINESVILLE TRANSPORT MODEL

The contaminants were assumed to be released from the repository into the
ground-water stream according to the leach rate model. Nuclides not interact-
ing with the porous media were transported with the water, whereas nuclides
that were adsorbed by the soil matrix moved with a retarded velocity.

As in the studies previously discussed, the hydrologic model was used to
define multiple flow tubes (Figures 35 and 36) along the flow path. The MMT
transport code was used to evaluate four cases:

1. Base Case, with the exit point in the regional depression around the East
Texas 0il Field (Figure 35), as reflected by the present hydrologic sys-
tem. Breach occurs at 150 years and at 1050 years after the repository
closure.

2. Base Case, with the East Texas 0il Field removed from the hydrologic
model (Figure 36). This gives exit points in the Sabine River and Big
Cypress Bayou. Only the release at 150 years post-closure was analyzed.

3. Well Pumping Case, with the well located 6 km from salt dome. Only the
release at 150 years post-closure was analyzed.

4. Base Case with the East Texas 0il Field removed, exit into the Sabine
River only, using lower bound Kd values.

The nuclides considered in the four cases, their half-lives and average
Kd values are listed in Table 17. The initial inventory is the total inven-
tory from the Preliminary Information Report (PIR) assemblies 1list, provided
by Bechtel National, Inc., (BNI) at 10 years of age of waste. The 200-year
inventory is that of 200-year-old waste in the repository, with geotransport
beginning at that time. Simulations were run to 2 million years, except that
the well-pumping case ended at 150,000 years. A beta value of 6.0 and an
effective porosity value of 0.2 were used in all runs.
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TABLE 17. Simulation Inventories, Half-Lives, and Kq Values
for the Hainesville Study

Initial Delayed(a) Kq
Half-Life, Inventory, Inventory, ml/
Nuclide _years curies curies Brine Water
3 12.35 3.45€7 4.59E2 0 0
Be 5730 1.14€5 1.11€5 0 0
M5e 6.5c4 2.98E4 2.97€4 28 24
0, 28.5 4.30E9 3.32E7 0 270
97 2.13E5  9.72E5 9.71€5 1.5 0
129, 1.57€7 2.29€3 2.29E3 0 0
135¢s 2.3E6 2.84E4 2.64E4 0 11
Decay Chains
Thorium Series:
280, 6540 3.85E7 3.77€7 250 73
236y, 2.34£7 1.84£4 1.86E4 1.5 1.5
232Th 1.4E10 0 1.83E-4 40 40
Neptunium Series:
Mam 433 3.26€8 2.37€8 0o 75
2370 2.14E6  2.25E4 4.05E4 0 6.6
233 1.5865 0 2.80E1 1.5 .
229Th 7340 0 2.34E-1 40 40
Uranium Series:
242, 3.8765  1.31E5 1.30E5 250 73
238, 4.4769  2.45E4 2.45E4 1.5 1.5
2307, 7.7E4 9.01 8.43E1 40 40
226Ra 1600 2.41E-2 3.94 15 15
Actinium Series:
283pm 7370 1.16E6 1.14E6 0o 76
239, 2.84E4 2.36€7 2.35E7 250 73
239, 7.04E8 0 4.63 1.5 1.5
2315, 3.25E4 0 9.52£-8 0 40

(a) Decayed inventory for 200-year-old waste 150 years post-
closure.
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The elimination of the East Texas 0il Field resulted equally in a Sabine
River discharge and a Big Cypress Bayou discharge. Release inventory, there-
fore, was divided equally between two flow tubes. In all cases, the flow tube
dimensions were calculated to subtend the repository and include 260 gpm
(1.8 x 107 ft3/yr) of ground-water flow. The transport parameters are
provided in Table 18.

The transport results for each case, reported as total curies discharged,
are summarized in Table 19.

TABLE 18. Hainesville Study Transport Parameters

Case 1. East Texas 0il Field

Path length 196,673 ft

Flow tube dimensions 29,400 x 234 ft
Travel time 14,832 yr

Flow velocity 13.26 ft/yr
Dispersion parameter 770 ft

Case 2. Sabine River and Big Cypress Bayou

Sabine Cypress
Path length 326,462 343,411 ft
Flow tube dimensions 20,932 x 288 30,647 x 167 ft
Travel time 43,015 38,554 ft
Flow velocity 7.6 8.9 ft/yr
Dispersion parameter 164 504 ft
Flow 130 gpm 130 gpm

Case 3. Well Pumping Case

Path length 22,889 ft
Flow tube dimensions 10,032 x 418 ft
Travel time 1,050 yr
Flow velocity 21.8 ft/yr
Dispersion parameter 162 ft
Flow 260 gpm
Pumping rate 400 gpm
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TABLE 19.

Cumulative Radiocontaminant Discharge in Curies
for the Four Hainesville Study Release Scenarios
After Geotransport Based on Solution Mining Begin-
ning at Time 100 Years After Closure

Cumulative Discharge, curies

Simulation Number

Nuc1lide 6D) (2a) ~(2b) (3) (4)
14¢ 5.0163  8.90E1  1.5262  2.5064  8.88El
PBse 0 0 0 0 0
Pre 5.4385  2.46E5  3.88E5  4.3265  2.46E5

129; 2.28E3  1.1463  1.143  2.28E3  1.10£3
1355 2.49e4  7.7863  7.71€3  1.66E4  7.68E3
2200, ¢ 0 0 0 0

236y, 2.90E4  1.44E4  1.44E4  2.91E4  1.44E4
232ty 113e-1  4.736-2  4.88E-2  7.96E-3  3.87E-1
Al o 0 0 1.0766 0
237\p  8.0584  3.53E4  3.50E4  8.67E4  4.0EA
233y 7.3164  4.90E4  5.1264  1.52E4  2.84E4
2291h  4.4763  2.0863  1.9563  7.4962  1.17E3
825, ¢ 0 0 0 0

238, 2.45€4  1.2264  1.22E4  2.4564  1.22E4
234 9.64E4  2.83E4  3.06E4  1.31€5  3.39E4
207y 4.3383 1.2483  1.3763  3.59E3  1.07E3
22503 9.4883  2.55€3  3.19E3  B8.30E3  1.73E3
2Spn 8.7584  3.0863  4.55E3  3.2965  3.08E3
23%y  2.2682  8.36 6.81 3.80E2  9.27
235 8.16E2  4.1262  6.00E5  7.8262  5.50E5
2lps 27581 7.8 1.2661  2.96E1  5.93
(1) Case 1. East Texas 0il Field discharge.

(2a) Case 2. Sabine River discharge.*

(2b) Case 2. Big Cypress Bayou discharge.*

E3§ Case 3. Well pumping case.

4) Case 4. Sabine River discharge.* Lower bound Kq.

* Represents half of released inventory.

NOTE: The format used here is analogous to scientific
~ " notation, e.g., 5.21E3 = 5.21 x 103.
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INFCE GRANITE TRANSPORT MODEL
35)

The GETOUT CODE<
wastes from the repository through the multiple flow tubes in the geosphere to

was used to simulate the movement of high-level

the interface with the biosphere. The waste ccnsists of spent nuclear fuel in
fuel cycles 1 and 4 and of vitrified waste in the other cycles. The transport
calculations were performed for a repository containing waste from the produc-
tion of 100 GWe/yr. The nuclide inventories modeled are Tisted in Table 20.

The hydrologic model yielded an average ground-water travel time of
11,700 years. In the actual transport modeling this has been rounded off to
10,000 years. The repository's geometry gives a spread in the travel time for
the five streamlines corresponding to a standard deviation of about 1300 years.

The average permeability and porosity for input to the GETOUT code have
been evaluated as the time-integrated average over the projected flow path.
The permeability obtained this way was 6 x 10'9 m/sec, and the porosity

-4 ’
2 x 10 7.

Chemical interactions between the dissolved waste nuclides in the ground
water and the rock result in a retardation effect quantified by a retention
factor specific for a given element in a certain chemical and geologic environ-
ment. The distribution coefficients, Ky (m3/kg), used for calculating the
retardation factors, have been taken as the best estimate values used in Refer-
ences 31 and 32. The geochemical input data to the transport calculations are
summarized in Table 21. The retention factors are higher than those used in
References 31 and 32 by a factor of 1.8 due to the different porosity and
permeability obtained in this study.

Table 22 summarizes the GETOUT code results for high-level waste and spent

fuel. ATl discharge rates to the biosphere calculated by the tfénsport model
129
[ at

11,000 years for release from spent fuel. No other fission product peaks of

are small. The earliest peak concentration observed is that for

significance appeared. The peak concentrations for actinides all occur at 400
million years or later.
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TABLE 20. Radioactivity (Ci) in Spent Fuel Waste or
Vitrification Reprocessing Waste for INFCE
Granite Study Reference Fuel Cycles Per
GWe yr (After 10 Years)

1 2 3 4 5 6 7
LWR FBR HWR HTR

t-} lonce-|U-Pu [U-Pu |once=|U~Pu [U-Th |U-Th
years (thru |cycle jcycle|thru jcvelefcvele jevela
Kr-85 * 10.8 |2.0ES |1.8ES |1.0ES |2.0ES 2.7ES
Sr-90 without Y~90 28.1 |2.0E6 {1 .8E6 [9.8ES5 (2.3E6 {1.7E6 |3.7E6 (2. 1E6
Tc~99 2.1E5(5.0E2 |5.CE2 |4.5E2 |2.1E2 |5.4E2 [1.7E2 |4.9E]!
I-129 * 1.7E7 (1.3E0|1.3E0 |8.4E1 |1.2E0 0.7E0
Cs-134 2.05 |2.9ES|3.3E5{3.1E4 |9.1E4|1.7E5 [8.0E4 [1.5E5
les-135 3.0E6 |8.2E0 [1.2E1 |3.4E1 {3.8E0(5.0EQ |6.2E0 J4.7EO
Cs-137 no Ba-137 m 30.0|2.9E6 |2.9E6 |2.8E6 |3.3E6 |3.5E6 |3.6E6 [2.0E6
Pm-147 2.62|2.5E5|2.3E5|6.5E5 [8.6E5 |6.4E5 |7.3E5 |1.5ES
Eu-154 16 |1.6ES5|2.2E5(2.9E5!7.3E4 |1.3E5{3.7E4 |3.7E4
Th-228 1.91 1.9E2 14 ,0E1
Th-229 7.3E3 1.8ET [3.6E2
Th-230 8.0E4 4.4E3!1.GET
Th-232 1.4E10 1.3E7 |1.3E2
U-232 72.0 1.9E2 [4.2E1
U-233 1.6E5 1.8E2 |3.6E!
U-234 2.5E5|2.6E1|2.8ET |2,0ET |{5.1E1 [2.0ET {4.6E1 |9.4E0
U-235 7.1E8{5.5E1 |6.0E3 |8.0E& |9.3ET [2.2E3 [3.1E3 | .8E2
U-236 2.4E7 [9.6E0 |1.0ET |2.6E3 |8.2E0{1.5E2 |2.4ET|3.7E0
u-238 4,569 |1.1E1|1.2ET |7.0E2Z |5.9E1 |2.5ET [2.4E3 {4.3E3
Np—-237 2.1E6 {1.3E1 |1.5E1 |3.9E0 {3.4E0|3.7E0 [8.6E0 |8.5E0
Pu-238 89.0{9.3E4 |2.2E3 |1.1E4 [9.0E3|4.4E2 |2, 3E4 (6. 3E4
Pu~239 2.4E4 [1.1E4 |1.8E2 (1 .3E3|2.9E4 {1 .4E2 {4.9E2 |5.€E!
Pu-240 6.8E3|1.6E4|2.0E2 |1.8E313.8E4|5.8E2 {4.6E2 9. 5EI
Pu-241 14.6 {2.2E6 |4.4E4 |1.3E5 |1.9E6 {3.8E4 |4.4E4 [2.6E4
Pu~242 3.8E5|5.0E1|1.0EQ|S.3E0 {3.1E1|7.2EC |5.2ET |1.6EQ
Am—241 433 |4.8E4|1.7E4|7.7E4 [3.9E4 {8.0E4 |9.1E2 |5.6E2
Am=242m 152 [2.7E2{1.3E3{3.5E3 |2.0E1 |1.3E2 {5.9E1 |2.2EQ
Am-243 17.7E3|6.5E2 |2.8E3 [1.5E3 |6.3E1 |8.6E3 |1.1EQ |2.4E!
Cm-242 0.45 |2.2E2{1.1E3{2.9E3|I.7EI {1.1E2{5.0E1 |1 .8E0
Cm-243 32.0(1.1E2|3.0E2{1.4E3|1.6E1[6.7E2|3.1RT |3.8EQ
Cm-244 18,1 |6.1E4{5.8E5|3.4E4 |1 .3E3 |3,9E> 2.15113 123

* Not in vitrified waste _ -1
NOTE: 2.2E6 means 2.2 x 106; 5.9El means 5.9 x 10
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TABLE 21. Distribution Coefficients, K4, and Retention
Factors, Ki, Used in INFCE Granite Study Trans-
port Calculations

Element K, m3/kg K
Sr 0.016 2,700
Tc 0.05 1,700
I 0 1
Cs 0.064 7,000
Ra 0.50 84,000
Th 2.4 81,000
Pa 0.6 20,000
U 1.2 41,000
Np 1.2 41,000
Pu 0.30 10,000
Am 32 1,080,000
Cm 16 540,000

Because of the long transport times, the significant discharge rates to
the biosphere arise from the long-lived nuclides 235U and 238U and their
daughter nuclides. As a consequence, the discharge rates from high-level
waste are highest in those fuel cycles with the highest uranium concentration
in the waste, i.e., cycles 1 and 4.

The discharge rates to the biosphere from the non-high-level waste are
virtually proportional to the total inventories of the predominant parent
nuclides. This means that the discharge rates are largest in those fuel
cycles with the lTargest amounts of uranium in the waste. Thus the discharge

rates for the nuclide 238U and its daughter nuclides are largest in cycles

1, 2, 5 and 7, while the discharge rates for 252

U and its daughter nuclides
are insignificant in all fuel cycles but cycles 1 and 2. The enrichment tail-
ings are generally the main source for most of the discharges from non-high-
level waste. In fuel cycle 5, however, the depleted uranium waste from

reprocessing predominates.
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TABLE 22. INFCE Granite Study Maximum Radionuclide Discharge
Rates (Ci/yr) and Times for the Maximum (Year) for
High-Level Waste and Spent Fuel

L0T

Time of Fuel Cycle
Radionuclide Maximum 1 2 3 4 5 6
129, (a) 1.1 x 10 5.6 x 107 - - 1.2 x 1074 - -
129, (b) 1.1 x 10° 1.3 x 1072 - - 1.2 x 1072 . -
1354 7.1 x 100 6.3x 10 7.2 x 107 2.0x 1070 2.2 %107 3.0 x 107 3.7 x 107 2.8
2260, 4.1 x 108 9.4 x107° 1.0x10% 6.2x107 s2x10t 2.2x10% 2.2x10% 3.9
230,, 41 x10% 1.0x10® 1.1x10% 6.3x1077 s.ax10% 2.3x10% 2.2x 108 4.0
232, 8.1x10% 3.5 x10% 3.2x107? 42x100? 8.7x10% 6.2x107 1.2x10% 1.9
2315, 4.1 x 10 2.2x107° 1.1x10% 1.5x10°% 48x10 2.6x10°% s.1x1077 5.2
234, 41x108 2.0x10 2.2x10% 1.3x10® 11x107 45 x10® 45 x108 86
235y 4.1x108 10x10” 1.7x1077 6.0x1077 2.5x107° 1.3x1077 2.6x107 2.6
236, a1x108 2.0x1077 sax10t 77 x 0t 2.7 %1077 1.2 %1070 5.3k 107 4
238, 4.1 x 108 2.0x107% 2.2x10% 1.3x10% Lix10? 45 x100 45 x10® sl

a. From 1291 - bound in fuel matrix.
b. From 1291 - in gap between fuel cladding and fuel matrix.



Adding the discharges from high-level and non-high-level wastes, the once-
through cycles give rise to the highest discharge rates. The differences due
to the reprocessing cycle are, however, smaller than for the high-level waste
discharges alone.
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DOSE MODELING

The release of radioactivity via ground water with subsequent transport to
the biosphere can result in radiation dose to people. This section describes
the biosphere transport and radiation dosimetry models used to estimate the
potential radiation exposure for each of the studies discussed.

INFCE SALT DOSE MODEL

The dose codes used in the INFCE Salt Study are derivatives of ARRRG(®)

and FOOD.(37) These codes were originated at Pacific Northwest Laboratory
for calculating annual radiation doses and long-term dose commitments to the
total body and selected organs of individuals and to population groups, from
both internal and external sources of radiation. The computer codes were
developed to evaluate radiological impact in the Atomic Energy Commission's
environmental statements for commercial power reactors and are applicable for
any nuclear facility releasing radioactive materials to the environment. ARRRG
calculates annual individual and population doses resulting from radionuclides
released with 1liquid effluents. Various exposure pathways can be selected by
the operator: consumption of fish, invertebrates, algae, and drinking water;
and direct external radiation from shoreline, water immersion (swimming) and
surface water (boating). Doses are calculated for skin (external only), total
body, GI-LLI, thyroid and bone. Individual contributions to dose by nuclide
and pathway are output.

ARRRG can calculate doses for eight organs and about 200 radionuclides.
The user inputs the following variabies to ARRRG from data files: name of the
facility under investigation; decay between release and point of exposure
(holdup); usages; and mixing ratios by pathway; reactor coolant flow;
shoreline width factor; and reconcentration factor parameters.

FOOD calculates annual individual doses from the consumption of agricul-

tural foods and animal products contaminated from air deposition or water
(sprinkler irrigated) for 14 food types. The input data for FOOD includes

facility name; holdups; usages; irrigation rates; air concentration; crop
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yields and growing periods for 14 food types (for animal products the parame-
ters refer to animal's feed); and in the case of liquid release, the coolant
flow and mixing ratio, and reconcentration factor parameters.

Because of time constraints of the study, it was not possible to use the
complete versions of ARRRG and FOOD; however, shortened versions of ARRRG and
FOOD reported in Burkholder et a].(38) were used to obtain doses for a
generic river having an average flow rate of 500 m3/sec.

There are several modes for assessing dose: maximum individual, average
individual, local population, regional population, etc. The maximum individual
(worst case)(a) was used for this assessment. To obtain maximum possible
doses, the times of peak isotope concentrations were obtained from the trans-
port model, and the contribution to dose by all nuclides was calculated at
each peak time.

The results presented in the study summarize, by nuclide, the doses (mrem)
to five organs of the maximum individual (skin, body, GI-LLI, bone, and thy-
roid) for all seven reactor strategies. The doses are based upon 50 years
buildup at the peak concentration followed by 50 years of exposure. The major
contribution to dose is from 226Ra and 1291. The highest dose, 290 mrem,

226

resulted for Reactor Strategy 1 for Ra in bone. The lowest bone dose for

any reactor strategy was 0.5 mrem for Strateqy 3.

These exposures should be compared with natural background: The average
individual receives 5000 mrem from natural background radiation during the
same 50-year period.

PARADOX BASIN STUDY

Dose modeling was not performed in the Paradox Basin Study.

(a) Maximum individual is a term meaning a person whose location and habits
tend to maximize radiation dose.
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HAINESVILLE DOSE MODEL

The Hainesville Study assumed that it is misleading to provide dose calcu-
lations for one million years in the future based on the current social struc-
ture. This is because demographic patterns, feeding habits, and recycling
pathways in ecosystems can change within a few centuries. This assumption
resulted in limiting the dose calculations to only the operational aspects of
the solution mining scenario at 100 and 1000 yr after closure. No dose
calculations were performed for radioisotopes subsequent to the abandonment of
the breached solution mine. Only the transport calculations discussed in the
previous section were performed.

The salt brine removed from the repository salt dome will contain radio-
nuclides that may result in human exposure. For this analysis, the main route
of exposure of the general population is taken to be use of the salt in the
food industry; the ingestion of salt is the most direct and probably most
consequential pathway. Other industrial use pathways that might result in
dose to humans were not investigated.

A very simple, conservative near-field model was used to bound the dose
consequences of an operational solution mine. For these analyses it was
assumed that the waste form was spent fuel, and no credit was given to the
potential protection that canisters, cladding and other engineered barriers
might provide. In the conservative model used the solution mine was assumed
to form preferentially at the repository level. The parameters and results
for this operational phase of the solution mining scenario are:

® Operational life of solution mine = 50 years without detection of radio-
active wastes.

7 ft3/yr.

e Production per year = 1 million tons year; 1.5 x 10
® Percent salt used for culinary uses = 3% of salt production.
e 1800 g salt/yr/person.

e All salt ingested is from contaminated source.

e Repository depth = 2100 ft below land surface.
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e Repository volume (1375 acres x 20 ft) = 1.2 x 109 ft3.

e Water injection flow rate = 1400 gpm.

e Solution withdrawal rate = 1200 gpm.

e Percent of inventory exposed per year = 1.2%.

e Percent of inventory exposed after 50 years = 62%.

e Congruent waste dissolutioning is controlled by uranium with a solubility
1limit of 6 ppm.

Based on these assumptions, the population served by 3% of the annual mine
production is calculated to be 15 million persons. Note that this population
level is demographic-independent; i.e., the number of persons exposed depends
on the amount of salt available rather than on particular population distribu-
tions.

The fraction of wastes in the repository removed during the 50 years of
operation was calculated to be 0.97%. This fraction is based on the solubility
limit for uranium of 6 ppm and a water flow rate of 1200 gpm for the brining
operations.

The fraction of the inventory consumed with table salt is then 3% of
9.7 x 10'3 (2.94 x 10'4) since only 3% of the mined salt is used as table
salt.

Using these estimates, 70-year radiation dose commitments were calculated
for individuals and for the population consuming table salt over various time
periods during the 50-yr mine operational period. The metabolic models and
data presented in the International Commission on Radiological Protection
Publication 2 (1959)(39) were used to estimate organ doses for intake via
direct ingestion using the computer code PABLM. Doses to individuals and the
population were calculated for the solution mining scenario with mining
starting 100 years and 1000 years from present. Table 23 shows the doses
calculated as a result of the simple conservative model of the operational
phase of the solution mining scenario.
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TABLE 23. Radiation Doses Calculated for Hainesville Solution
Mining Scenario (50-yr Ingestion)

70-Year Population Dose, (@) man-rem

Time Solution

Mining Initiated, Organ of Reference
yr - Total Body Bone Lung Thyroid
100 1.6 x 1011 6.5 x 101 2.8 x 1007 4.7 x 10°
1,000 1.3 x 109 3.0 x 1010 3.7 x 104 4.7 x 106
70-Year Individual Dose Commitments, rem
100 1.1 x 10 4.4 x10* 1.8x10°2 3.2 x 107!
1,000 8.4 x 101 2.0 x 103 2.5 x 10'3 3.1 x 10'1

(a) Based on affected population of 15 million.

Further analyses on the Hainesville solution mining scenario are illus-
trated in Figure 42, where the 70-yr individual dose from a 50-yr ingestion is
plotted versus various assumed times for initiation of the mining scenario.

For the 100-yr scenario, 905r and 137Cs were the principal dose
contributors; for the 1000-yr scenario, 241Am, 240Pu, 239Pu and 243Am; for
the 10,000-yr scenario, 226Ra, 240Pu, 239Pu and 243Am. For the later time

periods (30,000 to 1 million years), 226Ra becomes the principal dose con-
‘tributor. Total body doses are highest for the 100-yr scenario, then become
smaller until the 10,000-yr scenario. After that they increase again as a
result of the increase in the 226Ra inventory, reach a peak at the 100,000-yr
scenario, and then decline again. For the 1 million-yr scenario, whole body
doses are still three times higher than for the 10,000-yr scenario. For all
cases analyzed, radiation doses exceeded background radiation, for some cases

by several orders of magnitude.

The results of the human intrusion scenario used in the Hainesville study
need to be reviewed carefully. These predicted doses are based on a set of
extremely conservative assumptions with no credit given to operational bar-
riers. In the conservative model used the entire 1200-gpm brine extraction
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quantity must flow past the waste in such a manner as to reach the 6 ppm
saturation 1imit. The brine cavity was assumed to grow only along the 20-ft-
thick layer of repository tunnels.

The Hainesville solution mining scenario and conservative dose estimates
illustrate the importance of, and need for, engineered barriers. Functional
barriers utilizing typical containment strategies could be effective for miti-
gating the consequences of the 100 and 1,000-yr (maybe longer) solution mining
initiations. Barriers designed, however, to indirectly stop any future
solution mining could provide protection for almost any time period. These
kinds of barriers would make recovery of solution or mechanically mined salt
uneconomic or unattractive. Backfill that would add color, taste, or smell or
require some uneconomic purification procedure for the solution-mined salt
could potentially be more effective than conventional containment-type barriers
for human intrusion scenarios.

INFCE GRANITE DOSE MODEL

The biosphere environment selected for this generic study is representa-
tive of a typical granite site. This environment includes an inland lake with
local farmlands and drainage to a larger intermediate (regional) lake or to
the sea. The transport of radionuclides was modeled using the multicompartment

model of Bergman, Bergstrom and Evans.(40)

The biosphere model uses the

deep ground-water activity release rate to determine the radioactivity in each
compartment as a function of time. The compartment radioactivities are used
in the pathway analysis to determine the rate of radionuclide intake for the
maximum exposed individual. The radionuclide intake rates are used to calcu-
late the dose received in the fiftieth year of exposure by the maximum exposed

individual.

The biosphere and dosimetry models were used to generate the maximum
annual dose received by an individual for each of the seven fuel cycles evalu-
ated. Table 24 presents the annual maximum individual dose (by radionuclide)
for the high-level waste and spent fuel category. Table 25 shows the dose

results for the non-high-level waste category. The dose represents the
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TABLE 24. Annual Maximum Individual Doses (reT/¥r)
for High-Level Waste and Spent Fuelld

Time of B B o ___Fuel Cycle R

Radionuclide Maximum, yr 1 2 3 [] 5 6 7

129, 1.1 x 10* 5.1 x 1070 - - 4.7 x 1078 - . i

135, (b) 7.1 x 107 Lsx 10 1L7x10 a6x100 s x100° 6.9x10% 85x1071%  6.4x 10718
226p a.1 x 108 1.0x107  1ax10? 6.7x100  ssx107 24x10% 2ax10t 42107
230, a.1 x 108 28x10% 31 x101% 18x10%  1sx1077 66x1010 6.3x1012 1.1 x 107
232y, 8.1 x 108 .7 x10°9 so0x10! 5.5 % 107H 11x107  s2x10M 1s5x10®  2.5x 10
Blp, 4.1 x 108 5.7x100°  2.7x10%  3.8x 10 1.2x10%  6.6x10%  1.3x10%  1.3x 10
234, a.1 x 108 1.ax10% 16x101% 92x10! 78x10®  32x10019 3.2x10'% 6.1 x 10712
235 a.1 x 108 3.0x107 sox100t 17 x101% 76x100?  38x107tt 7.8x 10 g0 107!
236, a.1 x 108 2.7x10 8 1 x1w0¥ 1.0x 10 3.6 x 1003 1ex10 7 x10® 59410714
238, a.1 x 108 24x108  26x101% 1s5x1001°  13x107  53x101% s53x10'%  1.0x10M!
230y, 2260 () 4 ), 18 22x10%  24x100%  1.ax108 1.2x10° 51 x10%  4.7x1010 g6 x 10710
2342260 (d) 4 1y 0B 5.5x108 6.0x100  3s5x10%  30x107 1.2x100? 12xi0M 2.3x107H
Maximum annual - 5.9 x 1005 2.7 x 10-6 3.8 x 10-6 1.3 x 10-4 6.7 x 106 1.3 x 10-6 1.3 x 10-6
total dose

Time of maximum - 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108

total dose, yr

(a) Fuel cycles é and 4 represent disposal of spent fuel while the other cycles represent disposal of vitrified waste.
(b} Refers to ¢29Ra that reaches the biosphere direct%g from the ground water.

(c) Refers to 226Ra produced by radioactive decay of 230Th in the biosphere.

(d) Refers to 226p 4 produced by radioactive decay of 234y (via 23OTh) in the biosphere.
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TABLE 25. Annual Maximum Individual Doses (rem/yr)
for Non-High-Level Waste Categories
Fuel Cycle

Radionuclide 1 2 -4

2260 ,(a) 1.6 x 10  35x107 61x10 98x10? 21x107  3ax10®  1.6x 107
2304, a5 x1077  10x107 17x10 26x1010 6.2x10®  9.4x10?  4.5x 108
231, 5.5 x 100°  4.3x10°> 2.7x1077 83x107  1.3x10°  1.9x10°% 1.5x 107
234, 7.0x108 53x10% 86x10!? 3.8x1019 32x100% s50x10° 2.4x 108
233y 3.0x1007 25x10? 1ex10M a9x10M g1x100 1.1 x10710 g.7x 1010
238, 1.2x107 8.8x10% 1sx10! 64ax100 535108 1.3x108  4.0x 108
230y, 2260, (0) 1 11075 7.7x100  1.2x100?7  s56x108  4.8x10®  7.2x107  3.5x 107
234,260, (c) 741077 20x1007 33x10r 1ax10% 12x107 1.9x108  9.0x 108
Maximum annual 6.9 x 105 5.1 x 105 2.7 x 10~/ 9.0 x 10/ 1.8 x 10- 2.7 x 100® 1.9 x 10-5
total dose

Time of 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108 4.1 x 108

maximum, yr

(a) Refers to 226Ra
(b) Refers to 226Ra
{c) Refers to 226Ra

that reaches the biosphere directlxofrom the ground water.

produced by radioactive decay of 2
produced by radioactive decay of 234y (via

Th in the biosphere.
30Th) in the biosphere.



weighted whole-body dose received by the maximum exposed individual during the
fiftieth year following 50 yr of chronic intake.

The timing and magnitude of doses to the maximum individual parallel the
radionuclide discharge rates to the biosphere. The highest doses appear at
400 million yr, with an earlier but smaller peak at 11,000 years from 129I
for the once-through spent fuel cycles 1 and 4. For the recycle fuel cycles
the iodine is bound to silver zeolite filters and does not reach the environ-
ment. The highest calculated total dose of 0.13 mrem per year for high-level
waste is well below the average annual background dose rate of 100 mrem per
year. The highest total dose for non-high-level waste was 0.069 mrem. The

231 226

main contributors to dose were Pa and Ra through the ingestion

pathways.

Because the maximum individual doses are so small and are of similar mag-
nitude, no differentiation can be made between the seven fuel cycles based on
the possible doses to an individual in the very far future.
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CONCLUSIONS

The results of the four release consequence studies presented here demon-
strate that numerical modeling can offer a practical approach to post-closure
safety assessments of geologic formations as nuclear waste repositories. The
far-field hydrologic, transport and dose methodology is the most developed and
is generally applicable to various geologic media.

Improvement is needed, however, in the modeling of near-field effects and
phenomena since the simple conservative models used in the above studies do
not realistically assess the effects of engineered barriers, the waste form,
the physical design of the repository, and other near-field hydrologic and
geochemical effects. The simple mixed-tank model used in the Hainesville
Study to assess the effects of the operational phase of the solution mining
study illustrates the penalty associated with the use of very simple conser-
vative models. A more realistic solution mining model that attempts to
account, in a more realistic fashion, only for the geometry of growth of the
soluticon mining cavity can reduce the potential dose estimates by a factor of
nearly 60. It should be noted that this reduction would put all predicted
dose estimates at or below background levels for all but the 100-yr human
intrusion scenario. An even more realistic near-field model of this process
that does not assume perfect mixing but does account for actual flow patterns
within the cavity and past the exposed, failed waste canisters would reduce
the predicted dose estimates even further. More realistic near-field models
are needed not only to avoid having overly conservative estimates of conse-
quences discredit an otherwise viable medium, but also to avoid the even more
subtle trap of assuming that a simple model will always provide more conserva-
tive estimates of consequence.

The four release consequence studies summarized here generally indicate
that the geohydrologic systems separating nuclear waste (stored in appropriate
deep continental geologic formations) from the natural biosphere discharge
sites mitigate the consequences of any of the postulated natural breaches in
geologic containment. In all but one of these studies only natural biosphere
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discharge was considered since natural discharge of contaminated ground waters
to surface water bodies can potentially affect a much greater population.

Further analyses of pumping well discharge scenarios should be made since
they short-circuit a major portion of the geosphere. Consequences for pumping
well scenarios can potentially be greater, but the exposed population is
smaller. For natural biosphere discharge sites, discounting the effects of
engineered barriers and the near field, as was done in the four studies pre-
sented here, did not result in any significant consequences because of the
mitigating power of the geosphere system along the path to a natural discharge.
However, for the human intrusion or the pumping well scenario, such as was
considered for the Hainesville Study, the effects of the physical design of
the repository, the leach resistance of the waste form, the mitigating power
of the engineered barrier systems, and other near-field physical and chemical
phenomena should not be discounted since these kinds of intrusion scenarios
bypass the mitigating power of the geosphere.

The Hainesville human intrusion scenario illustrates that engineered bar-
riers could effectively reduce consequences by causing early cessation of, or
actually preventing, inadvertent human intrusion. Backfill in the salt dome
that would make the solution-mined salt either unattractive for culinary or
industrial use or require such purification that the waste stream from this
process would lead to early detection and cessation. It is not clear that
engineered barriers of these kinds can be developed, but the solution mining
scenario does illustrate that barriers of other than the typical containment
or adsorption type may be useful. The importance of appropriate surface mark-
ing of repository boundaries to prevent inadvertent intrusion during the first
1000 yr is also demonstrated.
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