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INTRODUCTION

The Nevada Test Site in southern Nevada has been selected by the
Department of Energy as a primary candidate for a HLW repository. Since
the NRC has theAregu1atbry responsibility of insuring that such

- facilities will meet the requisite EPA éafety standards, the NRC needs to
be ‘able to evaluate the repository performance well into the future. Due
to.the complexities of the processes involved in radionuclide release and
migration, computer codes are required to solve the differential

equations that are used to describe groundwater flow and radionuclide
transport away from the repository. '

This document will present a methodology which makes use of NRC computer
codes to model groundwater flow in the vicinity of, and potential
raQionuc]ide transport away from, a HLW repository at the Nevada Test .
Site. Although the methodology will be used to study radionuclide
migration in both the saturated and unsaturated zones, this paper will
focus primarily on the unsaturated zone.

As of this writing, the anticipated repository location at NTS will be in
the unsaturated tuffs beneath Yucca Mountain. The physical processes and
parameters governing groundwater flow and transport in the unsaturated

~ zone are very complex and not readily definable. Compounding these
uncertainties are the heat induced effects caused by the repositdryﬂs
thermal 1§ading. In order to numerically model flow in the unsaturated
zone, many simplifying assumptions need to be made in the interpretation
of available data so as to bring the modeling capabilities of the
computer codes in 1line with the degree of knowledge of the -input
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parameters. Characterization of the unsaturated flow parameters is
currently an area of majér uncertainty.

CONCEPTUAL MODELS

Prior to application of computer codes and as an initial phase in the
proposed methodo]ogy: conceptual models of the geology and groundwater
flow system need to be developed. These conceptualizations should
encompass a wide range of both 1ikely and unlikely flow scenarios so as
to bound and include the real flow regime. Development of these
conceptualizations will serve as a basis for formulating the computer
model input parameters.

The scenarios that follow were designed to address extremes in geclogic
and thermal conditions that might significant]y affect radionuclide
travel times. Further evaluation of some of these scenarios-may show
them to be physically impossible; however for completeness they will be
included and discussed. Most of the scenarios are applicable to hot
(repository temperature > ambient temperature) or cold (repository
temperature ~ ambient temperature) conditions even though flow paths may
vary significantly between the two. o

Discussion Of Scenarios

The scenarios depicted and described in the following section are
presented without an evaluation of their probability of occurrence.
While several of these scenarios are more plausible than the othefs, the
complete pre-emplacement performance assessment of a potential HLW
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repository must evaluate a full range of release or failure modes. The

resu]ts of such a sensitivity ana]ys1s must then be resolved in 11ght of
the probab1]1t1es of scenario occurrence. This approach is part1cu1ar1y s
applicable in the conceptual modeling of groundwater flow and transport ""*:55”‘;‘
at Yucca Mountain. Since so little is known about groundwater migration '
and radionulcide transport through variably-saturated fractured porous

media compared to conventional isotropic homogeneous darcy flow through
saturated media, these scenarios or conceptual models must bound travel
‘times and contaminant transport to the accessible environment.

As the water percolates through'the unsaturated zone, it encounters three
generalized hydrostratigraphic rock types: vitric air fall tuffs,
zeolitized tuffs, and welded flow tuffs. These rock types differ
mechanically, hydraulically, and petrologically. Air fall tuffs are
pyroclastic rocks that form from volcanic dust, ash, lappilli, bombs, and
blocks which are projected from the volcanic vent into the troposphere.
As they fall back to .the earth's surface, they accumulate as
poorly-consolidated blankets of ash that mantie the topography
surrounding the volcano. Though many of the air fall tuffs at NTS formed
subaerially, resedimented tuffs may have formed as ash accumu]ated‘in
playa lakes or ‘as earlier tuffs eroded to supply sediment to alluvial
streams and fans. Air fall tuffs, when composed of glass shards, are
called vitric. Similarly, lithic airkfall tuffs are predomindntiy
composed of rock fragments, and crystalline fall tuffs are comprised of
crystals that formed within the magma reservior and vented during the
eruption. Air fall tuffs are typically well-stratified and decrease
systematically in average grain size and bed thickness away from the
source vent. Normal or reverse vertical grading, however, cannot be used
as a genetic indicator since it is largely a function of the eruptive
intensity which may change during any single volcanic event. As many air
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fall tuffs are ﬁoor]y- to non-welded, depending upon the temperature of
the ash as it accumulates, they are structurally incompetent, and
therefore, air fall tuffs cannot support open fractures. Percolating
groundwater probably flows through tortuous paths of interconnected pores
approximating darcy flow. As the tuffs are generally highly porous and
the water flows through the pores, the contacted surface area is very
large, which improves the chances of radionuclide sorption onto the
reactive glass shards, clays, or zeolites. The transmissivities of the
air fall tuffs may vary considefab]y due to spatial variation in
thicknesses and the extent of zeolitic or argillic alteration. Hydraulic
conductivities and porosities may vary significantly due to extreme
heterogeneities, while at any given spot the unit may be isotropically
conductive. Laboratory porosities for the Claim Canyon Tuff vary from 5
to 50 % on the scale of several feet. The hydraulic properties will
remain unpredictable until a valid genetic model is developed which can
be applied generically to fall tuffs at ény location. This
unpredictablility complicates predictive modeling of the Yucca Mountain
site. '

Where the air fall or flow tuffs have been extenéive]y argillitized or
zeolitized, the'hydraulit properties differ from those of the air fall or
flow tuffs. These units are characterized as zeolitized tuffs.

Secondary minerélization increases the consolidation of the tuff to make
it more competent and prone to brittle fracture. While the hydraulic
conductivity and porosity of the matrix are reduced‘compared to those of

the air fall tuffs, open fractures increase the secondary porosity to

augment the primary porosity. . Percolating water in the vadose zone may L
be rapidly transmitted along the fractures without the beneficial o '”T:ﬁff;

sorption of jons that would take place within the rock matrix. o
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Unlike the air fall tuffs which accumulate as ash, dust, and lappilli
fall from the atmosphere, welded flow tuffs form where superheated gases
entrain and transport the volcanic parti&u]ates away from the volcano.
During sicilian-type eruptions of alkalic and silicic magmas, viscous and
gaéeous lava streams down the flanks of the volcano at temperatures
between 700 and 1000 ° C and velocities from 10s to 100s of kilometers -
per hour. Glass shards, which form as the rapidly expanding gas
vegsicles explode, weld together in the intense heat of the flow.
Portions of the flow which are cooler than the interior may weld less
completely than the core of the flow. Thus, the degree of welding varies
vertically and laterally within the flow unit. 1In addition, the hydraulic
regime during the period of flow deposition will control the primary
structures, distribution of Tithophysae, and the abundance of gas
vessicles, blocks, and bombs within the flow unit. Figure i]]ustfates
the primary structures which are commonly present in éubaeria] ash flow
tuffs.

Water that enters the moderately- to densely-welded flow tuffs is
conductéd primarily along fractures. Comprised mostly of welded glass,
flow tuffs are characteristically more b%itt]e than air fall or
zeolitized tuffs; they are more competent and can easily support open
fractures. In addition to transmission along fractures, interconnected
.1ithophysa1 cavities provide alternate pathways for the water to
percolate through the flow tuffs. Weldea flow tuffs have extremely Tow
intercrystalline porosities and hydraulic conductivities.
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Figure 3. Primary flow structures within a generic pyroclastic flow unit

( Lajourie, 1980).
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Within the unsaturated zone, water ih the rock matrix is held in tension
(i.e. negative mqtric or pressuré potential) as moisture contents aré
below saturation. Open fractures, however, may be saturated several
hundred feet above the regional water table. When they are penetrated;
(i.e. by a well bore or during shaft excavation) many of the fractures.
will drain with flow decreasing exponentially with time. Since these
flows are unique events and the fractures have not been observed to
resaturate, it is believed that the fractures essentially pond the water
because they are not interconnected. Other fraétures, however, continue
to seeb watér during an observation period of several months. This may
indicate that some fractures are indeed interconnected and are being
recharged with infiltration from other fractures within the welded tuffs
from above. Water seeping from fractures near Rainier Mesa contain
possible post-bomb‘tritium. Relatively rapid transport of tritium in
several decades through thousands of feet of tuff is required if the
tritium observed is post-bomb tritium. Thus, pefco]ating.water may be
conducted with relatively high velocities through the fractures and
interconnected lithophysal cavities of the welded tuffs.

Transmissivities of the welded tuffs are controlled by densities,
. apertures, geometries, and persistences of fractures and thicknesses of
the individual flow units. Since ash flows accumulate in the
topographically low areas around the volcanic vent, their transmissivity
will vary spatially as a function of flow thickness in response to
the original éurface morphology. Fractures develop within the brittie tuffs
in response to devitrification and vapor-phase crystaliization stresses,
tension and compression during cooling, expansion and contraction during
zeolitization and argillitization, and tectonic tension and compression.
Highly-fractured, densely welded tuffs may have hydraulic conductivities
which are five to six orders of magnitude higher than the intergranular
conductivities (10E-3 versus 10E-9 cm/s). Fracture orientations control
the anisotropy of the hydraulic conductivity within the welded tuffs.
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Fractures may also be important as highly conductive conduits between the
intercalated zeolitized and air fall tuffs. As with the air fall tuffs, a
genetic model incorporating all of these stresses, strains, and the flow
controls by fractures within the welded tuffs would be necessary to’
prédict the spatié1 variation in transmissivity of the moderately- to
densely-welded tuffs at NTS. Without such a model, the system must be -
characterized by in-situ'tests, for laboratory analyses of porosity and
hyérau]ic conductivity of fractured rocks are of questionable value. '
Po;osity may also vary as a function of the degree of welding within the
flow unit. The glass shards that comprise the flow tuff weld the
greatest in the hotiest portions of the flow. As.the degree of welding
increases, the averége grain density increases while the intergranular
porosity decreases. Because the hydraulic conductivity'and porosity
depend upon the genetic history of the flow unit, they may vary
considerably within a single flow unit or series‘of flow units.

SCENARIO I: Normal Infiltration

In this model, precipitation that falls on the land surface above the
repository infiltrates the unsaturated tuffs, percolates vertically
downward, and enters the saturated flow system at the reéiona]‘water
table several hundred feet below the repository horizon. As in all of
these scenarios, the repository is located within the dense]&-we]ded
Topopah Springs Member at the base of the Paintbrush Tuff Formation (see
Figure 2). Percolating water is driven through the unsaturated zone by
gravity, and the thermal effects of the repository are considered
nominal. Within the unsaturated zone, matric potentials or pressure
heads are strongly negative (tension), but becausg the elevation heads
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ERUPTIVE MBERS OR RELAT NIT RADIOMETRIC| ESTIMATED
EPOCH CENTER FORMATION MEMBERS OR RELATED UNITS AGE 100y ASIVOLUME —mt®
LABYRINTH CANYON MEMBER .
GOLD FLAT MEMBER .
BL‘gnggg';T“” THIRSTY CANYON TUFF TRAIL RIOGE MEMBER 6-8 50
u SPEARHEAD MEMBER
u ROCKET WASH MEMBER
o
o] RHYOLITES CF SHOSHONE MOUNTAIN
o MAFIC LAVAS OF DOME MOUNTAIN ? BUT SMALL
RHYOLITES OF FORTY MILE CANYON ? BUT SMALL
TIMBER MOUNTAIN )
CALDERA TIMBER MCUNTAIN TUFF | 1yrFs oF CRCOKED CANYON AND 95-1.5 -
BUTTONHOOK WASH 7 BUT SMALL
AMMONIA TANKS MEMBER 230
RAINIER 'MESA MEMEBER 300
WAMMONIE = WAHMONIE FORMATION MULTIPLE RHYOLITE, ANDESITE AND 21 c0?
MT SALYER AREA SALYER FORMATION BRECCIA FLOWS, AND THIN TUFFS 2-13 ’
RKYOLITE FLOWS , ?
TIVA CANYON MEMBER 250
YUCCA MOUNTAIN MEMBER a
CLAIM CANYCN PAINTBRUSH TUFF LAVi FLOWS 8 12-13 -
CALDERA - :
CALICO HILLS PAM CANYON MEMBER s
TOPOPAH SPRINGS MEMBER 60
RHYOLITES OF CALICO HILLS .
CALICO HILLS FORMATION | \ o ™) 0 CFALL TUFFS 13-14 ;
STOCKADE WASH TUFF 13415 5-10
SN SeRac GROUSE CANYON MEMBER
CALDERA .
a4 7
" BELTED RANGE TUFF TUB SPRINGS MEMBER 13218 s
3 PROW PASS MEMBER
g CRATER FLAT AREA- |'CRATER FLAT TUFF BULLFROG MEMBER 14 .15 300
= SLEEPING BUTTE TRAM MEMBER
CALCERA
PED ROCK VALLEY TUFF ) 14-16 ? BUT SMaLL
MT WELEN TOLICHA PEAK TUFF MULTIPLE COOLING UNITS . ' >4 ?
KANE SPRAINGS WASH | kaNE wasH TUFF ::::l:':gwc;oouuc UNITS 14 -15 200
CACTUS « KAWICH O'BRIEN'S XNOB, CACTUS PEAK ..
RANGES RHYOLITE LAVA FLOWS | o0\ rep pEAK, OCHER RIDGE 1413 200
CATHEDRAL RIOGE .
e Ra FRACTION TUFF MULTIPLE COOLING UNITS 15 -18 500
FLOWS OF INTERMEDIATE . . 5
OMPOSITION DACITES, ANDESITES QUARTZ LATI s; 18-22 :
MT. HELEN,
CACTUS - xAWICH WHITE BLOTCH SPRING | yqyLTIPLE SCOLING UNITS . 24-28 500
RANGES TUFF
cu- "ANTELCPE VALLEY TUFF | MULTIPLE CCCUING UNITS 26.27 2
GOCENE | pancakE PANGE MCNOTCNY TUFF !uump-.a CCCLING UNITS 26-29 1000

.

Figure 2. Simplified volcanic stratigraphy of NTS (Sinnock, 1982, p.33).
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are larger in magnitude and positive, the total head is also positive and
decreases downward. Figure 2 illustrates the changes in pressure and
total heads with increasing depth. At the water table, total head
eqha]s the elevation head, which is the height of the water table above
the regional base level.

F;reeggu';’e . thdrgult':c
* . eod,
. {cm °fo"'°'f') (cm of water}
. ) -ve ve 0 ove
¢ “’I i . he
A
ha
i hy
ol Ws -
(a) (b)

Figure 3. Pressure head (a) and hydraulic head (b) as a function of
depth below surface ( Freeze and Cherry, 1979, p. 40).
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The alternating layers of air fall, zeolitized, and welded flow tuffs at
Yucca Mountain may be an effective barrier against rapid groundwater flow
through the unsaturated .zone. 1In this séenario, pictured in Figure 4,
lateral disparities in pordsities and conductivities are eliminated by
the assumption of unidirectional flow. This flow begins at the surface,
where precipitation that escapes runoff and evaporation infiltrates into
the upper portion of the unsaturated zone. Although precipitation at .
Ycha Mountain averages about 5 to 6 cm annually, regional groundwater
mohe]ing studies and water budget calculations indicate that only 10 %
actually recharges the saturated zone, which is several hundred meters
below the surface. These estimates should be refined by tests within the
vadose zone at NTS by DOE. Precipitation could increase significantly
during a period of pluviation, similar to that which occurred during the
Late Wisconsinan Glacial Stége( This increased precipitation would not
necessarily increase infiltration if the unsaturated vitric air fall
tuffs above the Topopah Springs Member behave as vadose water wicks;

by absorbing the differential infiltration, these units would increase
their saturation and delay the transmission of the infiltration to the
lower vadose zone. '
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Figure 4. 'Diagram of NTS Infiltration Scenario.

In this scenario, 3 mm of water infiltrates the upper vadose zone;
peﬁco]ates through the zeol%tizeq, air fall, and welded flow tuffs; and
intercepts the repository beforefreaching the regional water table.
After it leaves the repository, it flows downward until it iniercepts
the water table where it enters the phreatic or saturated zone. Once in
the phreatic system, it flows in response to regional hydraulic
gradients, and radionuclides that were leached from the waste are
transported towards the accessible environment.
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Figure 4. Diagram of NTS Infiltration Scenario.

In this scenario, 3 mm of water infiltrates the upper vadose zohe;
percolates through the zeolitized, air fall, and welded flow tuffs; and
intercepts the repository before reaching the regional water table.
After it leaves the repository, it flows downward until it intercepts
the water table where it enters the phreatic or saturated zone. Once 1in
the phreatic system, it flows in response to regional hydraulic
gradieﬁts, and radionuclides that were leached from the waste are
transported towards the accessible environment.
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SCENARIO II: FINGERING

The vitric air fall and zeolitized tuffs may saturate above the
repository, particularly if recharge increases during pluviation. Since
the intercalated welded tuffs are more transmissive than the
less-fractured tuffs, water may perch above and within the units of
higher intergfanu]ar porosities and lower effective conductivities.
Perched water may eventually percolate through the more porous layers by
fingering, a process where water is conducted rapidly through a porous
media aﬁong macfopores may be present within poorly consolidated
materials. Fingering is commonly observed within soils and has been
recognized as an effective and rapid transport process introducing
bacteria, pesticides, and hazardous wastes to the deeper flow system
faster than would be expected with darcy flow (Simpson and Cunningham,

1982). ég@ ’ YUCCA MOUNTAIN
T perched water
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Figure 5. Diagram of NTS Fingering Scenario.
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In this scenario, infiltrating water perches in the horizons above and/or
below the repository. This water then flushes rapidly through "the
highly conductive macropore zone down potential. The Qater from above
the repository -intercepts the wastes to increase the local water content
around the cannisters. Wastes that leach into the water are then
transported to the phreatic zbne)either by continued fingering through
the porous units (repétitive fingering) or through normal infiltration
without perching and fingering. Water might also perch above the Calico
Hills Tuff below the repository'horizon. Water that has already
contacted the wastes and is transporting the contaminants downward may
pond above and within this unit. Fingefing could transport the
radionculides much more rapidly to the phreatic zone than a calculation
based on the assumption of darcy flow might predict. Rapid transport
would effectively shorten travel times of the radionulcides, but the
additional time for saturation to occur prior to fingering might
compensate for the shortened transit times. Perhaps” the travel times
calculated with darcy flow will be equal to 'those of this scenario with
fingering in a transient flow field. As fracture flow will dominate in
the welded tuffs, fingering can only occur as pulses through the more
porous air fall and zeolitized tuffs, so the importance of fingering may
be assessed by estimating the percentage of these units along tﬂe
tranport path to the saturated zone. ’

1

SCENARIO III: FRACTURE FLOW

Unlike the pulse or flush of water that occurs with fingering, fracture
flow may be characterized as relatively constant seepage if the fractures
are interconnected and recharged at a fairly constant rate. Fractures
within this scenario include continuous structural digcontinuities with
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hydrau11c conductivities at least one order of magnitude greater than the
conductivities of the host rocks. As these structures are best ma1nta1ned
in the more competent strata, they may or may not transéct the air fall
and zeolitized tuff,units. Discrete fracture sets unique to a flow unit
are not considered because they provide the principal hydraulic
conductivity of the unit and probably will not continue into the units -
above and below. Faults, flexure zones, fracture trace structures, and
lineaments are con51dered since they more likely transect several flow

units. o YUCCA MOUNTAIN
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Figure 6. Diagram of NTS Fracture Flow Scenario.
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If such a feature was discovered during the construction of a HLW
repository, it might be assumed that standard engineering techniques
(e.g. grouting, shaft sealing, etc.) might substantially reduce the
hydraulic conductivity of the fracture, thereby eliminating this scenario
from consideration. However, since the fracture could hrovide a rapid
hydraulic connection with the saturated zone beneath the repository and”
tranport radionuclides to the accessible environment faster than
predicted if darcy flow occurs in the flow units, the fracture scenario
cannot be eliminated from consideration. In this scenario, recharge from
the surface above the repository site funnels into the fracture,
intercepts the repository, and flows down to the water table. Once in
the saturated zone, the contaminated groundwater flow in response to the
regional hydraulic gradients. The fracture is assumed to be continuous
across the various flow units and conducts water through the unsaturated
zone to the saturated zone. Despite the high negative potentials in the
: tuff.matfix within the unsaturated zone, it is assumed that no water is
lost to the matrix as the recharge infiltrates along the fracture.

Within the saturated zone, the same fracture provides a ione of increased
hydraulic conductivity compared to the conductivity of the saturated
units.

SCENARIO IV: PERCHED AND ELEVATED TABLES

Perched water may already be present within the Tertiary tuffs at Yucca
Mountain given the Tow hydraulic conductivities and porosities of many of
‘thése units. During pluviation, surface infiltration may increase in
response to increased precipitation. As infiltration increases, already
perched lenses may en]érge,'new portions of the vadose zone may saturate,
and the regional water table may rise. The pluviation that occurred
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throughout portions of the Basin and Range Physiographic Province during
the Tate Wisconsinan Glacial Stage formed stagnant lakes within the
intermontane valleys. Although recent studies of NTS and the Yucca -
Mountain site indicate that infiltration did.not increase significantly
during this pluvial period, changes in weather patterns and climate
could alter the arid environment at Yucca Mountain and increase
infiltration into the vadose zone.
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As infiltration inéreases, the capacity of the unsaturated flow system to
conduct all percolating waters to the phreatic zone and maintain steady -
state flow may be exceeded, thereby saturating portions of the ‘
unsaturated zone above the regional water table. Water may perch within
and above the less conductive flow units. If pethed lenses enlarge,
horizontal hydraulic gradients within the perched lenses may induce
lateral flow downdip from the répository. If the perched water has
already contacted the waste and leached radidnuc]ides, the contaminants
could be transported an appreciable lateral distance prior to reaching
the saturated zone. If water perches above the repository, fingering
could again flood the repository with water and transport the
radionuclides to the water table. The perched lenses could provide
alternate transport paths for radionuclides from the repository.

Another response of the system to prolonged increased reéharge might be
the elevation of the regional water table. Although the high
transmissivities of the welded tuffs might prevent any rise in the water
table by rapidly conducting the excess water down gradient, any dramatic
rise in the water table must be evaluated as it may provide a shortened
transport path through the unsaturated zone. As the water table rises,
the hydraulic gradient would also increase resulting in decreased travel
times through the unsaturated zone. Both the fise in the regional water
table and the establishment of perched lenses within the variably
saturated zone could provide pathways along which groundwater travel
times would be significantly reduced and, therefore, the perched tables
scenario must be analyzed.
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SCENARIO V: HYDROTHERMAL VENTING AND GAS/VAPOR PHASE FLOW

Accounting for dramatic thermal effects in repository perfbrmance, this
scenario details potential hydrothermal venting of vadose zone waters
that are conducted into a hot repository along open fractures. Once the
cool waters reach the hot repository, they flash into steam and escape -
through transmissive fractures to the surface. The steam transports
contaminated water (with leached radionuciides) and gaseous fission
products, which escape directly to the accessible environment. Although .
th1s scenario details a potential release pathway for radionuclides from
the repository, it may be considered unlikely. The hydrothermal scenario
highlights, however, the potential for vapor and gas phase transport of
radionuclides through the unsaturated zone. The atmoSphere and land
surface are the closest accessible environments to the repository.

phase transport through the unsaturated zone.
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Gaseous fission products like Kr85, -Xel26, and C14 (in CO,) will be
generated during fuel cycle decay and released to the surface. Since

these discharges could violate the EPA release Timits, this scenario should
address not only the effects of steam venting, but also vapor and gas

SCENARIO VI: DRY REPOSITORY

If the temperature of the repository increases above the boiling point of
water (approximately 100 °C) and the hydraulic conductivity of the host
rock is sufficiently low to prevent rapid flushes of percolating water,
the repository may remain dry during'the early history of the site. As
the temperature increases above the ambient' temperature, evaporation of
water within the host rock will increase. The produced vapor Wi]] migrate
away from the highest temperature areas and condense at some distance

from the repository as it is driven by the pressure gradient. Pore
pressure will be highest in the repository as the air within the pores
expands. As the temperature continues to increase, all liquid water
within the repository will be vaporized. A vaporization front will
propagate away from the repository. A condensation front will also form
at some distance from the repository where the ambient temperature is

less than 100 °C. Moisture will, therefore, migrate from the vaporization
front to the wetting or condensation front. Nominal volumes of water may
be drawn back into the repository to replenish the water that has been
vaporized. Most of the water, however, would be forced away from the
repository by pressure and thermal gradients so thét the repository would
‘remain dry as long as enough heat is produced. This process '
prevents water from entering the containment area and reacting with or
leaching the wastes. The repository becomes essentially isolated from
the subsurface water flow system, thus fulfilling the objective of a HLW
repository.




3102/PM0/83/01/10/0 ' , ‘
- 21 -

'S YUCCA MOUNTAIN
é@%
¢ e

g

ok - 3 z 3
i
' m:‘l,h)#l 1 w,)' ) :

n'lr'lalllzoolltlzad tut

had -« o' ® ’ e
‘7\ l \lg ’ l+j~_‘_ _\l ’[ ]7 I/Mwelded tuft
__—-: o "- e « * \‘ko “ .. “e 7Y

~, | gl yaporation

@

'?,

‘o o o o)"‘\_-....--ge 0 .J - tront

\u&u NIV /T L!\p 'H \\'/./fu‘riﬁi

o’ = s 405 b ° ... ' . v, s * . & e
oY (71/ (1T ST T

e P ia.. 'o- - , ] .."——/:’

/. /. '//7 {]/’! l\f(ll',llf\\"‘:’h

wa Ttable | LA 7y v ) 1\ \\_)__I,_l_’L«‘.—-—”.“

— .a

unsaturated zone

4
<

-
®
-

s
. .o Y . -

< c.c \\
I“)’jh”/\l\ f llT 'l) / Ifl/“’lj)ll‘}}_l_l

e ©
e e”

W" ‘Tl\fll\—\

saturated zone

I,i\\,‘

N7S RELEASE SCENARIO

Figure 9. Diagram of NTS Dry Repository Scenario.

Once most of the heat energy has'escaped from the repository, the
repository will begin to cool, the vapor and condensation fronts will
receed, and infiltrating water may once again contact the wastes. The
time delay during the isolation of the repository may be, sufficient to
comply with the release limits of the EPA and NRC during the first 10,000
years. This thermal effect providés a time buffer for the repository in
the unsaturated zone. This subject has been further developea in the
heat flow estimate calculations included in this paper (refer. to Appendix
A).
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MODELING METHODOLOGY

A ﬁode]ing methodology designed to evaluate repository performance for

the above mentioned scenerios has been developed. However, it is still

in an early stage of development since many of the hydrologic and thermal
processes described in these scenarios cannot be simulated by the computer
codes used. ‘This modeling methodology will evolve as the NRC's computer
modeling capabilites grow.

The modeling methodo]ogy'can best be described by way of demonstration.
What follows is an illustrative modeling excercise of the unsaturated
zone designed to illustrate: 1) the types of data required in modeling
the unsaturated zone, 2) the assumptions made,'3) the problems
encountered, 4) the output produced, and 5) how the flow model may be
coupled to a transport model. Ultimately, flow and transport models for
both the saturated and unsaturated zones will be coupled in such a way
so as to describe radionuclide flow paths in a continuous manner from the
repository to a far-fie1d/dischar§e location.
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Unsaturated Flow

The FEMWATER code is used in this study because of its ease of
implementation. It is a finite element code that simulates two
dimensional isothermal flow through variably saturated media. It allows
for several different materials or media, requiring soil moisture
characteristic curves as input for each one.

FEMWATER is used to simulate one-dimensional, steady-state, isothermal
f]bw through a column representing a simplified stratigraphy of the
unsaturated zone beneath Yucca Mountain. The model grid (Figure 10)
extends from the land surface down to the water table and consists of 19
elements, each measuring 33 M x 1 M. The boundary conditions consist of
no-flow boundaries on the sides, a zero pressure (atmospheric) boundary
on the bottom representing the water table, and a constant flux (3 mm/y)
boundary on the top representing surface infiltration. The stratigraphy
has been simplified into three tuff units: the upper and lower units are
partially welded, and the middle unit is densely welded. The densely
welded tuff was assigned a lower porosity and a higher conductivity than
the partially welded tuff. The lower porosity is due to its denser
composition, and the higher conductivity is due to its higher fracture
frequency. The values used for the porosity and saturuated conductivity
are:

Porosity (cm3/cm3) Conductivity (cm/s)
Densely Welded - 15 1.0E-4
Partially Welded 30 ’ 1.0E-6
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These data were derived from data made available by the USGS prior to the
NTS workshop (January, 1983).

The variably saturated hydraulic conductivities required as input into
FEMWATER were obtained from soil-moisture characteristic curves. Since
these curves are not currently available for the Yucca Mountain tuffs, =
the curves were derived from the FEMWATER user's manual (NUREG/CR-2705).

Re?ﬂ]ts of this excercise (refer.to Appendix A for a listing of the input
and output) show vertical seepage velocities to be very small throughout
the column. Groundwater travel time from a repository located in the
center of grid element 10 (approximately 1000 feet above the water table)
is nearly 25,000 years.

Since permeability values greater than strictly matrix permeability were
incorperated into the hydraulic conductivity terms, the effects of
discrete fracture flow has been slightly mitigated. Codes that allow for
matrix and fracture flow in the unsaturated zone are being developed.
However, even if such codes were readily available, characterization of
the unsaturated fracture flow input parameters will not be readily
determinable.

In summary, this portion of the modeling methodology proved to be easy to .
implement, but suffered from weaknesses such as data insufficiencies
(generic to all unsaturated flow modeling), and the assumption of

strictly porous flow under isothermal conditions. However, FEMWATER is a
very versatile code and should be useful in eva]uating unsaturated flow
data and interpretations that might be presented by DOE in support of

site characterization.
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Radionuclide Transport Model ' , .

Using the computed water flow velocities and pressure heads of the
on?-dimensiona] FEMWATER model, radionuclide transport may be modeled
from the repository to the accessible environment with the'generaTized
version of NWFT/DVM. While FEMWASTE, a finite element transport

code for modeling variably saturated media, was written to couple with
FEMWATER, applications of FEMWASTE to assessing repository performance
are limited because it can only model one radionuclide or contaminant per
execution run. During the lifetime of a HLW repository, it is expected
that several radionuclides will be released, and as the isotopes with
shorter half-1lives decrease in total concentration, longer-lasting
isotopes will dominate the released inventory. Generalized NWFT/DVM,
written by Cranwell and Shortencarrier at SNL, computes decay, release,
adsorption, and transport of up to 120 radionuclides in as many as 'six
branching decay chains.

Prior to a discussion of the assumptions and results of the radionuclide
transport model using generalized NWFT/DVM, it should be stressed that
the results of this modeling exercise do not reflect preliminary approval
of the Yucca Mountain site as a HLW repository. Even though the minimum
groundwater travel times exceed 40,000 years, rigorous performaﬁce
assessment of groundwater flow and transport at NTS is premature. The
physics and mechanics of flow within the unsaturated zone are themselves
poorly understood, and because numerical models approximate the
equations that describe these physical processes, groundwater flow and
transport models through variably saturated media are only in their
developmental stages. If contemporary computer codes could simulate
unsaturated hydrodynamiés concurred ugon by hydrologists studying vadose
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zone flow, the paucity of available data would prevent their predictive
application to repository performance assessment. In addition to the
uncertainties in the hydrologic system, uncertaintiés of equivalent, if
n@t greater, magnitude occur in the geochemical characterization of the
vadose zone. Qpestions about the existence of chemical and thermal
equilibrium, pefmanent or transient sorption, ptecipitation; oxidation,
chelation, and vapor phase transport cloud the conceptual model of
radionuclide transport -through the unsaturated zone at NTS. A clear
conceptual model must be formulated prior to the successful application

of a numerical model to predict discharges of radionuclides to the
accessible environment and assess the performance of a proposed HLW
repository. The models detailed in this paper should only be used to
provide a general estimate of the minimum groundwater travel time and
radionuclide transport along one specified flow path.

The minimum range of uncertainty in the computed travel times alone is six
orders of magnitude. A listing of the uncertainties within this transport
model are highlighted in the fo]]oWing discussion of the assumptions executed.
Generalized NWFT/DVM' (GENDVM) is a pipe flow, quasi-three-dimensional,
radionuclide transport code. Unlike its predecessors NWFT and NWFT/DVM,
GENDVM models a flow system which is entirely specified by the user. In
the coupled unsaturated/saturated flow and transport model, the flow
system is comprised of 7 legs and 8 junctions.' Legs 1 through 5 simulate
darcy flow through the unsaturated zone, Teg 3 is the repository within
the densely-welded Topopah Springs Member, and legs 6 and 7 model darcy
flow within the saturated regional flow system. The GENDVM flow network
is illustrated in Figure 11.

Although GENDVM is written for flow and transport in saturated media,
this model has been adapted to unsaturated media by using the pressure
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heads and flow velocities obtained from FEMWATER. The effective
hydraulic conductivity of the unsaturated legs is varied to reproduce the
total head distribution, flow rates, and velocities through the
apbroximate]y‘GOO meters of unsaturated tuffs at Yucca Mountain. The
derivation of this conductivity may be most easily illustrated in a
listing of the founding assumptions.

° Percolation of water through the unsaturated zone is steady

state so that the volume flux through the system is zero (Rin = Rout)‘

° The cross-sectional areas of the repository and the pipes is 1

km?2 or 1E6 m2.

° The volume of flow entering and ]éaving the unsaturated zone is
equal to the annual average infiltration rate ( 3 mm) muitiplied by the
cross-sectional area of the pipes, or ‘

Q=R x A= .003m/yr X 1E6 m2, and
Q = 3E3 m3/yr.

° The total head gradient is constant through the unsaturated

zone and equal to 0.198 as calculated using FEMWATER output.

° Water velocity is constant through the unsaturated zone and
equal to 9.5E-9 cm/s as calculated in FEMWATER.

° The equivalent hydraulic conductivity is constant within the
unsaturated zone and equal to 4.79E-10 m/s (1.36E-4 ft/d), or

Q = KIA, so
u=Q/A =KI,
u/I = K, and

;

u/I = 9.5E-9/.198 = 4.79E-8 cm/s (1.36E-4 ft/d).

Water that leaves the unsaturated zoné enters the regional saturated flow
system represented by legs 6 and 7. The prescribed hydraulic gradient
across this flow path within the phreatic zone is 3.0E-2, a géadient

_ typical of the lower conductivity units at NTS (see the Tuff RSD?.



3102/PM0/83/01/10/0
_30..

Pertinent geochemical data for this model are listed in Tables I and II.
The values for the solubilities of the major radionuclides considered
(C14, Ni59,5r90,Tc99,U234, and Pu239) were derived from data presented in
" the Tuff Site RSD. Similarly, the Rd values used in this model were
converted from the retardation coefficients 1isted in the RSD. It is
important to reiterate the limitations of this radionuclide transport
model. Realistic values for distribution coefficients of radionuclides
within the unsaturated zone are current1y unknown. Upper bounds are
dffficu]t to develop and support. While the lowest value would be zero
wi%h no retardation, the highest Kd values may exceed those of the \
saturated zone if permanent sorption and precipitation readily occur in

, the unsaturated zone.

Initial inventories of radionuclides 1n the repository were computed us1ng
the computer code ORIGEN for a 100,000 MTHM repository. The

radionuclides chosen for this model were selected based upon sensitivity
analyses prepared by NRC, SNL, and Golder Associates. The leach time is
specified as 100,000 years, so that the release of radionuclides

whose solubility 1imits exceed one part in one hundred thousand will be
released according to leach limitation. Waste leaching begins at 1000
years. The flow pfoperties of the legs and their retardation coefficients
are listed in Tables III and 1IV.

Results

Groundwater travel times calculated by GENDVM'agree with those calculated
with FEMWATER of approximately 25,000 years through the unsaturated zone
below Yucca Mountain. Total travel times from the repository to the
accessible environment exceed 40,000 years. A survey of the output from
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TABLE I. RADIONUCLIDE SOLUBILITIES

| Solubility” &
Radionuclide (in molality) i
. C14 R
; T
$r90  10E-3.3
Te99 ==e=-
U234 10E-4.6
Pu239 10E-15.9

s
assuming a dilute aqueous solution with pH=7.00 and Eh=+0.45 V

(Siegel, M.D. (1982) "Geochemistry," in Tuff Repository Site
Definition, Sandia National Laboratory, p. 31).

TABLE II. RETARDATION COEFFICIENTS OF RADIONCULIDES

Radionuclide Rd (m1/g)®
14 S 0.0
Ni59 0.0
$r90 | 300.0
Tc99 | 0.8
U234 7.0

Pu239 1000.0

e As determined with laboratory ana]yées of saturated tuffs. May

represent disequilibrium values.

-~

bl

(Siegel, M.D. (1982) "Geochemistry," in Tuff Repository Sfte




Definition, Sandia National Laboratory).
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GENDVM included as Appendix C indicates that only C14, Ni59, and Tc99 are
discharged to the accessible environment. The carbon and nickel are most
easily released from the repository as they are leach-limited
radionuclides and are transported without wall-rock retardation in the
saturated and unsaturated flow systems. Given the solubility limits and
retardation coefficients of this model, U234, Sr90, and'Pu239 are
significantly retarded in the flow systems and do not escape to the
ac?essib]e environment ten kilometers distant from the repository.

THERMAL CONDITIONS

Within the first several hundred years after emplacement of the proposed
repository, significant amounts of heat well be generated by the decay
processes of the radioactive waste. This heat is expected to impact the
surrounding hydrological and geological environment. The thermal effects
will cause the rocks adjacent to the repository to expand, thereby
closing up some of the existing fractures within them and effectively
Towering their hydraulic conductivities. Other thermal effects include
altering the density of contiguous groundwater (thereby inducing a
bouyancy gradient) and increased evaporation of the groundwater.

The thermal aspects of repository emplacement in the unsaturated zone are
compliex and an in-depth discussion is beyond the scope of this paper.

The NRC presently does not have a computer code capable of simulating
nonisothermal conditions in the unsaturated zone; however several codes
exist which might be applicable and are being scrutinized for possible
inclusion into the NRC program. It should be noted that the state of the
technology is such that there exists no code which fully accounts for all

\



Table III. Hydraulic Flow Characteristics of Legs within the GENDVM

, Network.
LEG PROPERTIES LEG PRUPERTIES i
LEG 1 LENGTH = 3,25F402 FT LEG LENGTH = S,4(E+02 FT :
fenseeny AREA = 1_,08E407 Flae? Revenany AREA = 1 DBF40T7 FTles?
CONNUCTIVITY 3 4, 96F=02 FI/YR CONDUCTIVITY = 4,9b6Fe02 FT/YR
PUROSITY = +3000 PORHISITY = +1590 |
PUCK DENSITY a3 | ,19F+02 LR/FTes} RUCK DENSITY = 1,45E402 LR/FTua3
FLUID DFYSITY a3 6,23F+01 LA/FTen . FLUID DENSITY = 6,23F+01 LR/FTee3
BRINE COMCENTRATINN = 0O, RPINE COMCENTR2TION = O, t
LEG PRIPERTIES LEG PRUPERTIES ,
)
LEGC 2 ] LENGTH = 5,d1F+02 FT _ LEG 5 LENGTH 3 S,41E«02 FT |
TTII TN AREA = 1,0RF407 FTae? T seseseee AREA = 1 ,0RF¢07 FTeae2 i
CUNDUCTIVITY = 4,96F=02 FT/YR CONDUCTIVITY = ﬂ.QbE-OZ FT/YR H
POROSITY = ,1S00 PUROSITY = ,3000 l
RUCK DENSITY = 1,4SFe02 LA/FTea3 POCK DENSITY S 1,19F402 LA/FTes3 |
FLUID NENSITY = ©,23E401 LA/FTee3 . FLUID DFNSITY 3 6,23E401 LA/FTeal
tRINE COMCENTRATION =z O, BFINE CONCENTRATION = . i
LEG PRIPERTIES LEG PROPERTIES '
M !
LEG 3 LENGTH & 1,0RF¢02 FT LEG o LENGTH = 3,28E402 FY :
tansnnny ARFA = 1, 06F+07 FTenp ; reatsang AREA 5 1, 0RE+407 FTean2 '
CONDUCTIVITY =  4,9bF<«02 FT/YR CUONDUCTIVITY = 3,10E+00 FT/YR i
PARNSITY = L0100 PORNSITY = L0500 f
RUCK NENSITY 2 1,ABF+02 LH/FTesy ROCK DENSITY = 1,62F402 LR/FTaey |
FLUID DFNSITY = 0,23F¢01 LR/FTend FLUID DENSITY = 6,23E401 LB/FTeaad |
RRINE COMCENTRATION = 0, HRINE CNYCENTRATINN = . :
\ )
LEG 7 LELGTH = S 17Fe0U BT )
saensnes AREA = 1,DAFeD7 FTea )
CUMDUCTIVITY = 3,10F¢00 FT/YR ;
PIIRNSITY 3 ,0500 f
RUCK DENRSITY = 1 ,62F402 LA/FTean} ;
FLUID DFNSITY 2 ©,23E+¢01 LR/FTany |
RRINE CONCENTRATION =2 0, i

Table IV. Assumed Distribution Coefficients and Retardation Factors for
the Transported Radionuclides used in.the GENDVM model.

ODISTHIKUTION COEFFICTENTS(XDY aND RETARDATIUN FACTNRS(R) FOR CHAIN |
LEG cla N1Se - §r9O TC99 u2ly P29

1 3 KD 0, H,R10E+00 1,2R0FE=02 1,120E=01 1,603k ¢yt
R 1,000L400 1.000£ooo 8,095€¢08 2,104F+02 1,8B8E403 2,698E+40S
P4 4 nh A,R10E400 1,280E=n2 1,120Em01 1,603E401
R t OUOE*OO l nunE000 4,0635E+403 1,333E+01 1, OEQEooz 1,5408E+04

3 S kp o, o, 4,R10E+00 1,2RNE=02 1,120E=01 1,603F401
‘ R 1,000E+00 1,0U0E+00 1,909E+03 6,077E400 4,583E401 6,360E403

[ 7 KN B,RIOE+00 1,2R0F=02 1,120E=01 1,603F+01
R l oootooo l oooEooo 1,550E400 4,234E401 3,62RE402 S,178E404

S




the significant processes that might be present in an unsaturated
nonisothermal system.

If gross simplifications can be assumed, the effects attributed to
several of these processes might be calculated from simplified "back of
the envelope" equations. Examples are given in Appendix A in which
calculations of some of the thermally induced phenomena are presented.

4

CONCLUSIONS

In summary, a methodology has been presented which outlines how various
NRC performance codes may be linked together to evaluate repository
performance, and with which NRC may perform sensitivity studies of the
hydrological and geochemical parameters governing the trénsport of ~
radionuclides through the unsaturated zone.

On a larger scale, the methodology presented is a small but integral
portion of the overall NRC performance assessment scheme. In order to
describe the flow path of a radionuclide from a repository to the
accessible environment, the regional flow regime must be conceptually
understood. The conceptualization would then be t%ans]ated into input
for a computer code (e.g., SWIFT) which would be used to define the
saturated flow conditions around Yucca Mountain. A higher resolution
gridding of the Yucca Mountain area is thin needed to define the
saturated flow conditions beneath Yucca Mountain. At this juncture, the
methodology presented would be used to determine a radionuclide flow path
from the repository down to the zone of saturation. A far-field
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transport code (e.g.,SWIFT or GENDVM) may then be used to track the
radionuclide(s) to the accessible environment.

The/conc]usions of this modeling program provide a framework for

. subsequent performance assessments of the proposed repository at Yucca
Mountain. The results generated by FEMWATER and GENDVM are valid for the
following assumptions: ' ‘

‘ ®* that porous media flow calculations are valid in estimating
groundwater flow through both the unsaturated and saturated flow systems;

.® that single differential heads can be properly specified to exist
across entire flow paths (i.e. through the unsaturated/saturated zones);

® that flow can be effectively modeled for this flow system by
using a quasi-two-dimensional, isothermal, steady-state, network
radionuclide transport model;

®* that the equivalent hydraulic conductivities assigned in the
GENDVM model effectively simulate vadose zone flow velocities and
recreate the total head distribution within the unsaturated zone;

®* that the solubilities, retardation coefficients, and initial
inventories are representative of the physical repository environment;

* that the unsaturated flow system exists in a steady state so that
the 3 mm of annual infiltration does not exceed the capacity of the
system to conduct the supplied recharge; and



© that the thermal effects of the repository are nominal and water

flows through the unsaturated zone purely in response to gravity.

It can be argued that ihese assumptions oversimplify the
vériab]y-saturated-and saturated flow systems at'NTS. This modeling
program, however, was not designed to provide detérministic travel times
and radionulcide discharges to the accessible environment. With the void
oﬁ knowledge about groundwater flow and'radionuclide transport in the
unsaturated zone, the authors of this paper emphasize the need for more
detailed site characferization and research into variably saturated
systems prior to realistic assessment of a repository at Yucca Mountain.
The results of the FEMWATER and GENDVM models were not included in this
report to demonstrate compliance of a hypothetical repository to release
standards proposed by EPA, but rather to provide rough estimates of
groundwater travel times and discharges of radionuclides to the
environment along the assumed flow path, thus coupling the saturated and
unsaturated flow systems at NTS. This modeling program demonstrates the
NRC's capability of assessing the performance of a proposed HLW
repository at Yuccé Mountain.

APPENDIX A

Heat Induced Groundwater Vacancy

If the repository temperature exceeds 100°C, water present in the
contiguous rock matrix and fractures will be evaporated. Shortly
thereafter, a 100°C isotherm will exist at some distance from the
repoéitory within which all water will have been_evapdrated (refer to
Figure __ ). The presence and extent of 'this dried out zone is



significant in many ways: 1) it may serve as a buffer from groundwater
infiltration resulting in a completely dry repository, 2) hydrofracturing
might occur during evaporation which would resuit in an envelope of
increased permeability; this may facilitate flow when the temperatures

" recede below 100°C, and 3) a zone of increased saturation could be
expected at the <100°C / >100°C interface due to condensation of the
evaporated water; this would result in increased permeability at the
interface.

The thermal source driving the heat into the rock units is the thermal
loading of the HL waste. The heat will be removed by conduction in the
rock matrix, and also by groundwater and vapor transport. Perhaps the
most significant process in removing the heat will be due to evaporation
of grouhdwater within the rocks surrounding the repository and
recondensation of the vapor some distance away. This will be a
continuous process since groundwéter will continue to infiltrate towards
the repository from above. At Some point in time, the heat removed

through evaporation will exceed the heat produced from the repository and

ambient saturation will again be estab]ished_throughout the host rock.

A simplistic methodology of calculating the volume and extent of the
"dry" zone is presented below. Many simplifying assumptions are made and
therefore results based on this methodology should be taken as a
"ballpark" estimate only. These assumptions are Tisted below:

The repository may be represented by a point heat source.

A rectangular repository is emplaced in a homogeneous (thermal
properties) medium.

.
LA



Complete evaporation occurs where rock temperature exceeds 100°C.

The evaporation process can be decoupled from other thermally induced
processes.

Atmospheric pressure exists from the surface to the water table./
Th? 100°C isotherm may be represented as a sphere about the rebositqry.

Thermal convection through the rock matrix and groundwater evaporation
are the only significant heat removal processes.

Let ry be the radial distance from the source to the 100° isotherm.

Let rz be the radial distance from the source to where ambient
temperatures would be expected.

Let T, = 100°C,

1
T, = ambient temperature,

Q= initia]'heat output in watts,

K = thermal conductivity of the medium.

The heat flow from a point source in a sphere is defined as:

dt
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Q = -Kagrl
dr

Solving for ry yields:

4:K
1+r, CQ GrT)

/

N\

rq now gives us the approximate extent of the 100° isotherm (Figure

The amount of infiltration that will intercept the 100°C isotherm is:

Amt. inf = (inf. rate)(erZ)

The heat consumed would be:

).
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Heat Consumed = (Amt. inf.)(Latent Heat Vaporization)
The removal of heat due to evaporation would effectively reduce ry- When
the heat produced by the repository (Q) is less than the heat consumed
(due to evaporation of infiltration directly over the repository), the
"dry" zone will cease to exist and ambient saturation will return to
ambient conditions.
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APPENDIX C. OUTPUT OF éENDVM TRANSPORT MODEL
. FOR THE COUPLED UNSATURATED-SATURATED FLOW SYSTEM AT YUCCA MOUNTAIN



Table I. Radionuclide Discharges to the.Accessible Environment from
GENDVM Coupled Saturated-Unsaturated Flow Model for Yucca
Mountain.

RADIONUCLIDE DISCHARGE RATE (CI/DAY)

) YEAR cit NISQ SR90 h{L-L U4 PU239
' 1000, O, 0, 0, 0. [ 0,
6730, O, 0, 0, 0, 0., 0,
12460, O, 0, 0, 0, 0, 0,
18190, o0, 0, o, 0. 0, 0,
23920, 0, 0. 0, 0, 0, 0,
29650, O, 0. 0, 0, 0. 0,
3ssso, O, 0, 0, 0, 0, 0,
41110, +11529E=08 ,S6134E=06 O, . 0, 0, 0,
: e68u0, »683808E=05 ,4B84G1E=~02 O, 0, 0, 0,
: 52570, «29812E~05 ,39530E=02 O, 0, 0, 0,
. s8300, «18688E=05 ,37575E=02 O, 0, 0, 0,
64030, 2 73022E=086 ,3S57S6E=02 O, 0, 0, . 0,
69760, +36711E=06 ,3802UE=02-0, 0, 0, 0,
75490, «1835SE=06 ,32376E=02 O, 0, 0, 0,
81220, «91777E«07 ,30B0RE=02 O, 0, 0. 0,
86950, #USABAE=0T ,29316E=02 O, 0, 0, 0,
92680, 0 22984E=07 ,27895t=02 O, . 0, 0, o,
98ul0, L11472E=07 ,26545E=02 O, 0. 0, 0,
108140, «STI61E=0R  ,25259C«02 O, 0. 0, 0,
109870, +2RGBOE=08 ,2803SE=02 O, 0, 0, 0,
115600, +1U340E=QR _22R71E«02 O, 0, 0, : T 0,
121330, 2 7T1T01E=09 - ,21768E=02 O, 0, 0, 0,
127060, +35850E=09 ,L20709E=02 O, O 0, 0,
132790, #17025E=09 ,10706E=02 O, 0, 0. 0,
138520, «89620E=10 L18750E=02 O, O 0, 0,
184250, 212708E=10 ,S0297E=03 0, 0, 0, 0,
169980, +52574E=13 ,2BR32E=05 O, 0, 0, 0,
155710, O, 0, 0, 0, 0, 0,
161440, o0, - 0, o, 0, 0, o,
167170, 0, 0. . o, 0, 0, 0,
172900, O, 0. 0, 0, 0, 0,
178630, O©, 0, 0, 0, 0, 0,
184360, 0, 0, 0, 0, 0. 0,
, 190090, o, 0, 0, - 0, 0. 0,
195820, O, 0, 0, 0, 0, 0,
201550, O, 0. 0,- 0, 0. 0,
207280, O, 0, 0, 0, O, 0,
213010, O, 0, 0, 0, 0, 0,
218740, 0, . 0. o, 0, 0, 0,
224470, o0, 0. 0, 0, 0, 0,
230200, O, 0, 0, 0, 0, 0,
235930, 0O, n, 0, 0, 0, 0,
281860, O, 0, 0, 0, 0, 0,
287390, O, 0, 0, 0, o, 0,
253120, O, 0, 0, 0, 0, O
258850, O, 0, 0, 0, 0, 0,
264580, 0, . 0, 0, 0, 0, 0,
270310, O, 0, 0, 0. 0, 0,
2716040, 0, 0, 0, 0, 0, 0,
281770, O, 0, 0, 0. 0, 0,
2871500, O©, 0, 0, 0, 0, 0,
293230, 0, 0, 0, 0, 0, 0,
298960, O, 0, 0, 0, 0, 0,
304690, O©, o, 0, 0, 0, 0,
3104820, O, 0, 0, 0, 0, o,
316150, O, . 0, 0, . 0, 0, 0,
321880, O, 0, 0, 0, : 0. 0,
327610, O, 0, o, 0. 0, 0,
333340, O, N, 0, 0. 0, 0,

339070, O, 0. 0, 0, 0. 0,



Table I. (Continued).

RADIUNUCLIDE DISCHARGE RATE (C1/DAY)

YEAR cta NISO 8RS0 (LT y23s PU239
688600, O, 0, 0, 0. 0, 0,
694330, o0, 0, 0, 0, 0. 0.
700060, ©, 0. o, 0, 0. 9,
705790, O, 0, 0, 0, 0, 0,
711520, O, 0, 0, 0, 0. 0,
717250, O, 0. 0, 0. O, 0,
722980, O, 0. o, 0, 0, g,
728710, O, 0. 0, 0, 0, 0,

. 734a40, O, 0, o, 0, 0, 0,

. 780170, O, 0, 0, 0, 0, 0,
7ass00, O, 0. 0, 0, 0 + 0,

. 75‘030. 0, 0, 0, 0, ’ . [ . 0,
757360, O, 0. 0, +58931E~25 0, 0,
763090, O, 0. 0, +1B55RE~23 0, 0,
768820, 0, 0. 0, «52355E=22 0, 0,
714550, O, 0. 0, ' «12048E«20 0, 0,
780280, O, 0. o, «25115€E~19 o, 0,
786010, O, ©on, o, +83359E=18 0, 0,
791740, O, 0, o, o6UULOE=1T O, 0,
797470, O, 0, 0, +R3035E~16 0, 0,
803200, 0, 0, °, #93213E~15 0, 0,
808930, 0, 0. 0, Y W91673E=14 0, 0,
81asb9, O, 0, 0, «T93R3F~13 0, 0,
820390, o, 0, 0, «60804E=t2 O, 0,
826120, O, 0. 0, «81377E~11 0O, o,
531550, 0. °. o. .?5"7E.lo o. o.
837580, O, 0, 0, +136SUF=09 0, 0,
843310, O, . 0, 0, +66708E~09 0, 0,
8a9040, o, 0. 0, +29398F«p8 0, 0,
854770, O, 0, 0, #11720E=07 O, 0, .
860500, O, 0, o, «82818F =07 0O, 0,
866230, 0, 0, o, «13979F«06 0, 0,
871960, 0, .0, 0, 282065E=06 0, 0,
877690, 0, 0. 0, «11593E=0S 0, 0,
883a20, o0, 0, 0, +P934DE=0S 0, o,
889150, 0, 0, 0, «683B4E=QS O, 0,
89anr80, 0, 0. o, #14720F~08 0. 0,
900610, 0, 0, o, +29340E~08 O, 0,
906340, O, 0. o, #54318FE=04 0, 0,
912070, O, 0, o, «93652E~08 0, 0,
917800, O, 0. o, +1508RE~03 0, O,
923530, O, 0. 0, «2278BAE=03 O, 0,
929260, 0. . 0, 0, «32373E~03 0. 0,
934990, o0, 0, 0, «43832E~03 O, 0,
980720, O, 0, 0, «55255€«03 0, s,
9a464S0, 0, 0, 0, «66968F=03 0, 0,
952180, O, 0, o, «77695E=03 0, 0,
957910, O, 0, 0, «867STE~03 0O, 9,
963640, O, 0, 0, +9375aE~03 0, 0,
969370, 0, 0, 0, «98605E~03 0, ~ 0,
975100, O, 0. 0, +1018RE~02 O, o,
980830, O, 0. 0, «10270E=02 0, 0,
986560, 0, 0. 0, «10259E~02 0, 0,
992290, O, 0. 0, .101a3E~02 0, 0,
998020, O, 0, o, +993SAF~03 0O, 0.
1003750, O, 0, 0, +96353F~03 0, 0,



