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PREFACE

The Assessment of Effectiveness of Geologic Isolation Systems (AEGIS)
Program presents in this report a methodology demonstration applied as an
initial assessment of a reference site for a salt dome nuclear waste
repository. The information in this document is designed to support the
Preliminary Information Report (PIR) being assembled by the Office of Nuclear
Waste Isolation (ONWI).

This report presents an exercise of the AEGIS methodology, as applied to
2 hypothetical repository located in a reference salt dome site; it is not an
actual site assessment. The salt dome referred to in this documentation has
been excluded from consideration as a repository for nuclear waste.
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EXECUTIVE SUMMARY

As a methodology demonstration for the Office of Nuclear Waste Isolation
(ONWI), the Assessment of Effectiveness of Geologic Isolation Systems (AEGIS)
Program conducted an initial reference site analysis of the long-term effec-
tiveness of a salt dome repository. The Hainesville Salt Dome in Texas was
chosen to be representative of the Gulf Coast interior salt domes; however,
the Hainesville Site has been eliminated as a possible nuclear waste reposi-
tory site. The data used for this exercise are not adequate for an actual
assessment, nor have 11 the parametric analyses been made that would ade-
quately characterize the response of the geosystem surrounding the repository.
Additiona11y, because this was the first exercise of the complete AEGIS and
WASTE Rock Interaction Technology (WRIT) methodology, this report provides the
initial opportunity for the methodology,vspecifica11y applied to a site, to be
reviewed by the community outside the AEGIS.

The scenario evaluation, as a part of the methodology demonstration,
involved consideration of a large variety of potentially disruptive phenomena,
which alone or in concert could lead to a breach in a salt dome repositbry and
to a subsequent transport of_the radionuclides to the environment. Without
waste- and repoéitofy-induced effects, no plausible natural geologic events or
processes which would compromise the repository integrity could be envisioned
over the one-million-year time frame after closure. Near-field (waste- and
repository-induced) effects were excluded from consideration in this analysis,
but they can be added in future analyses when that methodology development is
more complete.

The potential for consequential human- intrusion into salt domes within a
million-year time frame led to the consideration of a solution mining intru-
s{on scenario. The AEGIS staff developed a specific human intrusion scenario
at 100 years and 1000 years post-closure, which is one of a whole suite of
possible scenarios. This scenario resulted in the delivery of radionuclide-
contaminated brine to the surface, where a portion was diverted to culinary
salt for direct ingestion by the existing population. Consequence analyses
indicated calculated human doses that would be highly deleterious. Additional

vii



analyses indicated that doses well above background would occur from such a
scenario, even if it occurred a million years into the future. The way to
preclude such an intrusion is for continued control over the repository site,
either through direct institutional control or through the effective passive
transfer of information.

A secondary aspect of the specific human intrusion scenario involved a
breach through the side of the salt dome, through which radionuclides migrated
via the ground-water system to the accessible environment. This provided a
demonstration of the geotransport methodology that AEGIS can use in actual
site evaluations, as well as the WRIT program's capabilities with respect to
defining the source term and retardation rates of the radionuclides in the
repository.

This reference site analysis was initially published as a Working Docu-
ment in December 1979. That version was distributed for a formal peer review
by individuals and organizations not involved in its development. The present
report represents a revision, based in part on the responses received from the
external reviewers. Summaries of the comments from the reviewers and responses
to these comments by the AEGIS staff are presented.

The exercise of the AEGIS methodology was successful in demonstrating the
methodology, and thus, in providing a basis for substantive peer review, in
terms of further development of the AEGIS site-applications capability and in
terms of providing insight into the potential for consequential human
intrusion into a salt dome repository.
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CHAPTER 1

OVERVIEW

The Assessment of Effectiveness of Geologic Isolation Systems (AEGIS) is
developing and applying the methodology for assessing the post-closure safety
of deep geologic nuclear waste repositories. During FY-1979 the predecessor
to AEGIS, the Waste Isolation Safety Assessment Program (WISAP), was divided
into four tasks, two associated with data development and two directed toward
simulation of the repository hydrologic and geologic system. These tasks were
designed to interact concurrently, so that a systematic methodology/data system
would emerge (Figure 1.1). Beginning 1 October 1979, WISAP was divided into
the AEGIS and Waste/Rock Interaction Technology (WRIT) programs. AEGIS is
essentially a continuation of Tasks 1 and 3 of WISAP (Figure 1.1), and WRIT is
essentially a continuation of Tasks 2 and 4 of WISAP.

Since its inception, WISAP worked toward the development of methodology
for assessing the far-field aspect of the repository/geologic system. WISAP
did not develop the methodology to include the repository- and waste-induced
effects on the system nor to inspect the processes internal to the confines of
the repository. These aspects are being»considehed in other DOE programs and
will ultimately be integrated with the AEGIS methodology. Further, WISAP
originated as a methodology development effort, with site applications sched-
uled for subsequent years. Ih'bractice, WISAP began the transition to a site-
applications orfentation at the end.of FY-1978. This initial effort involved
the exercise of the geotransport models based on site data and scenarios that
were provided to WISAP and that were associated with the Paradox Basin (Raymond
et al. 1980). : : ‘

During FY-1979 AEGIS performed one site-applied exercise of the total
AEGIS and WRIT methodology. That exercise is thé subject of this AEGIS report,
representing the first time the full AEGIS and WRIT expertise has been focused
on a single prob]ém. This was the initial effoft by DOE to indicate what it
believes is necessary for a preliminary site Ticense application, and was
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FIGURE 1.1. WISAP* Task Interrelationships

* Note: The left half of this diagram now
is in the AEGIS program, and the right
half is in the WRIT program.

collated by ONWI into the Preliminary Information Report (PIR). The PIR was
designed to be analogous to a Preliminary Safety Analysis Report (PSAR) for a
repository to be built in an Interior Gulf Coast salt dome. The site chosen
for this PIR analysis, however, would not be considered for an actual potential
nuclear waste repository, largely because of past human activities that have
affected the integrity of the salt dome.
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One of the important concerns of a PSAR or PIR is the post-closure safety
of the repository. AEGIS efforts, then, were to exercise its methodology and
simultaneously provide the base for the post-closure safety chapter of the PIR
being prepared by other ONWI contractors.

This methodology exercise has been performed within the context of cer-

‘tain key assumptions, including:

e The presence of engineered barriers was not considered in order to
provide a baseline for subsequent evaluations of the effectivness of
engineered barriers.

e Waste- and repository-induced effects were not explicitly considered
in this study, as these were outside the scope of the programs at
the time of the analyses.

e In the development of the human intrusion scenario, assumptions
.concerning the effect of future human activities were based on the
currently available draft EPA standards on nuclear waste manage-

ment. Institutional controls were not assumed to be effective
beyond 100 years post-closure, and no reliance was placed on active
or passive controls preventing intrusion after that time.

e In quantifying the solution mining operation, only fhe physical lim-
its of the system itself were relied upon; no specific level of
technology nor specific technique of mining was assumed (except that
a minimum level of mining capability was implicit). In addition, no
specific monitoring of the brine for radioactivity was assumed.

More detailed discussion of the. assumptions used is included. throughout the
text of Volume 1 of this report, and a compiled 1ist of assumptions 1s pro--
vided in Chapter 3.

Again, this was an exercise of the AEGIS and WRIT methodology and an
evaluation of a hypothetical repository in a reference salt dome, not an
actual site assessment. The data used for this exercise are not adeqaate for
an actual site assessment, nor have all the parametric analyses been made that
would adequately characterize the response of the geologic system surrounding
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the repository. As this was the first exercise of the complete AEGIS and WRIT
methodology, this report provided the initial opportunity for the AEGIS method-
ology, specifically applied to a site, to be reviewed by the community outside
of AEGIS and WRIT. This review has resulted in some changes in this document
and has provided significant guidance for future AEGIS and WRIT activities.
Representative comments and AEGIS responses to the reviewers' comments are pre-
sented in Chapter 12. Continued review will assist in improving the method-
ology. Finally, this exercise was a substantial learning experience for the
AEGIS team.

SALT DOME REFERENCE SITE

This reference site initial assessment is based upon the Hainesville Salt
Dome, which is not being considered for a nuclear waste repository. This salt
dome is located in the central part of Wood County in East Texas (Figure 1.2),
with the fegional surface sloping generally from northwest to southeast. The
Hainesville Salt Dome is one of 26 salt domes in the East 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.

Geology

The sediments of the East Texas Sait Dome basin record a series of marine
transgressions and regressions, superimposed on a progradational depositional
basin. The basin contains a very thick formation of Louann salt, and most of
the local 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 approximately 542 square miles
of rolling hill topography. Within this area the data used to characterize
the salt dome include 11 wells penetrating the salt, one seismic reflection
line, a basin gravity survey, and a number of wells in the vicinity of the
salt dome.
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The salt dome pierces 16,000 ft of strata, ranging from Late Jurassic to
Early Tertiary in age (Figure 1.3). Caprock is believed to cover the top of
the salt dome, with thickness ranging from 50 ft to more than 250 ft. This
caprock is composed of a top zone of disseminated pyrite in carbonate, a mid-
dle zone of gray shaley carbonate, and a lower zone of clear, very dense
anhydrite. The salt dome itself is made of halite, with some evidence of shale
inclusions on the periphery of the salt dome. At the repository depth, the
salt dome is assumed to be approximately 2100 acres in cross-sectional area.
Of this area, the repository would occupy about 1370 acres surrounded by an
800 ft buffer zone (Figure 1.4).

Subsurface Hydrology

The hydrologic system in the vicinity of the salt 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 quite saline. Thus, lower aquifer systems are not considered impor-
tant in this preliminary safety analysis, since they are not likely to be tap-

ped for human usage and they are not likely to come in contact with the repos-

itory waste.

The Sparta and Queen City Formations were taken to be a single unit.
Similarly, the Carrizo and Wilcox were treated as a single unit because the
Weches is an incomplete barrier between them. The Wilcox-Carrizo aquifer is
the most important aquifer in the study area for human utilization. Most of
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the larger municipalities and industries in the region obtain their water from
this aquifer. Importantly, this aquifer surrounds the salt dome at repository
depth. o ' '

~ The Wilcox-Carrizo is very thick, and thus has a moderate transmissivity
despite a relat{vely Tow hydraulic conductivity of its sands. Pumping tests
conducted in the aguifer in Wood County from eight wells indicated the follow-
ing 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 gbd/ftz (50 gpd/ft2 average)
Storage Coefficient 0.00007-0.00027 (unitless)

Using these site geologic and hydrologic characteristics, including con-
siderably more information provided by the site Geologic Project Manager (GPM),
Law Engineering Testing Company (LETCO), AEGIS conducted a preliminary refer-
ence site assessment of a repository situated within‘thé Hatnesville Salt Dome.
Briefly, the procedures involved the examination of potentially disruptive
geological and human;ihduced phenomena, selection of release ééenarios,‘simu-
lation of the near-dome hydrologic system, simulation of the regional hydro-
logic system, simulation of the transport of released radioisotopes to aquifer
discharge points, and calculations of dose burdens based on one portion of a
release scenario. '

RELEASE SCENARIO DEVELOPMENT

The release scenarios were developed by a team of AEGIS staff and
consu]tants addressing the three categories of release scenarios:

e Type 1 Scenario - resultihg from a natural, continuous sequence of
geological processes ultimately disrupting the repository

e Type 2 Scenario - resultiﬁgAfrom catastrophic 1ﬁpact of a discrete
event such as meteorite impact .

~e Type 3 Scenario - resulting from human-induced phenomena.
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The scenario team used the logic structure of the scenario analysis
model now under development by AEGIS as the basic framework for consideration
of Types 1 and 2 scenarios. This model is not yet fully operational and has
been developed based on the characteristics of a basalt host medium (see
Appendix A). However, the approach built into the model was followed: specifi-
cally, AEGIS staff systematically examined geological phenomena that poten-
tially could disrupt a repository. These phenomena were selected or rejected
by the scenario team as being capable of resulting in a breach in the reference
salt dome repository.

Type 1 and 2 Scenarios

This systematic consideration of the potential Type 1 and 2 phenomena
for the Hainesville Salt Dome indicated there are no plausible mechanisms for
a Type 1 or 2 breach within the million-year time frame under AEGIS considera-
tion. Therefore, for that time frame, no natural geologic breach scenario is
considered by the AEGIS scenario team to be credible for the reference site.
However, this conclusion is based on an analysis that did not consider reposi-
tory construction- nor waste-induced effects. A separate analysis would have
to be performed to determine if those effects could lead to plausible Type 1 or
Type 2 breach scenarios. Additional and more detailed geologic investigations
would be required to substantiate this conclusion.

Natural dissolutioning of the salt dome by the ground water flowing past
the dome was considered to be a plausible breach mechanism in the few-to-many
million year time frame. Thus, to provide an exercise of a natural geologic
scenario causing a breach, and a subsequent exercise of the consequence analy-
ses, and to provide a conservative bound on the geologic system, AEGIS selected
a natural dissolutioning scenario occurring at a time 1 x 106 years post-
closure as one that would require further consideration. As of the date of
this report though, consequence analyses on this natural geologic scenario
have not been performed.

The scenario actually selected for of the consequence analysis, dissolu-
tioning caused by solution mining activities, was considered by the scenario
team to be the most plausible breaching scenario to occur within the given
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millfon-year time frame, as discussed below. The scenario actually analyzed
exposes the repository contents to the same hydrologic system involved in natu-
ral dissolutioning. The consequences of any natural dissolutioning scenario
are expected to be of less magnitude than the consequences of the solution
mining scenario because of radioactive decay of the repository inventory by

the later time of the natural dissolutioning.

Type 3 Scenario

A comprehensive assessment of the safety of a waste repository must
include some analysis of how humans might cause a future interaction between
remaining radioactive materials and the human environment. The consequences of
deliberate or inadvertent human intrusion, in terms of radionuclides released,
could far outweigh the consequences of release through gradual ground-water
contamination. For this reason, consideration of how future human activities
might affect the repository integrity must be incorporated, into potential
release scenario analyses. '

At the time of this assessment a structured methodology for dealing with
potential human-induced repository breaches had not been developed; however, it
seems unlikely that the probabilities for such events could be quantified as
events in the geologic process currently are. The history of human activities
is extremely brief in comparison with geologic history. While the probability
of occurrence of geo]ogié activities can be quantified based on long-term
h%stories of those activities, human activities cannot be similarly treated.
Geologic processes are often dated in many millions of years; hominid prede-
cessors, Australopithecus and Homo habilis, however, have existed only within
the past few million years. The appearance of modern humans is dated from
about fifty thousand years ago, while the existence of agricultural systems and -
the recording by humans of history can be traced for only ten thousand years or
less. Any analysis that would attempt to categorize past human activities and
project those categdrizations into the future must currently be qualitative in
natufe,and highly uncertain in its predictions.

An analysis of future human-induced activities that might compromise the
integrity of a repository sited in a salt dome can be structured to discuss a
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range of potentialities. The methodology involves an examination of the range
of known past human activities that might, if repeated, breach the reposi-
tory. Separate analyses can be made of those activities that would breach the
repository intentionally and those that would result in an inadvertent breach.
Finally, any analysis of human-induced phenomena is highly time-dependent in
character, as related to the presence and quality of institutional controls and
passive information transfer.

There exist at least three phases of institutional control based on pre-:
dictive reliability:

e short term (less than 50 years after closure of repository) -
Reasonable predictions can be made about stability, goals, and
operation of human institutions, as well as degree of uncertainty.

e intermediate term (100-200 years after closure of repository) -
Predictions are based largely on extrapolation or projection of

present trends; there is a limited degree of confidence, which
decreases with time.

e long term (more than 100-200 years after closure of the repository} -
Uncertainties dominate.

Draft Environmental Protection Agency (EPA) regulations on disposal of
high-level radioactive waste, available at the time of scenario development,
stated that controls for the repository that are based on institutional func-
tions cannot be relied upon for longer than 100 years after closure. AEGIS
neither endorses nor rejects the tenets of these EPA draft standards; however,
for purposes of this analysis, loss of institutional control, regardless of
cause, is presumed at 100 years after repository closure. One of the purposes
of control of the repository site is the transfer of information about the
nature of the repository and the dangers inherent in the release of the radio-
active materials it contains. Implicit in the loss of physical control of the
site is the possibility that the effective intergenerational transfer of infor-
mation would be lost, or that only a partial transfer would be made. Current
EPA draft regulations require supplemental controls to be designed using the
most permanent markers and records practicable to communicate the nature and
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hazard of the material andvits location. In spite of these precautions, the
possibility remains that information transfer might not effectively survive,
intact and intelligible, for any period significantly longer than that presumed
for institutional control to the degree necessary for reliance in protecting
the environment from the radioactive waste.

Based upon these considerations the AEGIS team considered the possi-
bilities of deliberate intrusion of a repository. Probable knowledge of the
nature of the repository contents can be inferred from the society's tech-
nological capability and desire to intrude deliberately into the repository.
This scenario was discarded for further consequence analysis on the basis that
a future society intruding into a repository, while fully knowing the nature of
the repository, assumes upon itself the inherent risk burden of such activity.
Draft federal regulations support this decision.

Inadvertent Intrusion

Inadvertent human intrusiqn is defined to 1nelude those'activitieé of a
future society carried out without adequate knowledge of the presence or nature
of the repository. The hazard of such inadvertent intrusion exists after a
loss of institutional control over the repository site. One of the primary
reasons for geologic dispbsal is to keep the waste and humans separated.
Implicit in this is a judgment that it is incumbent on the present society to
minimize the risk of future jnadvertent intrusibn; hence, consideration of
inadvertent human intrusion was deemed essential to a post-closure safety
analysis. Draft federal regulations support this decision, suggesting that
for an actual site analysis involved in the 11censing process a human
intrusion analysis would be: required.

The physical features that make a salt dome attractive as a repbsitory
for nuclear waste isolation also make it attractive for current, and, pre-
sumably, future alternative uses. Salt domes are large, accessible concentra-
tions of a relatively pure mineral that has biological and cultural value to
humans. Other mineral deposits are frequently associated with salt domes .
Also, salt domes are a valuable resource for the geologic stability of cavi-
ties created within them for storage'of such materials as compressed air,
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petroleum, and natural gas. The rate of such utilization has been increasing
for several years, and current rates of salt dome utilization indicate that
all Interior Gulf Coast salt domes will be significantly exploited in the next
few centuries (Griswold 1980).

AEGIS scenario staff looked at potential uses of salt domes and at poten-
tial means of such utilization. Key to this part of the scenario development
is the nature of solution mining. This technique was found to have a long
historical record and to require a relatively unsophisticated technology, to -
be an efficient means of removal of the contents of the salt dome without the
physical presence of humans within the geomedia, and to be a commonly used
practice in many salt domes in the Interior Guif Coast, as in other areas.
These factors led to the conclusion that a remote-controlled, solution mining
intrusion into a salt dome containing a repository, subsequent to loss of
institutional control is a quite plausible Type 3 scenario.

Type 3 Scenario Used in the Reference Site Analysis

Based upon this conclusion, the AEGIS staff designed a Type 3 scenario in
the level of detail needed to perform consequence analyses. The specifics of
the scenario analyzed are not of primary importance; AEGIS is not predicting
that this particular sequence of events will occur. Rather, AEGIS is using
the scenario as representative of the processes involved in human-intrusion
scenarios of which there are a large number of potential specific scenarios.

The specific human-intrusion scenario of this analysis involves the solu-
tion mining of the salt dome for the purpose of producing salt. The initial
intrusion was assumed to immediately follow the loss of institutional control,
i.e., 100 years. However, to illustrate the effect of that timing on the con-
sequences, an identical scenario was analyzed, initiating 1000 years after
closure. In addition, analyses of the consequences of human intrusion over
the very long term are presented in this revised report. The solution mine
was assumed to remain operational until it breached the side of the salt dome,
opening a pathway from the surface or Queen City-Sparta aquifer, through the
salt dome, to an exit into the Wilcox-Carrizo aquifer. '

In this scenario there are two pathways to the surface for contaminated
water: 1) by leaching of radionuclides into the brine that is pumped to the
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surface during the operational phase of the mine, and 2) by subsequent leach-
ing of contaminated brine into the Wilcox-Carrizo aquifer and geotransport to
the aquifer discharge sites. Pathway 1 is generic to salt domes, whereas
pathway 2 must be analyzed in a site-specific assessment. The latter pathway
has three phases: 1) 1eaching into the aquifer system based on an intact
conduit as input from the surface water system, 2) leaching into the aquifer
system after partial collapse of the geosystem above the cavity, and

3) leaching into the aquifer after total dissolution of the salt dome and
concomitant collapse of the overlying strata. Because of the time contraints
and the exercise nature of this consequence analysis, this three-phase scenario
was simplified into two phases by assuming the collapse does not occur until
the salt dome dissolves down to the level of the repository. Note that the
rate for such salt dome dissolutioning subsequent to a breach through the
interior does not correspond to the rate of natural dissolutioning over the |
top and caprock of the salt dome. Specifically, total salt dome dissolutioning
down to the level of the repository after the human intrusion was calculated
to occur as soon as 15,000 years after breach, in contrast to the millions of
years requ1red for the natura1 scenario.

The scenario analysis provided the base case, solution mining scenario,
with initiation at 100 and 1000 years after closure. In addition, a regional
scenario was developed, showing the possible effects on the geotransport sys-
tem of changes that could occur before the breach (e.g., climatic changes and
elimination of a current, major water withdrawal by human activities). Some
of these aspects were included, or may be addressed in future simulations,
as - variations on the base case scenario.

QUANTIFICATION OF SCENARIO CONDITIONS

Translation of the scenarios into the initial conditions of the conse-
quence models proved to be a more difficult exercise than had been anticipated.
Specific questions that had to be addressed included:

e estimation of the cavity size, shape, water turnover times, and flow
rates at the exit into the aquifer '
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e estimation of the distribution coefficient (Kd values) associated with
retardation of the radionuclides by the geomedia

e estimation of the solubility limits imposed on the transport system
e estimation of the salt dome dissolutioning rate and subsequent collapse

e estimation of the near-dome hydrologic system before and subsequent to
collapse of the salt dome

e estimation of the effects on the regional hydrologic system of eliminating
the current human activities affecting the Wilcox-Carrizo aquifer.

SOURCE TERM

Briefly, these estimates were made as described below. Leach rates
were measured by the WRIT program using the International Atomic Energy Agency
(IAEA) standardized procedure for spent fuel that had been pushed out of its
cladding. Data taken after 467 days of leaching showed that essentially con-
gruent dissolutioning of the spent fuel occurs at the rate of uranium leaching.
This rate is a function of surface area; therefore, particle size distribution
was measured by WRIT on pushed-out spent fuel by sieving a sample in the hot
cell. The particle size distribution and leach rates were included in an AEGIS
leaching computer model. This model includes compensation for temperature
effects, based on an Arrhenius function, and for decreasing surface area as
each particle dissolves. Results from this simulation indicated the entire
repository contents could be dissolved in a few tens of years; however,
results showed the potential for the solubility limits to be exceeded.

To address this possibility, the near-dome hydrology had to be simulated
by AEGIS using the three-dimensional finite element model to provide an esti-
mate of the water flow rates through the repository. Initial simulations gave
rates for the first phase of the geotransport of a few hundred gallons per
minute. To assess the sensitivity of the results to the size of the aperture
at the side of the salt dome opening into the Wilcox-Carrizo aquifer, sensi-
tivity analyses were performed using various sizes of openings. Results showed
that a very large increase in the aperture size only increased the flow rates
by 10-20%. Hence, it was concluded that the flow rates through the repository
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are primarily limited by the physical nature of the receiving aquifer. As
such, the flow rates are not sensitive to the particular opening site assumed.

Using the estimates of the flow rates during phase one of the geotrans-
port simulation, it was calculated that the uranium would have to be in solu-
tion orders of hagnftude above the best estimates of solubility 1imits for the
ground-water system to deliver the quantity of material in the time predicted
by the leaching model. Therefore, the source term of uranium is limited by a
solubility cei]ing, not by leach rates from the spent fuel.

The WRIT leach data had shown congruent dissolutioning of the radioiso-
topes in the spent fuel at the rate of uranium leaching. This seems reason-
able, in that most of the radionuclides are bound within the uranium oxide
matrix that constitutes the bulk of the spent fuel. Thus, the source term of
the non-uranium isotopes was taken to be proportional to the fractional release
of uranium. Because of this, each individual isotope does not necessarily
reach its own solubility limit.

Further AEGIS calculations showed that the solution mining operational
phase also becomes solubility limited within a short period after initiation -
of the intrusion. According to these calculations the solubility limitation at
the flow rates assumed for the solution mining operation is reached with only
a small fraction of the repository being exposed. This leads to the conclusion
that after this small fraction is exposed, any further increase in the exposure
of the repository will have no effect on the quantity of radioisotopes deliv-
ered to the surface. In fact, a solution mining event with only 1/50 of the
exposed fraction of the scenario used here would produce the same dose results.

SORPTION DATA

The data (other than source term and site characteristits) needed for
geotransport calculations are associated with the retardation of radioisotopes
by the geomedia through which the ground-water passes. WRIT obtained from the
Geologic Program Manager (GPM) some outcrop samples of the aquifers associated
with the Hainesville area for determination of the distribution coefficients
(Kd values). Inspection of these samples suggested that excessive weathering
and the presence of organics might make their measured sorptive properties not
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representative of the actual geomedia. Kd measurements were performed on these
by WRIT, and many values seemed unrepresentative (nonconservatively high).
Based on WRIT's mineral characterization of these samples, all were found to

be essentially quartz, with secondary minor inclusions. Therefore, to provide
a representative, conservative assessment, Kd values on quartz in brine and
bicarbonate waters were selected from the WRIT generic data bank for use in
this analysis. As such, the Kd values used may differ significantly from the
values for actual geomedia. If this were an actual site amalysis accompanying
a site license application, Kd values would have been measured on actual uncon-
taminated core samples from the various formations involved. Thus, the results
from the geotransport part of this reference site analysis may not be represen-
tative of actual geotransport; however, these geotransport analyses do demon-
strate the types of analyses that would be performed by WRIT and AEGIS.

CONSEQUENCE ANALYSES

Using these scenarios and data, the consequence analyses were performed
by AEGIS, including the operational phase of the solution mining scenario and
the geotransport phase subsequent to the breach of the salt dome. Because of
the inherent limitations of dose calculations (related to the time scale of
demographic and societal changes that affect dose values), AEGIS initially
limited dose-to-human calculations to the time period then specified in the
EPA draft standards for health effects, 1000 years. (It should be noted that
more recent EPA draft standards do not have this 1000-year criterion.) Thus,
dose calculations were initially presented for the operational phase of the
solution mining at times 100 and 1000 years after closure. In this revised
report, doses are calculated for solution mining over the very long term. No
dose calculations were performed for radioisotopes entering the biosphere
after geotransport, because such transport took, at a minimum, about
15,000 years after the breach occurs.

For this analysis, the calculated doses are summarized in Tables 1.1
through 1.5. For the geotransport analyses, simulations were run for a base
case and several variations. Output was obtained for each radionuclide for
each scenario variation and is presented in Appendices G and H. A summary of
the quantity released via geotransport to the surface is listed in Table 1.6.
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TABLE 1.1. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, 50-year Ingestion-~Base Case)

-A. 70-Year Population Dose,* man-rem

Oragan of Reference
Decay Time Jotal Body Bone Lung Thyroid

100 Years 1.6 x 1011 6.5 x 2011 2,8 x 109 4.7 x 106
1000 Years ~ 1.3 x 109 3.0 x 1010 = 3.7 x 104 4.7 x 106

B. 70-Year Individua1 Dose Commitments, rem
100 Years 1.1 x 104 4.4 x 104 1.8 x 102 3.2 x 10-1
1000 Years 8.4 x 101 2.0x 103 2.5 x10-3 3.1 x 10-1

* Based on affected population of 15 million.

TABLE 1.2. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, l-year Ingestion)

A. 70-Year Population Dose, man-rem

Organ of Reference
Decay Time  Total Body Bone Lung Thyroid

100 Years 3.3 x 109 1.4 x 1010 5.5 x 107 9.5 x 104
1000 Years 3.5 x 107 8.6 x 108 7.5 x 102 9.4 x 10%

B. 70-Year Indjvidual Dose, rem
100 Years  2.2.x 102 9.6 x 102 3.7 6.3 x 10-3
1000 Years 2.3 5.7 x 101 5.0 x 10-5 6.3 x 10-3
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TABLE 1.3. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, 10-year Ingestion)

A. 70-Year Population Dose, man-rem

Organ of Reference
Decay Time Total Body Bone Lung Thyroid

100 Years 3.3 x 1010 1.4 x 1011 5.5 x 108 9.5 x 105
1000 Years 3.3 x 108 8.2 x 109 7.5 x 103 9.4 x 105

B. 70-Year Individual Dose Commitments, rem

100 Years 2.2 x 103 9.5 x 103 3.7 x 101 6.3 x 10-2
1000 Years 2.2 x 1ol 5.5 x 102 5.0 x 1004 6.3 x 10-2

TABLE 1.4. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, 25-year Ingestion)

A. 70-Year Population Dose, man-rem

Organ of Reference
Decay Time Total Body Bone Lung Thyroid

100 Years 8.3 x 1010 3.5 x 101l 1.4 x 109 2.4 x 106
1000 Years 7.7 x 108 1.9 x 1010 1.9 x 104 2.4 x 106

B. 70-Year Individual Dose Commitments, rem

100 Years 5.5 x 103 2.3 x 104 9.2 x 10l 1.6 x 10-1
1000 Years 5.1 x 10! 1.2 x 103 1.2 x 10-3 1.6 x 10-1

For this revised report, the total-body doses have been compared to the
total-body doses received from natural background radiation. These comparisons
have been made for times of human intrusion long after closure. These results
are presented in Table 1.7.

Conclusions

A primary goal of this work, the exercising of the AEGIS methodology, was
a success both in terms of demonstrating the methodology and thereby providing
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TABLE 1.5. Ingested Curies of Isotopes Delivered to Surface, 50 Years
of Consumption of Table Salt

1.21

Isotope ~100 Vears 1000 Yearzime 10,000 Years 30,000 Years
. K3 62 0 0 0
cl14 32 29 9.8 0.9
C136 0.3 0.3 0.2 0.2
Fes5 2.1 x 10~ 0 0 0
Co60 0.3 0 0 0
Ni59 72 72 66 56
Ni63 4.9 x 10° 5.6 0 0
se79 8.9 8.5 7.7 6.2
Kr85 310 0 0 0
Srgo 1.4 x 10° 3.1 x 1070 0 0
Y90 1.4 x 10° 3.1 x 10°7° 0 0
2rg3 69 69 68 67
Nb93m 58 58 58 57
Nb94 22 21 16 7.8
Mo93 0.5 0.4 4.9 x 1072 4.8 x 107
Tc99 280 280 270 250
Pd107 2.4 2.4 2.4 2.4
Snl21m 2.7 1.1 x 1070 0 0
Sb125 3.4 x 107° 0 0 0
Tel25m 8.2 x 1077 0 0 0
$n126 16 16 15 13
Sb126 2.3 2.3 2.1 1.8
Sb126m 16 16 15 13
1129 0.7 0.7 0.7 0.7
Cs135 8.2 8.2 8.2 8.1
Cs137 2.2 x 10° 2.2 x 107 0 0
Bal37 2.1 x 10° 2.1 x 1074 0 0
Pm147 9.7 x 1076 0 0 0
Sm1s1 3.8 x 10° 4.6 0 0
Eul54 68 0 0 0
Eul55 5.3 x 1072 0 0 0
Subtotal 7.2 x 10° 6.0 x 10° 5.4 x 102 .8 x 10°



TABLE 1.5. (contd)
Time
Isotope 100 Years 1000 Years 10,000 Years 30,000 Years
Pb210 3.0 x 107 6.1 x 1072 2.6 9.1
Pb214 5.3 x 107 6.1 x 1072 2.6 9.1
Bi210 3.0 x 1074 6.1 x 1072 2.6 9.1
Bi214 5.3 x 107 6.1 x 1072 2.6 9.1
P0210 3.0 x 1074 6.1 x 1072 2.6 9.1
Po214 5.3 x 107% 6.1 x 1072 2.6 9.1
P0218 5.3 x 107 6.1 x 1072 2.6 9.1
Rn222 5.3 x 1074 6.1 x 1072 2.6 9.1
Ra226 5.3 x 107 6.1 x 1072 2.6 9.1
Th230 2.6 x 1072 0.3 3.3 9.0
Th234 7.1 7.1 7.1 7.1
Pa233 8.7 21 25 25
Pa234m 7.1 7.1 7.1 7.1
U234 3 a1 40 38
U236 5.3 5.6 7.3 8.3
U238 7.1 7.1 7.1 7.1
Np237 8.7 21 25 25
Np239 330 310 140 22
Pu238 2.2 x 10° 1.0 x 10 4.0 x 10° 510
Pu239 6.8 x 10° 6.6 x 10° 5.2 x 10° 3.0 x 10°
Pu240 1.1 x 104 1.0 x 10% 2.0 x 10° 510
Pu241 2.3 x 10 0.4 0.2 3.5 x 1072
Pu242 48 38 37 36
Am241 8.1 x 10° 1.9 x 10% 0.2 9.5 x 1073
Am243 330 310 140 22
Cm242 51 0.8 0 0
Cm244 660 0 0 0
Subtotal 1.5 x 105 3.6 x 10° 9.7 x 10° 3.8 x 10°
TOTAL OF
ALL ISOTOPES
CONSUMED 8.7 x 105 3.7 x 104 1.0 x 104 4.3 x 103
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TABLE 1.6. Cumulative Radiocontaminant Discharge after Geotransport

Curies for the Four Release Scenarios

Cumulative Discharge (curies)

' Simulation Number
Nuclide (1) (23) (2b) {3) {4)

Y¥c  5.21E3% 8.90F1  1.52E2  2.50E4  8.88E1
% ¢ 0 0 0 0

99vc¢  5.43E5  2.46E5  3.88E5  4.32E5  2.46E5
129 5 28¢3  1.14E3  1.14E3  2.28E3  1.10E3
135cs  2.49E4  7.74E3  7.71E3  1.66E4  7.68E3

280py 0 0 0 0o
236y 2.00E4  1.44E4  1.44E4  2.91E4  1.44E4
232Th  1.13E-1 4.73E-2 - 4.B4E-2 "4.BAE-2  3.87E-1

Al 0 0 0 1.0766 0
237y g.05e4  3.53E4  3.50E4  B.67E4  4.OE4
233y 7,314 4.90E4  5.1264 1.52E4  2.B4E4
2297y 4,473 2.08E3  1.95E3  7.49E2 - 1.17E3

282p, 0 0 0 0

238y p.45E4  1.22E4  1.22B4 2.45E4  1.22E4
2%y g 644  2.83E4  3.064 1.31E5  3.39E4
230r,  4.33E3  1.2463  1.37E3  3.59E3  1.07E3
226Ra  9.48E3  2.55E3  3.19E3  8.30E3  1.73E3

283pm  8.75E4  3.08E3  4.55E3  3.29E5  3.08E3

+ 8%, 2262 836 6.8  3.80E2 9.2
235, g.16E2. 4.12E2° 6.00E5  7.82E2  5.50E5

231p,  2.7561 ©7.48 1.26E1  2.96E1  5.93

(1) Base Case. East Texas ofl field discharge.

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

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

23; Base Case. Well pumping case.
4) Base Case. Sabine River discharge. Lower bound Kd.
* Represents half of released 1nv§ntony.
** Computer notation for 5.21 x 109,
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TABLE 1.7. Relative Total Body Dose Burdens Compared to Natural
Radiation Background

Multipliers Above Background*

Time of Intrusion (50 yr ingestion)
(yr after closure) (individual doses)
100 1,571.4
1,000 12.0
10,000 6.7
50,000 27.1
100,000 41.4
500, 000 37.1
1,000,000 20.0

* Background here is taken to be 100 mrem/yr, or
approximately 7 rem/70 yr lifetime. Actual
background varies from this depending on the
location of the individual.

a basis for substantive peer review and in terms of further developing the
capability for site assessment. In the process of performing this, the evalua-
tions led to some preliminary conclusions concerning the salt dome reference

site
used:

repository. These conclusions are subject to the limitatiaons of the data

Human intrusion, involving solution mining and a subsequent breach,
potentially could deliver a substantial quantity of the nuclear
waste inventory to the accessible environment, based on plausible
scenarios.

Engineered barriers that are totally effective in providing con-
tainment could alleviate the operational-phase consequences of a
solution mining intrusion, if the intrusion occurred during the life
of the barrier. For example, if the intrusion occurred at 100 yr
after closure and if all barriers lasted more than 150 yr no radio-
isotopes would be delivered to the surface during the mining opera-
tions. Geotransport of the radioisotopes, however, could still

occur after the engineered barriers were no longer effective, because
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a pathway to the accessible environment might exist. It is outside
the scope of this work to determine if engineered barriers could be
developed that would be totally effective throughout the physically

-disruptive breach scenario.

Engineered barriers that are totally effective for 1000 yr would
have very 1ittle impact on the consequences of geotransport of the
radionuclides to the surface, compared with thing no barriers at
all. (This is based on geotransport simulations initiated at 100 yr
and 1000 yr after closure, the latter being analogous to an earlier
intrusion which had no release until 1000 yr because of the engi-
neered'barrier.) This lack of effect results from the long geo-
transport time to the surface (about 15,000 yr) for this reference

- site, and thus, this conclusion may not be true for other salt dome

sites. It is outside the scope of AEGIS to determine if engineered
barriers could be designed to be totally effective for 1000 yr.

The insensitivity of the geotransport consequences to initiation at
100 yr versus 1000 yr after closure indicates that geotransport to
the surface is not strongly sensitive to the timing of the loss of
institutional contro1; for this salt dome site.

Calculations based on the limitations imposed by the ground-water

system for this reference site indicate that solubility limits are
the determinants of the source term, where spent fuel is the waste
form. If those solubility 1imits did not app1y, the consequences

from solution mining could be more severe.

Because of this solubility-limited situation, the dose calculations
are remarkably insensitive to maﬁy‘of the quantifying parameters
that would have been expected to be critical. For instance, the
size of the solution mined cavity that intercepts the nuclear waste
repository could be reduced by a factor of 50 without reducing the
individual or population doses. The size of the solution mining
operation itself (in terms of brine production) could be reduced by
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a factor of 50 without reducing the doses to individuals. Impor-
tantly, the size of the solution mining operation could be reduced
by a factor of 30, while increasing the fraction of brine going to
culinary salt to the more realistic factor of 90%, without changing
the doses to individuals or to the general population.

e The calculated occupational doses to operators of a solution mining
operation are not sufficiently acute to cause termination of the
solution mining operations. Thus, solution mining provides a remote-
controlled means of delivering radionuclides to contact with the
accessible environment. This contrasts with in-situ conventional
mining (room and pillar), where the deleterious thermal and radia-
tion effects would force the termination of mining activities in the
repository.

e The long-term dose calculations indicate that the potential for
adverse consequences from a human intrusion event involving solution
mining exists beyond the one million year time frame. This conclu-
sion is contrary to the view that the hazards of a nuclear waste
repository are no greater than the hazards of a comparable natural
ore body after 10,000 yr. The difference is that the latter may be
true for geotransport consequences, but not for the direct conse-
quences of human intrusion into an edible host medium.

e The geology of the sait dome provides no barrier to the human intru-
sion scenario; indeed, salt domes are very localized, attractive
resources, enhancing the likelihood of eventual human intrusion.
The sole barriers then would have to be effective intergenerational
transfer of information and/or almost totally effective engineered
barriers that provided a substantial reduction in the source term
for an exceedingly long period of time.

Again it should be emphasized that the AEGIS efforts for this reference
site analysis were an exercise of the AEGIS methodology. The intent was not
to conduct an actual site evaluation to the depth that would be appropriate
for a site qualification or licensing. Rather, what is presented here is an

1.26




-

example of the utilization of AEGIS methodology for site evaluations, based on
a hypothetical repository located in a reference salt dome. It is expected
that the methodology will have progressed and the data will be adequate by the
time of an actual site selection and licensing to reduce the uncertainties and
to provide a sound assessment of the long-term post-closure safety of nuclear
waste repositories. Nevertheless, these reference site analyses do provide a
strong indication of the generic potential for human intrusion into a nuclear
waste repository located in a salt dome.,
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CHAPTER 2

OVERVIEW OF THE AEGIS AND WRIT PROGRAMS

Associated with commercial nuclear power production in the United States
is the generation of hazardous radioactive wastes. The Department of Energy
(DOE), through the National Waste Terminal Storage (NWTS) Program, is seeking
to develop nuclear waste isolation systems in geologic formations with the
objective of precluding contact of waste radionuclides with the biosphere in
concentrations that are sufficient to cause deleterious impact on humans or
their environments. Comprehensive analyses of specific isolation>systems are
needed to assess the expectations of meeting that objective. The Waste Iso-
lation Safety Assessment Program (WISAP) was established at the Pacific North-
west Laboratory (PNL), operated by Battelle Memorial Institute, for developing
the capability of making those post-closure analyses. In FY-80, WISAP was
divided into the AEGIS and WRIT programs. |

Among the analyses required for isolation system evaluation is the
detailed assessment of the post-closure performance of nuclear waste reposi-
tories in geologic formations. This post-closure assessment is essential
because it is concerned with aspects of the nuclear power program which pre-
viously have not been addressed and that have potential long-term consequences.
Specifically, the nature of the isolation systems and the time-scales necessary
for isolation dictate the development, demonstration, and application of novel
assessment capabilities. The assessment methodology needs to be thorough,
flexible, objective, and scientifically defensible. Further, the data used
must be accurate, documented, reproducjble, and based on sound scientific
principles. ' A

The objectives of AEGIS'and WRIT are to: 1) develop the capabilities
needed to assess the post-closure safety of geologic repositories, 2) obtain
scientifically defensible generic and site-specific data necessary for safety
assessments, 3) provide, as needed, studies to further support these data and
analyses, 4) demonstrate the assessment capabilities by performing analyses of
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reference sites, 5) apply the assessment methodology to assist the National
Waste Terminal Storage Program in site selection, and 6) perform repasitory
site analyses responsive to the time schedule and to the level of sophistica-
tion required to meet the licensing needs of the National Waste Terminal Stor-
age Program.

Post-closure safety assessments will be required with differing levels of
detail as the repository site selection, qualification, and licensing processes
develop. Thus, the safety assessment program will continue to evolve to match
the requirements for technical detail and sophistication of the assessment
input for the various site qualification and licensing stages. A post-closure
safety assessment program must advance the state of the art for generic assess-
ment capabilities while providing the credible assessments required to evaluate
specific gealogic isolation systems.

There are two basic comppnents of repository post-closure safety
assessments:

e identification and analyses of breach scenarios and the pattern of
events and processes causing each breach

e identification and analyses of the environmental consequences of
radionuclide transport and interactions subsequent to a repository
breach.

The scope of AEGIS at the time of this analysis was limited to long-term,
post-closure analyses. It excluded the consideration of waste-induced and
repository-induced processes that may affect the repository integrity, and it
excluded the consideration of nuclear waste isolation alternatives other than
geologic isolation repositories. The near-field/near-term aspects of geologic
repositories are being considered by the Office of Nuclear Waste Isolation
(ONWI)/DOE under separate programs. They are being integrated with the AEGIS
methodology for the actual site-specific repository safety analyses.

The Waste Isolation Safety Assessment Program was divided into a manage-
ment task and four technical tasks (Figure 1.1). These tasks were designed to
be integrated to produce the needed assessment methodology and site analyses,
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as described below. The current AEGIS program involves the left half of this
diagram, and the current WRIT program involves the right half.

RELEASE_SCENARIO ANALYSIS (AEGIS)

AEGIS Release Scenario Analysis uses geoscientist teams and mathematical
models to identify and provide bounds to the events and processes that could
potentially affect the repository integrity. This includes the analysis of
the interactions and consequences of phenomena that could result in a loss of
containment by the repository. Based on the particular nature of a release
sequence of phenomena, the condition of the geology surrounding the repository
at the time of the breach will be determined as initial conditions for the
consequence analysis.

The purpose of the determination of nuclear waste repository release
scenarios is to evaluate geologic events and processes, human-induced events
and processes, and the impact of these 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 in concert, significantly
alter the geology surrounding the repository and lead to a loss of repository
integrity. The output from scenario analyses will establish the conditions of
the geology and hydrology surrounding the repository at the time of an identi-
fied breach, providing the major geologic boundary conditions for input into
the consequence analysis models.

Development of the release scenario analytical capability is performed in
a two-stage approach. An ad hoc team of geoscientists is generating release
scenarios for reference sites as inputs to reference site analysis.. Concur-
rently, release scenario models are being developed so that in subsequent years
the models can be used to assist the scenario team in the generation of release
scenarios. These two approaches are intimately interrelated so that the infor-
mation and data developed from the effort of the geoscientists are being used '
to aid in the conteptua]izétion of the differing geologic parameters incorpo-
rated in the developing models. Conversely, the expert team efforts are using
the intermediate stages of the models being developed to aid in focusing the
scenario generation.
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The generic phase of scenario methadology development has provided the
baseline from which actual release scenarios for reference site initial analy-
ses are being generated. The development and testing of the generic computer
program during the initial phase of scenario analysis formed the basis for
the development of geology-specific, second generation models. Thus, while
sophisticated scenario models are not currently available for site applica-
tions, prerequisite steps have been completed that will simultaneously allow
2ad hoc team use of AEGIS technology for site scenario analyses and continuation
of release scenario model development. '

RELEASE CONSEQUENCE ANALYSIS (AEGIS)

AEGIS Release Consequence Analysis is using ground-water and radionuclide
migration models to simulate the pathways and transit times of each radio-
nuclide to the accessible environment. For radionuclides reaching the acces-
sible environment, radiological dose models are used to compute exposures to
humans and their environment. The release consequence analyses include:

e simulations of water movement through the geosphere from the areas
near the repository

e simulations of the transport of radionuclides through the geosphere,
driven by the water flow

e providing source terms for the radiological dose models

e predicting anticipated radiological dose levels for humans and their
environment based on the geosphere simulations.

It is assumed that the movement of radionuclides through the geosphere
would be primarily by water transport. Thus, the geosphere transport aspect
of this task has two components: 1) the identification, through simulation,
of the potential ground-water pathways and transit times, and 2) the juxta-
position of the actual radionuclide movement onto this hydrologic regime,
taking into consideration factors affecting chain decay and transport. Added
onto the output of these geosphere models are radiological dose models, so
that three model sets are involved in this task. Figure 2.1 is a schematic
flow diagram for the release consequence analysis. Additionally, within each
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model grouping are models of differing levels of complexity, so that the degree
of model sophistication can be attuned to the adequacy of the data base for
each particular analysis and to the purpose of the analysis (e.g., preliminary
planning, site selection, licensing of specific site). Thus, AEGIS currently
provides a flexible capability for consequence analysis.

A major objective of this task is to use these existing models to perform
reference site initial analyses to enhance the model development effort. The
objectives are to increase the efficiency, defensibility, and credibility of
the models so that later, more complete site-specific analyses can be performed
to the depth required for the licensing process.

AEGIS efforts have brought release consequence analysis to the point
where actual site-specific analyses can now be made. Specifically, the data
base system has been established on a flexible data retrieval system. Generic
data have been compiled for test case model runs and verification, Site-
specific data for reference sites have been added to the system. The hydro-
logic, radionuclide-transport, and dose models selected for AEGIS use have
been implemented; sensitivity analyses have been performed; and test cases
have been run for verification.

Waste Form Release Rate Analysis (WRIT)

WRIT Waste Form Release Rate Analysis staff are investigating the leaching
rates and processes of radionuclide release from nuclear waste forms, providing
essential source terms for radionuclide movement. These rates are of major
importance to breach consequences, because slower leach rates add time delays
before the hydrologic transport of the radionuclide inventory. Such delays
can be important factors in isolation, especially for radionuclides of rapid or
intermediate decay rates. Leach rates are dependent on the characteristics of
the waste forms and the extant physico-chemical conditions within the reposi-
tory at the time of breach. The functions of the leaching studies are to:

e simulate actual repository physico-chemical conditions during the
leach rate measurement

o perform leaching measurements on the anticipated waste forms, geo-
media, and ground waters of specific sites for use by consequence
analyses
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e provide actual leachate solutions for sorption measurements

e 1investigate the fundamental physico-chemical phenomena governing
waste form leaching under repository conditions for the development
of a model for prediction of long-term waste form behavior

e develop mathematical relationships of waste leaching for
incorporation into the AEGIS radionuclide transport models.

At the present fime the waste forms being investigated by WRIT include
spent fuel, high level waste (HLW) glass, and, for transuranics (TRU), con-
crete, bitumen, urea-formaldehyde, and polymers.

The activities necessary for the acquisition of data include: 1) prepar-
ation and characterization of waste form samples, 2) measurement of leach rates
of selected radionuclides using leaching solutions and physical parameters that
span the range anticipated for waste repositories, 3) development of a data
base from leach measurements, 4) mechanistic modeling studies for ultimate use
in consequence analyses, and 5) preparation of leachate from actual waste forms
for use in sorption studies.

Sorption/Desorption Analysis (WRIT)

WRIT Sorption/Desorption Analysis staff are 1nvestigat1ng radionuclide
sorption processes. If radionuclides are actually released into a transporting
ground water, they may be sorbed by the geomedia that they contact. Irrevers-
ible sorption would act to remove the radionuclide from the ground water.
Reversible sorption would act in 2 manner similar to waste form leaching, by
providing time delays to the migration of radionuclides. Geomedia of suffi-
cient sorptive capability could provide 1solation'of‘the waste from the acces-
sible environment by extending transit times to very long periods. As with |
leaching, sorption/desorption by geomedia is dependent on the specific radio-
nuclide involved and the physico-chemical characteristics of the geomedia and
transporting solutions. Sorption analysis includes:

e investigating the fundamental phenomena governing sorption/
desorption of radionuclides by geomedia
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e providing measured values of sorption distributions for specific
nuclides and media

e developing predictive equations for sorption distribution
extrapolations for non-measured situations.

INTRODUCTION TO REFERENCE SITE ANALYSIS

The Preliminary Information Report (PIR) was the initial effort by ONWI
designed to exercise the methodologies under development for performing safety
assessments for waste repository licensing. ONWI's PIR was to be in the format
of an eventual Preliminary Safety Analysis Report (PSAR), which would be one of
the documents submitted with an actual repository license application to the
Nuclear Regulatory Commission. The AEGIS reference site analysis was designed
to assess the safety of a reference repository site considered by ONWI in the
PIR as part of AEGIS's methodology exercise. The site assessed is based on the
Hainesville Salt Dome, an Interior Gulf Coast salt dome, which is not being
considered for a potential nuclear waste repository site, largely because of
past human activities on this salt dome.

During FY-1979, AEGIS performed for the PIR the first site-applied exer-
cise of the total AEGIS and WRIT methodology operative to date. The AEGIS
efforts in the exercise of its methodology were performed to provide the bases
for the post-closure safety chapter, Chapter 7 of the final PIR; however, the
preparation of the PIR is being done by other ONWI contractors.

Briefly, the procedures AEGIS followed for this exercise included the
examination of potentially disruptive geological and human-induced phenomena,
selection of plausible release scenarios, simulation of the near-dome hydro-
logic system, simulation of the regional hydrologic system, simulation of the
transport of released radioisotopes directly to the surface or to aquifer
discharge points, and calculations of doses based on portions of a release
scenario.

This report represents an exercise of AEGIS and WRIT methodology for a
hypothetical repository located in a reference salt dome, not an actual site
assessment. The data used for this exercise are not adequate for an actual
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assessment, nor have all the parametric analyses been made that would ade-
quately characterize the response of the geosystem surrounding the repository.
Additionally, because this was the first exercise of the complete AEGIS and

WRIT methodology, this report provides the initial opportunity for the AEGIS
methodology, specifically applied to a site, to be reviewed by the community
outside of AEGIS. This review to date has resulted in some changes in this
document and has probided significant guidance for future AEGIS and WRIT
activities. Further review will assist in improving the methodology. Finally,
this exercise was a substantial learning experience for the AEGIS team.

The analyses performed for this exercise are described in the sub-
sequent chapters of Volume 1. Chapter 1 provides an overview of this report.
Chapter 3 gives a thorough listing of the assumptions used in the analyses.
Chapter 4 discusses the aspects of potential disruptive phenomena that need to
be considered in developing release scenarios for the Hainesville Salt Dome
site. Chapter 5 follows with a description of the scenarios developed, empha-
sizing the scenarios analyzed as being representative of release mechanisms.
The near-dome simulations done to help quantify the scenarios are discussed in
Chapter 6, and the actual simulations of the geotransport of released radioi-
sotopes are presented in Chapters 7 (hydrology) and 8 (transport). Dose cal-
culations were performed only on the operational phase of a human intrusion
scenario; these are presented in Chapter 9. Chapters 10 and 11 discuss the
WRIT methodology and the values actually chosen for quantification of the
source term of the radioisotope leaching into the ground water and the subse-
quent retardation of those isotopes by the geological media. Chapter 12 pre-
sents a thorough set of comments received from the external review of the
working document and responses to those comment by AEGIS.

‘ ' Appendices presented in Volume 2 describe the scenario methodology under
development that would be used for an actual site assessment, summary docu-
mentations of the AEGIS hydrological, transport, and dose models used, the
input data and conceptual models used for the simulations, the graphical and
computer listing of results from the geotransport of released nuclides, the
detailed output from the dose calculations, a description of the site charac-
teristics, and detailed inventories and dose calculations for the long-term.
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CHAPTER 3

" ASSUMPTIONS IN AEGIS SALT DOME REFERENCE SITE ANALYSIS

‘Included in this chapter is a list of the assumptions involved in the
post-closure safety analyses of this report. These assumptions are grouped
into categories and have been annotated to indicate whether they are considered
by the AEGIS staff to be conservative, nonconservative, or reasonable. Con-
servative is here defined as an assumption that would increase the severity of
consequences. In general, the approach taken was to select the bounding type
of scenario for analysis. Specifically, the class of scenarios involving human
intrusion into a salt dome repository via solution mining for the purpose of
producing culinary salt was selected to be the conservative bound to the larger
range of possible human intrusion scenarios. Within that class of scenarios
the scenario analyzed was not the most conservative bounding one possible, as
it involved both conservative and nonconversative assumptions. The reasonable
values and assumptions used that were not conservative were used whenever the
data or sound logic indicated they were appropriate. - Thus, in our judgement,
the scenario analyzed represents a ;onservatively realistic example of the
conservatively bounding class of scenarios resulting in releases to the
accessiblie environment. ‘

Upon review of these assumptions, it was concluded by the AEGIS staff that
the geotransport aspects of the consequence analyses are site-specific, involve
some very conservative assumptions,. and represent. consequences worse than
reasonably would be expected. The potential for human intrusion via.solution
mining, on the other hand, is generic to salt domes. This form of intrusion
represents a plausible and potentially highly consequential scenario. The
specific analyses of this scenario include both conservative and nonconserva-
tive assumptions and values. Thus the operational phase consequences of this
scenario do not represent the worst possible situation for solution mining.

At present, it appears to AEGIS staff that this is conservatively represen-

tative of the consequences of a human intrusion via solution mining into a
repository contained within a salt dome. Further parametric runs would be
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necessary to define better the bounds of consequences from such a mechanism of
breach. However, the scenario class is felt to be plausible and the conse-
quences to be a reasonable quantification of such an intrusion.

There are a few key assumptions from which this analysis follows. First,
AEGIS did not consider the potential containment afforded by engineered bar-
riers to provide a basis for subsequent barrier performance evaluation. The
analyses in this report should provide a basis for considering the engineering
design of a repository with respect to mitigating the consequences. Other key
assumptions relate to the plausibility and timing of loss of institutional con-
trols, the question of whether passive information transfer can be relied upon
for any or a fixed amount of time, and the question of whether active moni-
toring of radioisotopes in the salt brine or of health effects could lead
to a discovery of the source of contamination and to a cessation of mining
operations. For the purposes of this report, AEGIS relied upon drafts of the
proposed EPA standards, which were interpreted to mean that no reliance on
institutional control can be placed beyond 100 years post-closure, that passive
information transfer is required but is only a supplementary protection (not
the single line of defense), and that if no reliance can be placed on institu-
tional controls beyond 100 years, none should be placed on specific technical
knowledge that could lead to active monitoring.

Such limitations on the reliance on human activities are properly the
responsibility of the appropriate regulatory agencies and must involve socie-
tal decisions. AEGIS neither endorses nor rejects the tenets of the EPA draft
standards; we do recognize the qualitative difference between reliance on human
versus geologic characteristics.
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ASSUMPTIONS IN AEGIS ANALYSES

12) Raw spent fuel

. Key
Assumption Class Comments Assumption
General
1) Natural phenomena Conservative Not important since no *
considered for 106 natural breach in 105 years
years
2} Katural phenomena Reasonable
consistent with past
few 100 year record
3) Natural dissolution Conservative After that long, results not
scengrio at time sensitive to time; bounded by
= 10° years solution mining scenario
4) Waste~induced effects Nonconservative Not strictly trhe. since had *
not addressed to consider some near-field
aspects. Could significantly
affect natural dissolutioning
5) Insufficient data to May be conservative
characterize or nonconservative
geohydrology
6) Disregard complexity May be conservative Could significantly affect *
of near-dome hydrology or nonconservative natural scenarios
7) lgnore human effects on Nonconservative Bounded by human intrusion *
natural dissolutioning scenario. Could significantly
rate affect natural scenarios
8) lgnore repository- May be Bounded by human intrusion
induced effects on nonconservative scenario
geosystem {e.g.,
construction)
8) Ignore synergisms and May be Bounded by human intrusion
multiple occurrences nonconservative scenario
of natural phenomena
10) Several assumptions in Mixed Unimportant to results since
how each natural natural solution and solution
phenomenon treated mining are bounding scenarios
11} No human mitigation of Reasonable Consistent with assumptions *
geotransport conse- re human intrusion. Could
- quences subsequent to significanlty affect dose
breach results
Source Term
Conservative Not as important as apparent; *

see Note 1

Note: The key assumptions in this analysis are indicated by an asterisk in the right column
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Key

Assumption Class Comments Assumptian
13) Solubility limited Nonconservative If the system were leach *
limited, all of the repository
could be dissolved during the
operational phase of solution
mining; also, the geotransport
source term would be reduced
from 105 years to less than
104 years
14) Solubility limit of Nonconservative See Note 2. Could signifi- *
6 ppm for U cantly affect dose results
15) Congruent dissolu- Nonconservative See Note 3. Could signifi- *
tioning cantly affect dose results
16) Gaseous effluent not Nonconservative
considered
17} Particulates not Nonconservative
considered
18) Inorganic system only Nonconservative See Note 4. Could signifi-
cantly affect dose results
19) WRIT Leach data based Reasonable Best available data; see
on IAEA testing Note 5
20) WRIT Leach data using Reasonable Best available; burnup
HB Robinson II fuel 28,000 MWO/MTU; see
Note S
21) Particle size based Reasonable Best available; confirm GEIS
on WRIT sieve data data; photos show no effect from sample
preparation; see Note 5
22) Temperature effects for Nonconservative Best available data; Arrhen
leaching: 10X increase ius relationship; 125°C esti-
25°C to 125°C mate of temperature after
contact with water; see Note 5
Human Instrusion Scenario
23) Institutional control Conservative Based on draft EPA standards; *
lost at 100 years provides lower bound
24) Institutional control Nonconservative Provides upper bound *
lost at 1000 years
25) Salt domes continue to Reasonable See Note 6 *
be resource
26) Lower than present Reasonable See Note 7
technology needed for
solution mining
27) Solution mining at Conservative but See Note 8

repository level

reasonable
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Assumption

Class

Comments

Key
Assumption

28) Solution mining would

intercept the repository

29) Cavity formed for salt,

not storage

30) Preferential dissolu~-
tion of repository
volume

31) Not preferential dis-
solution of interior
of rooms

32) 410,000 ppm salt in
brine

33) Salt production
1 x 105 tons/yr
salt

34) 50-year life of
solution mining

35) 50-year consumption
of salt

36) 1200 gpm rate of
solution mining

37) 3% of mined salt to
culinary usage

38) 1800 g/yr per persen
salt consumed

39) 15 x 106 population
affected

40) Isotopes also at 3%
usage

Reasonable

Conservative - = =

May be
nonconservative

Conservative

Nonconservative

Conservative - - -

Nonconservative-
Nonconservative

Conservative
Conservative
Reasonable

Nonconservative

Nonconservative

Conservative

7”

Repository occupies 2/3 of dome
area at its depth (800-ft buf-
fer zone at edge, but minin
would try to avoid the edgeg

Eating is-most direct vector
Relates to Note 4 and
presence of organics to in-
crease source terms

See Note 9, Not critical
since solubility limited

See Note 10. Note critical
since solubility limited

Exposure rate

Relative amount of radio-
isotopes per unit weight of
table salt

GEIS: 2.4 x 106
Some current production
several times higher

Same as GEIS
See Note 11

Based on 106 tons per year
production

Recent information shows that
for a salt dome being used for
culinary salt production,

almost al) (80-90%) of the
brine would go to culinary salt.
This would linearly increase
the dose

Kew data show current U.S.
usage is 5000-6000 g/yr per
person; also, see comment for
Assumption 37

Assumes'all of salt in that
population's diet comes from
single source

Processing could eliminate
or concentrate isotopes in
table salt
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Key

Assumption Class Comments Assumption
41) Usage of 97% of con- Nonconservative Could be considered in future; *
taminated mined salt could lead to other vectors
not considered to humans; also, see comment for
Assumption 37
42) Dose limited to single Nonconservative Ignores genetic effects,
lifetime {70 yrs) potential for recycling in
ecological systems
Geotransport
43) 50-ft head maintained Very Dome collapse reduces *
for 15K years before conservative source term by factor of
collapse ten. Could significantly
affect source term for
geotransport
44) Salinity not considered Conservative
with respect to density
and viscosity
45) Inadequate data on 7? Better data not available
where surface dis-
charge point would be
46) Discharge to E. Texas Very Requires human activity;
0il1 field conservative bounded by Case 2
47) Breach dome at end of Conservative Timing not very important
50 years mining to geotransport results,
for breach delay up to
1000 years
48) 8reach downflow side Conservative
of dome
49) Near-dome model based 77 No near-dome information. *

50)

51)

52)

53)

on regional hydrologic
values

Maximum regional trans- 127
missivities used for
near-dome model

Breach opening 1000 ft2 ??

Channeling in aquifer ??
ignored

After collapse, water 27
twice height of canister
is saturated with U

Could significantly affect
source term for geotransport

No near-dome information

Sensitivity studies showed
not important variable
between 1000 and 13,000 ft2

Not homogeneous system;

rather clay with sand

lenses; could retard or

increase ground-water flow
velocities. Could significantly
affect geotransport consequences
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. Key
Assumption Class Comments Assumption

54) After collapse, above  Conservative
dome permeability

doubles

§5) Anhydrites {in salt Conservative Only few cm would cover
left behind from bottom of cavity at time
solution mining) not of total repository
affect source exposure

56) WRIT Kd values done on Conservative Available outcrop samples
quartz with artificial too weathered for reliable
ground water Kd values

57) WRIT Kd values selected Conservative No data to characterize
were lower of each pair water as. aerobic or anoxic
of anoxic/aerobic

58) Well scenario done Conservative See Note 12
at 6 km then

-nonconservative

§9) Well pump rate Conservative
400 gpm

60) No other change in Nonconservative Discharge points could have
hygro1ggic system in shorter travel paths
10°-10° year time frame

NOTES TO ASSUMPTIONS

1. There are many important aspects involved with reaching the solubility
1imit rather than having a leach limited source term. A key factor is
the surface area required to saturate the 1200 gpm of water involved in
the solution mining operational phase. This amounts to about 1.5% of the
surface area of the spent fuel in the repository. Because 1.2% of the
repository could be exposed per year, after a little more than one year
of operation an increase in the surface area exposed has no effect on the
dose values.. Thus, the conclusion that’ 62% of the repository would be
exposed during the operational phase is unimportant. Stated another way,
if only 1/50 of the effective surface area is available compared with
what we calculated could be available, exactly the same dose values would
result, Similarly, if a cladding or other barrier were assumed to be
present, and. if such a barrier reduced the effectively exposed surface
area by a factor of 50, precisely the same dose values as raw spent fuel
would result. When the dynamic nature of the solution mining scenario is
considered, fracturingvof the engineered barrier to expose effectively
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1/50 of the surface is not an unreasonable event. Such dynamics include
the potential effect of the floor being dissolved out from under the
waste in other solution mining scenarios, allowing it to fall to the
bottom of the cavity, and the effect of spalling from the top of the
cavity. Spalling is a common problem in solution mining, where sub-
stantial chunks of rock salt fall to the bottom of the cavity, often
damaging the solution mining apparatus.

The value of 6 ppm solubility 1imit for U was selected as representative
of the values in the literature (ranging from 3 to 10 ppm). In addition,
leach values were based on WRIT IAEA tests that are not static and, thus,
not solubility Timited. Actual analyses of the leachate from these IAEA
tests using spent fuel are summarized below:

Solution Range of U (ppm) pH Range
WIPP Brine 0.4 - 4 4 -7
NaCl (dilute) 0.3 - 17 4.5 - 5.0
CaC]2 0.1 - 18 4.3 - 5.7
NaHC03 0.2 - 13 8.6 - 9.7
Deionized

Water 0.3 - 27 3.9 -5

Note that these numbers do not necessarily represent the maximum U that
could go into solution; rather, they show examples actually found in non-
static tests. The value of 6 ppm is seen to be average and not a conser-
vative bound. The dose result would be essentially linear with the Timit
chosen. Thus, choosing the highest measured value would increase doses
by nearly a factor of 5.

An additional source of information is cited in Davis and DeWiest (1966),
where the concentration of U in actual ground water in the vicinity of
U-rich sandstones is 18 ppm.

Congruent dissolutioning means that the non-uranium isotopes cannot go
into solution any faster than uranium can. Because U represents the vast
majority by weight of the waste form, each of the other isotopes is
allowed to go into solution at considerably lower mass per time. This
means the other isotopes are not solubility limited. This is, for
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example, very important for highly soluble fission products such as Cs,
which provide a substantial portion of early doses. If these were
allowed to go into solution up to their own solubility 1imit, consider-
ably higher doses would result.

4. We assumed no organics were present at the source or during geotransport.
This could be nonconservative in that organics could reduce the sorption
of the radioisotopes during geotransport. More importantly, organics
could allow more radioisotopes to go into solution than the solubility
1imit of uranium would allow. Certain chelators could increase the source
term by orders of magnitude. Potential sources of organics include:
residue from repository construction phase, the oil cap around the waste,
‘the use of an 0il layer during the solution mining operation (frequently

.. done today), the presence.of organics from wastes other than spent fuel
| (e.g., Tow level, TRU), the use of the cavity for storage of organic com-
pounds, and hydrocarbon pools adjacent to the salt dome. A particular
problem with regard to low level waste would be the presence of decontam-
ination agents (e.g., EDTA).

5. The spent fuel leach data were not used in the source term because since
solubility 1imits were assumed. However, these data did provide the
basis for estimating the bounds on solubility limit. When the solubility
1imit is reached; the assumption of congruent dissolutioning; how much
water is necessary for the system not to be solubility limited. These
bounds were so broad that it is highly unlikely that variation in the
leach values would change the source term.

6. The continuing use of salt domes as resources is influenced by the multi-
plicity of uses associated with them (e.g., salt, hydrocarbon deposits,

. stable storage cavities). Sa1t'has been a culinary and preservative
resource thrroughout cultural evolution, and it has a biological basis,
including & metabolic requirement for existence. Salt domes are sources
of highly pure salt, are identifiable from the surface, and are not
.spatially homogeneous (i.e., the very nature of salt domes concentrates
the resources at very localized sources). The current utilization of
salt domes in the Gulf Coast indicates that all usable salt domes
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10.

(Griswold 1980) will be used in the next three centuries. The salt domes
under consideration for nuclear waste storage are also under consideration
for compressed air energy storage and for strategic petroleum reserves.

Solution mining is a means of remote-controlled removal of salt and has
been used for several millenia. More recently, many of the-salt domes in
the Gulf Coast Interior Basin have been solution mined. This includes
the solution mining and collapse of some domes in the early years of this
century before general knowledge of nuclear phenomena. Thus, the histor-
ical record substantiates the fact that a technology level capable of
dealing with nuclear waste is not a concomitant development with solution
mining technologies.

‘The‘depth of placement of a cavity in a salt dome, whether for a nuclear

waste repository or for other usages, is limited by the physical nature
of the salt dome. It is necessary to maintain a sufficient overburden of
the dome above a cavity to help preclude salt dome collapse; thus, a
cavity optimally will not be .at a depth much less than for the repository.
Additionally, a cavity cannot as easily be maintained at greater depths,
because the increased pressures result in faster creep rates; thus, a
cavity will not optimally be at a much greater depth than for the reposi-
tory. Many current solution mining operations occur at depths comparable
to the repository.

The cavity formation was assumed to occur within the volume of

1370 acres x 20 feet, representing the height of the room times the
spatial extent. This assumption seems reasonable in that the repository
is to be backfilled to 80% with crushed salt. .The creep may not make
that volume homogeneous and more soluble than the intact host rock salt
by the time (100 and 1000 years) of the intrusion. As discussed in

Note 1, were this assumption relaxed so that 1.5% rather than 62% of

the waste was exposed, the source term and results would not change.

Preferential dissolutioning of the backfilled material would dissolve the
interior of the rooms, not the volume of intact host rock between rooms.

3.10



11.

12.

Thus, the entire 1370 acres need not be dissolved to dissolve all the
previously open repository. This is inconsistent with Assumption 30,
done deliberately to provide offsetting effects.

Implicit in this assumption is that the population does not become aware
of contamination of salt by radioisotopes. As in Note 7, the society
could do this mining without being cognizant of nuclear phenomena. Even
if it knows about nuclear phenomena, the society may not monitor its salt
for radiation. Currently, virtually no salt productions monitor their
brine for radiation. To bound the question of length of salt consump-
tion, doses were calculated for 1, 10, and 25 years of consumption. A-
possibility existed that the operational doses are high enough to pro-
vide short term health effects on the mine operators, thereby leading to -
termination of salt production. Such dose calculations have been made
for this revised report. They show the occupational doses are not high
enough to result in termination of the solution mine operations.

The saline plume during the first 15,000 years would not be potable, all

the way to the discharge point. However, after the salt dome dissolves,

the water may be potable even immediately above the waste. Recent draft

regulations, however, would include even the nonpotable salt plume in the
accessible environment and, thus, subject to numerical limits.
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CHAPTER 4

COMPONENTS OF RELEASE SCENARIO ANALYSIS

The development of potential release scenarios is an integral component
of any repository safety analysis. A release scenario describes in detail how
a variety of natural geologic, human-induced, and waste-induced phenomena could
alone or in concert cause a loss of isolation within the repository boundaries
and host medium. A release scenario describes the state of the geologic and
hydrologic system at the time of a breach. This information is used as input
into the geohydrologic transport models, which simulate the movement of the
radionuclides through the géohydro]ogic system to the accessible environment.

The scenarios developed for the salt dome reference site analysis assume
both a multiple barrier system and no long-term human mitigation of the dis-
ruptive phenomena. The analysis also addresses the various disruptive phe-
nomena over a one-million-year time frame and assumes a loss of institutional
control after 100 yr (based on the EPA draft standards avajlable at the time
of scenario development and subsequently repeated in later EPA drafts). The
near-field or waste-induced phenomena are outside the scope and are not system-
atically addressed within this analysis. However, to define the state of the
geosystem at the time of a breach for the geohydrologic transport runs, several
near-field considerations had to be addressed. The near-field assumptions are
detailed in the release scenario descriptions in Chapter 5.

The multiple barrier concept is i1llustrated in Figure 4.1 .and camprises
several components. The waste form represents the spent fuel assemblies from
Pressure Water Reactors (PWR) and from Boiling Water Reactors (BWR). The
engineered barriers, for purposes of this discussion, represent the canisters
surrounding the waste form;-along with any overpack or engineered backfill
placed around the canisters. The host repository medium is the Hainesville
Salt Dome located in the East Texas Salt Dome Basin. Surrounding the reposi-
tory and its host salt dome is the geosphere, which consists of the geological
and hydrological systefis of the following units: Queen City, Recklaw, Carrizo,
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WASTE FORM

ENGINEERED BARRIER

REPOSITORY MEDIA

HYDROLOGIC/GEOLOGIC SYSTEM

BIOSPHERE

FIGURE 4.1. Schematic Representation of the Multiple Barrier System

Wilcox, and Midway Formations. For the purposes of this analysis, the bio-
sphere is defined as that portion of the system starting at the earth's surface
including surface hydrologic systems (i.e., rivers and streams). The accessi-
ble environment includes all parts of the biosphere plus those parts of the
hydrogeologic system that are potential underground sources of drinking water.

There are three system states described in this safety assessment report:
perturbation, breach, and failure. A perturbation is any change in the state
of the geosystem as a result of some dynamic phenomenon, either natural or
human-induced, acting upon the system. A perturbation of the system does not
mean that there has been any loss of repository integrity. On the contrary,
perturbations of the geosystem are assumed and expected to occur because of
the dynamic nature of the geosystem.

A single perturbation or series of perturbations severe enough to cause a
loss of containment within the confines of the repository boundaries consti-
tutes a breach of the repository. A breach consists of a pathway for the
movement of radionuclides and a transport medium (i.e., ground water) with
sufficient potential to move them along the pathway. It is the description of
the state of the geosystem at the time of the breach that is needed as input
into the geohydrologic transport models for the'consequence analysis.

4.2



These consequence analysis models simulate the movement of the radionu-
clides within the geohydrologic system until they ultimately leave the geo-
sphere, enter the accessible environment, and potentially come in contact with
human populations. This situation is considered to be a failure of the
repository. '

In short, a perturbation is any change in the geosystem; it may not alter
the containment provided by the repository and host media. A breach is a
single perturbation or combination of perturbations of sufficient severity to
cause a loss of containment of the repository from the host medium; however,
the gedsphere may still isolate the waste from the accessible environment. An
isolation failure is manifested when the radionuclides ultimately travel to
reach the accessible environment.

- When characterizing a breach of a repository‘and creating a release sce-
nario, the pathway, transport media, time of occurrence and overall state of
the geosystem at the time of the breach must be identified.

~ This analysis did not address the possible perturbation to the system
induced by the original mining of the repository for the placement of the
waste. Nor were the various waste-induced phenomena that could perturb the
near-field environment of the repository considered. Inclusion of waste- or
repository-induced effects could significantly alter the conclusions “in this
chapter concerning the incidence of natural breach scenarios. Further, the
far-field analysis presented within this report assumed no engineered barriers,
canisters, or waste forms other than the raw spent fuel assemblies.

TheAapproach used to develop the release scenarios for use in this analy-
sis was a modified Delphi/expert opinion.approach. Currently under development
by AEGIS is a more thorough and auditable scenario development methodology,
which is scheduled to be ready for use in the actual repository licensing phase.
Details on the release scenario methodology being developed are discussed in:
Appendix A. ' ' =

The expert opinfon approach for developing the release scenarios for this
reference site ana]ysis‘used the basic philosophy and methodology that are
currently being developed by AEGIS. Because of the timing of developing the
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scenarios for this analysis, the full computer-assisted approach described in
Appendix A was not sufficiently developed. However, several components of this
AEGIS system were used in both qualitative and quantitative assessments of
various phenomena. For example, parts of the climate and sea level submodels
of the developing computerized methodology were used to describe the future
states of these parameters.

In general, the scenarios were developed by the AEGIS staff and a team of
consultants. The scenarios were then reviewed and revised by several organiza-
tions working on the overall PIR for ONWI and a consensus was achieved on a |
set of final scenarios. This process is described in detail in Chapter 5,
Release Scenarios.

Because this was only a reference site analysis, no detailed site inves-
tigations were conducted. Rather, summary investigations were conducted by Law
Engineering and Testing Company to gather available literature on the Haines-
ville Salt Dome. Additionally, information for other salt domes in the Gulf
Coast of a similar nature were extrapolated to fit the Hainesville Salt Dome.
A brief discription of the Hainesville Salt Dome and its surrounding geologic
system is presented in the following section. A more detailed discussion is
available in Appendix K. The scenarios developed for this analysis were based
on Timited geological site information and data and should not be construed
to be totally complete and final. The scenarios and the approach should be
considered as a representative case of a developing methodology.

When describing potential release scenarios it is important to focus
on the mechanisms of the release. For this analysis the primary mechanisms
addressed are: direct surface release of the radionuclides and long-term geo-
hydrologic transport via communication between either the upper Queen City and
the Tower Wilcox aquifer, or direct communication through the salt dome between
different portions of the Wilcox aquifer. While analyzing the potentially
disruptive phenomena described in the following section, those credible phe-
nomena that would influence and ultimately bound these release mechanisms were
identified.
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The scenarios for this analysis were developed using the following steps:

identification of potentially disruptive phenomena
description of phenomena interactions

characterization of perturbations of the repository system
characterization of potential breaches. :

The remainder of this chapter deals with the first three scenario develop-
ment steps listed above. Before formulating and postulating the scenarios for
use in this safety assessment, a wide range of geologic and human-induced
phenomena were identified and investigated in the context of perturbing the
Hainesville Salt Dome. Most of the phenomena described were dismissed as
either not having the potential to breach the repository or not being credible
within the time frame considered and within the realm of the regional and local
geologic setting. Some, however, did have the potential for disrupting a salt
domerrepository and were expanded, as described in Chapter 5, into release
scenarios for input into the geotransport models for consequence analysis.

REFERENCE GEOLOGIC bESCRIPTION

- This section contains a summary of the important geological and hydrolog-
ical characteristics of the Hainesville Salt Dome and the surrounding region.
The following discussion summarizes the local and regional geological informa-
tion that is necessary for evaluating the suitability of siting an underground
nuclear waste repository within a Gulf Coast salt dome. A more detailed pres-
entation of this information fs available in Appendix K. Because this is only
2 reference site analysis no actual field investigations were conducted at the
site. This information was gathered.from available literature, previous geo-
logic investigations at the site, and information extrapolated from other
similar salt dome locations. Unless otherwise noted, the geologic description
of the Hainesville Salt Dome and its geologic environment is taken from a
report prepared by the Law Engineering and Testing Company (1979b).

This reference site assessment is based on the Hainesville Salt Dome.
This salt dome is located in the central part of Wood County in Northeast Texas
(Figure 1.2), with the regional surface sloping generally from northwest to
southeast. The Hainesville Salt Dome is one of 26 salt domes in the East Texas
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Salt Dome basin. Within 200 miles of Hainesville are four cities with a popu-
lation of over 100,000: Dallas, Fort Worth, Shreveport, and %aco.

Regional Geology

The East Texas Salt Dome Basin is part of the Gulf Coast geosyncline.
This geosyncline was initiated in Late Triassic by a combination of block
faulting and rifting in the continental crust. Subsequent sedimentation into
the geosyncline resulted in the formation of what is now the Gulf Coastal
Plain, an area of low relief that borders the Gulf of Mexico.

Depositional patterns in the northern Gulf Coastal Plain consist of
periods of inundation, characterized mainly by deposition of ]imeStone, alter-
nating with periods of delta progradation and deposition of clastics. Strato-
graphic units for this area have been correlated and are listed in Table 4.1.

Post-salt inundations began with the Smackover carbonates in the Jurassic
and continued into the Cretaceous. A subsequent period of deltaic deposition
culminated in the deposition of the Wilcox Group in Early Tertiary. Succeeding
deposits were alternatively marine and non-marine. Late Cenozoic deposition
consisted of terrace and valley-filling alluvial deposits in the interior sailt
basins. These deposits grade into marginal shoreline deposits and ultimately
into marine sediments offshore. The sediments generally have a regional dip
of about one degree to the south; however, posiments and negaments interrupt
this pattern and form the predominant structural elements in the Gulf Coast
basin.

During the Mesozoic, subsidence initiated the development of a boundary
fault system above pre-existing basement faults. Subsidence on a geosynclinal
scale began in the Lower Gulf Coast Basin during the Cenozoic. This period of
subsidence initiated several new fault zones in the Gulf Coast Basin.

The development of salt domes has caused localized structural features.
Movement of salt (to form salt ridges) within the Louann Formation began during
the later part of the Jurassic Smackover deposition, and continued as addi-
tional sedimentation occurred. Diapirism was initiated in places where the
salt was sufficiently thick. In the interior salt basin, diapirism climaxed
during the Mesozoic, but diapirism in the coastal salt basin did not climax
until the Late Tertiary.
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RECENT

QUATER-
NARY

PLEISTOCENE

CENOZOIC ERA

Stratigraphic Column East Texas Basin

MESOZOIC ERA

TABLE 4.1.

Law Engiﬁeering Testing Company 1979,

Source
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Geology of the East Texas Salt Dome Basin

The East Texas Salt Dome Basin occupies the central portion of the East
Texas embayment. The embayment is a coastal depression that occupies about
44,000 square miles of northeastern Texas. Embayment boundaries are defined
by the Sabine uplift on the east and the Angelina-Caldwell flexure on the
south. Sediments contained in the embayment range from Jurrasic to Mid-
Tertiary and Quaternary in age. The East Texas embayment is thought to be
controlled by negative down-faulted blocks on the southeast margin of the
Ouachita foldbelt.

The limits of the East Texas Salt Dome Basin are rather arbitrarily
defined, but the basin occupies about 10% of the East Texas embayment. Eleva-
tions within the salt dome basin range from 200 ft above sea level in the south
to between 400 to 500 ft toward the Sabine uplift in the east and the Mexia-
Talco fault zone in the west.

The basin is characterized by a marked thickening of Mesozoic and Cenozoic
strata toward its center. The strata generally dip toward the Gulf at angles
slightly steeper than the regional slope of the land surface. Tertiary strata
form concentric outcrop patterns in the basin, being younger in the center and
progressively older toward the borders.

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

Geology of the Hainesville Salt Dome

The Hainesville Salt Dome is the northernmost shallow piercement salt dome
in the basin. Its site area consists of approximately 542 square miles of
rolling hill topography. Within this area the data used to characterize the
salt dome include 11 wells penetrating the salt, one seismic reflection line,

a basin gravity survey, and a number of wells in the vicinity of the salt dome.
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The salt dome pierces 16,000 ft of strata, ranging from Late Jurassic to
Early Tertiary in age. Caprock is believed to cover the top of the salt dome,
with thickness ranging from 50 ft to more than 250 ft. This caprock is com-
posed of a top zone of disseminated pyrite in carbonate, a middle zone of gray
shaley limestone, and a lower zone of clear, very dense anhydriate. The salt
dome itself is made of halite, with some evidence of shale inclusions on the
periphery of the salt dome.' At the repository depth, the salt dome is assumed
to be approximately 2100 acres in cross section. Of this area, the repository
would occupy about 1370 acres surrounded by an 800-ft buffer zone. An overhang
exists from -10,000 ft MSL to near the salt dome top, with the largest diameter
of the overhang occurring between -3000 ft to -5000 ft MSL. Below -10,000 ft
MSL the salt dome develops a broad shoulder-like base down to -17,000 ft MSL,
where the salt dome stock connects with the top of the Louann salt.

- Subsurface mapping indicates a rim syncline ‘adjacent to the saIt dome.
Some peripheral faulting at the boundaries of the site area is indicative of
rim synclines in Late Lower Cretaceous to Early Upper Creataceous rocks.
Subsurface mapping of the Woodbine and Austin Group indicates two peripheral,
normal faults, which are related to rim syncline devélopment during Lower
Woodbine deposition. These faults have a displacement of 100-200 ft and are
confined primarily to Upper Cretaceous rocks. Well data and pub]ished reports
also show a fault offsetting Early Tertiary strata. This may be related to
deeper Middle Cretaceous faulting (Dillard 1963). No central graben or radial
faults have been mapped; however, they are assumed to be present under the
recent sediments. A more complete discussion of local faulting is available
in Appendix K.

Subsurface Hydrology

~ The hydrologic system in the vicinity of the salt dome consists of the
following: :
Geologic Unit
Sparta Formation aquifer

Weches Formation aquitard/aquiclude
Queen City Formatiqn aquifer
Recklaw Formation aquitard/aquiclude
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Geologic Unit

Carrizo Formation aquifer
Wilcox Group aquifer
Midway Group aquiclude

The Midway extends well below the repository level and all aquifers below the
Midway are quite saline. Thus, lower aquifer systems are not considered
important in this preliminary safety analysis because they are not likely to
be tapped for human usage and they are not likely to come in contact with the
repository waste. '

The Sparta and Queen City Formations were taken to be a single unit.
Similarly, the Carrizo and Wilcox are treated as a single unit because the
Weches is an incomplete barrier between them. The Wilcox-Carrizo aquifer
is the most important aquifer in the study area. Most of the larger munici-
palities and industries in the region obtain their water from this aquifer.
Further, this aquifer surrounds the salt dome at repository depth.

The Wilcox-Carrizo is very thick, so it has a moderate transmissivity
despite a relatively low hydraulic conductivity of its sands. Pumping tests
conducted in the aquifer in Wood County from eight wells indicated the follow-
ing 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)

GEOLOGIC DISRUPTIVE PHENOMENA

This section contains a summary of the geologic processes that alone or
in concert could affect a salt dome repository.

Denudation and Stream Erosion

Denudation and stream erosion are both processes by which earth material
is moved on the earth's surface. Denudation is considered over long time
periods (>1000 years) and consists of the processes by which relief or eleva-
tion differences are reduced. Erosion consists of the processes by which earth
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material is lToosened or dissolved and moved on the earth's surface. Stfeam
erosion is that erosion performed by running water in streams or rivers and
generally results in deepening the river or stream channels by downcutting.

Maximum rates of total erosion have been projected for the next 106 years
" for both denudation and river entrenchment (Mara 1980). Average values were
also estimated. For the Gulf Coast region, denudation rates were given as

150 meters maximum and 50 meters average. These entrenchment values were given
for the Mississippi River, both near its mouth and 200 km upstream (Mara 1980).
The upstream values were chosen as more representative of the Gulf Coast Inte-
rior Salt Dome .basins, and the possiblie rates were 40 meters maximum and

30 meters average. The values represent the river erosion occurring during
each full glacial period. Also, it should be noted that a period of aggrada-
tion (deposition or building up of sediment) follows the erosion as the ice
sheets melt and sea level rises. This period of aggradation rep]aces sediment
removed during the preceding phase of erosion. Entrenchment values are prob-
ably lower for smaller rivers, and streams that drain smaller areas have less
flow and carry less sediment. Denudation and stream erosion would not lead to
a breach in the reference salt dome‘repository;

Sedimentafion

Sedimentation, as a process in the Gulf Coast Interior Salt Dome regioﬁ,
is expected to occur primarily in the form of aggradation of river and stream
beds. This sedimentation is a result of the ongoing process of land surface
reduction by geomorphic agents, and of the transport of material to lower ele-
vations. In a humid climate, such as the Gulf Coast now has, the most active
geomorphic agent is.running water.. Therefore, most aggradation will occur in
connection with rivers and streams. The Gulf Coast, in general, is an area of
Tow relief, and it is unlikely that a large enough thickness of sedimentary
material would accumulate to affect a salt dome repository at 600 meters or
more in depth.

Considerable changes in sedimentation patterns are associated with epi-
sodes of continental glaciation (Mara 1980). Based on the known extent of past
ice sheets, the Gulf Coast should be affected only indirectly by glacial phe-
nomena, such as by changes in sea level and increased flow from meltwater in
the major drainageways (e.g., the Mississippi River Valley).
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A lowering of sea level and base level during major ice sheet growth would
cause rivers and streams to deepen their channels and to remove material rather
than deposit it. During the waning stages of glaciation, large volumes of
water carrying large amounts of sediment would be available to the rivers that
drain the area of melting ice. As the sea level gradually rises and river
gradients are reduced, sediment would be deposited. However, the main effect
for the central United States would probably be in the Mississippi River
Valley. The Gulf Coast Interior Salt Dome region, with its general elevation
of 100-plus meters above present sea level, should not be seriously affected"
by sedimentation associated with glaciation.

In summary, unless major or catastrophic changes occur in the geologic
setting of the Interior Salt Dome area of the Gulf Coast, it is unlikely that
a sufficient thickness of sedimentary material could accumulate to affect a
salt dome repository.

Flooding

Flooding could possibly affect a salt dome repository, either by acting as
a source of recharge water and increasing ground-water flow, or by attaining a
sufficient depth of water for hydrostatic pressure effects to extend to reposi-
tory depth. Both of these effects are considered unlikely to disrupt a reposi-
tory at 600-plus meters in depth.

In general, surface floods are transient events. Their time duration
is measured in days, at most, and then only along the major river systems.
Smaller river systems without large, high elevation catchment areas for rain
and snow, such as those in the Interior Salt Dome region of the Gulf Coast,
would not be expected to generate larger or long-lasting floods. This lack of
potential for large, long-lasting floods, plus the time lag associated with
water infiltration and percolation, makes it unlikely that flooding would
affect a salt dome repository after sealing. It is beyond the scope of this
report to consider the effects of flooding before closure of a repository.

Climatic Fluctuations and Glaciation

The world climate varies considerably on a variety of time scales.
Correlations have been found between past climatic changes and the periodicity
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of the earth's orbital parameters (at least to 0.4-0.6 mi]]idn years before
present). Solar activity has also been correlated with some past climatic
effects. Even though it is not known how the various factors link together,
or exactly how the climate system operates, observations from studies of the
past one million years' (m.y.) climate can be used to estimate some of the
possibilities for the next one million years. Human-caused climatic changes,
as from increased CO2 in the atmosphere or destruction of the ozone layer,
are excluded from consideration here.

Some observations on record of the past one h.y. suggest that for only
about 10% of the time was the climate as warm or warmer than at presént. Also,
the past record suggests that ro interval of g]bb31 climate with temperatures
as warm or warmer than present lasted uninterruptedly for more than about
15,000 years. Past precipitation has been estimated indirectly from po11én
studies, which indicate the type of vegetation that existed in the baSt. These
studies have shown that ‘during the cold stages of the Pleistocene, much of the
U.S. was considerably wetter than at present. '

Kukla (1978) has sumarized potentially disruptive climatic processes for
the next one million years. From the information contained in that study, it
~ seems probable that future climatic changes will be toward a wetter, cooler
climate. There is also sedimentary evidence of drier periods during parts of
the Pleistocene. However, because drier conditions are not considered as
likely to affect waste containment, a wetter climate is considered here.

Based on the climate record of the past one m.y., a cycle of continental
glaciation can be expected to be completed about once in every 105 years. A
glacial cycle consists of a glacial period (90-110 x 103 years) and an inter-
glacial period (10-30 x 103 years) (Kukla 1978). For discussion purposes,
only one glacial cycle is considered here. The change to a glacial period is
believed to be the most significant and widespread climatic change, with
respect to the integrity of a salt dome repository.

During a glacial period, the regional effects expected for the Gulf Coast
Interior Salt Dome region would be: ‘ '
e precipitation increase by less than a factor of 2
o temperature decrease of 3-4°C over the oceans (-10°C over land masses)
e sea level decrease of 100-150 meters.
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Local effects would be the same as regional effects for precipitation and
temperature, resuiting in more rainfall and less evaporation-transpiration
caused by lower temperatures. Sea level decrease would occur gradually, and
the main local effect would be to lower the erosional base level and increase
downcutting by rivers and streams. The increased erosion has been estimated
to be 10-20 meters, with a maximum of 50 meters for the southeastern coastal
U.S. (Kukla 1978).

These effects are not considered a threat to a salt dome repository at
the proposed depth. An interglacial period would follow a glacial period, _
with warmer temperatures, less precipitation, and a rise in sea level causing
aggradation or deposition. These processes would tend to replace some material
removed by erosion. The fact that Gulf Coast salt domes have survived a number
of glacial cycles during the past one million years is good empirical evidence
that they have not been seriously affected.

There is no evidence of past glaciations having reached to the Gulf Coast,
so the effects of an ice sheet lobe on the area (ice loading, scour, outwash
" flooding) are not considered in this report.

Diagenesis

Diagenesis is "all the chemical, physical, and biologic changes, modifi-
cations, or transformations undergone by a sediment after its initial deposi-
tion during and after its lithification, exclusive of surficial alteration
(weathering) and metamorphism. It embraces those nondestructive or reconstruc-
tive processes {such a consolidation, compaction, cementation, reworking,
authigenesis, replacement, solution, precipitation, crystallization, recrystal-
lization, oxidation, reduction, leaching, hydration, dehydration, polymeriza-
tion, adsorption, bacterial action and formation of concretions) that occur
under conditions of pressure (up to 1 kb) and temperature (maximum range 100°C
to 300°C) that are normal to the superficial or outer part of the Earth's
crust, and may include changes occurring after lithification under the same
conditions of temperature and pressure" (Gary, McAfee, and Wolf 1974). As
used here, diagenesis also includes modifications experienced at the forming
of the salt dome caprock, which is not a sediment.
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Diagenetic processes are very active in and near the salt dome environ-
ment. Sediments above and adjacent to shallow salt domes (less than 1 km in
depth) are generally drastically different from their surroundings as a result
of two marked, diagenesis-promoting circumstances: unusual heat and unusual
chemical concentration.

Salt domes often display locally elevated temperatures compared to sur-
rounding sediments. These thermal anomalies are a result of the relatively
high thermal conductivity of halite compared to Gulf Coastal sediments.  Ther-
mal conductivities of the sediments average 4 x 10°3 cal/cmz-sec C, whereas
rock salt averages 12.5 x 10'3 ca1/cm2-sec C (Law Engineering Testing Co.
1979a). Because salt fs several times more efficient in transporting heat from
depth than the sediments; salt domes act as heat conductors, elevating the
temperature of the rock above and around the salt domes. .

An important factor in salt dome diagenesis is the presence of flowing
ground water. Diagenetic effects (and caprock) are most common near shallow
salt domes because of the abundant supply of fresh ground water available.
The effects are more obvious in the fast-moving shallow aquifer systems,
because the approach to chemical equilibrium is more rapid. Ground-water
velocities in near-surface aquifers may be on the order of 1 cm/day, as
compared with 1 cm/year in aquifers occurring at greater depths (Etter 1978).

Chemical gradients required for diagenesis are commonly present in the
salt dome environment, afforded by hydrocarbon compounds, brines, and trace
constituents of the salt stock that are liberated by dissolution.

Hydrocarbon compounds are common constituents of the salt dome environ-
ment, and they pIay a complex and important role in near—dome diagenetic pro-
cesses. Organic fluids, having a low viscosity as a result of the salt stock's
high temperature, migrate along fracture systems and through tilted beds above
and adjacent to the salt dome. Concentrations of methane and hydrogenous com-
pounds serve as reducing agents, thereby‘prdmoting transformation of sulphates,
such as anhydrite, to elemental su]phur, pyrite,:or HZS gas.

Brines, which may move upward from depth along the salt dome flank and
via fracture systems, provide a source for the chemical constituents of some

4.15



of the exotic minerals occasionally found in caprock. For example, celestite

(SrC04) may be precipitated upon upward movement of ground water that has
picked up large concentrations of SrTt at depth.

Diagenetic processes such as those mentioned above can be expected to
occur in the next one million years. However, the changes brought about by
diagenesis are usually slow and relatively subtle and, hence, should not affect
the integrity of a salt dome repository.

Salt Dissolution

Salt dissolutioning is perhaps the most obvious of potential disruptive
processes for a salt dome nuclear waste repository. The fact that many of the
Gulf Coast Interior salt domes have existed for tens of millions of years
attests to the concept that massive dissolution by laterally or vertically
moving ground waters is unlikely. However, this concept must be verified by
detailed studies of salt dome dissolution mechanisms before a definitive safety
assessment can be made. Dissolution may be initiated or even controlled by a
variety of human-caused events or processes (e.g., solution mining) as well as
by the natural action of ground water fiowing over and around a salt dome.
This discussion is limited to the description of the mechanisms and potential
effects of salt dissolution occurring without the intervention of humans.

For rapid dissolution to occur, dome salt must be in direct contact with
flowing ground water. Impervious barriers such as dense anhydrite caprock,
clays, or marls must be absent. Ground-water flux at the zone of dissolu-
tioning must be great enough to remove saturated brines and to supply incoming
fresh or undersaturated ground waters. Clearly, the greater the ground-water
flux of fresh or undersaturated water, the greater the potential for salt dis-
solution. The basic conditions for salt dissolution are potentially fulfilled
wherever a salt dome intersects an aquifer system, or where structural features
such as upturned beds and faults allow vertical ground-water movement along
the salt-host interface. Accurate determination of the perturbing effect of
dissolutioning upon a salt dome requires detailed knowledge of regional and
near-dome hydrology, salt-sediment interface lithologies, and near-dome struc-
ture. That information is not available for this reference site assessment.
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In the East Texas basin, only two aquifer systems appear capable of pro-
moting active salt dome dissolutioning. These aquifers are the Woodbine Forma-
tion and the Carrizo-Wilcox Group. o

The Woodbine consists of interbedded sandstones and clays with an avefage
thickness of about 900 ft. Ground waters are saline, wth total dissolved
solids attaining 100,000 ppm in the center of the basin. Average permeabili-
ties are about 18 gpd/ftz. Average porosities can reach 25%.

Typically, the Woodbine lies below the level of any nuclear waste reposi-
tory. Average depths to the top of the Woodbine in Wood County range from
-3700 ft to -4500 ft. However, faulting or folding associated with salt dome
intrusion may have locally uplifted the Woodbine to fepository depths. Defini-
tion of near-dome structure is, therefore, required to identify dissolution
hazards posed by the Hoodbine.

In some salt domes. the Woodbine coincides with occurrence of salt dome
overhangs. This situation has led to speculation that salt dissolution by
Woodbine waters has produced the overhang configuration. However, regional
studies of C1/Mg ratios in Woodbine ground water suggest that such large-scale
dissolution has not occurred. Most authorities relate salt dome overhangs to

the mechanics of salt d1ap1rism.
1

Woodbine waters rising along faults or upturned beds could also cause
some salt dissolution. Saline springs present over some salt domes may be the
result of such an occurrence. However, many other plausible explanations can
be advanced for saline springs. For example, the salinity may be from salt’
dissolutioning via a fresh water aquifer, or may constitute a surface release
of saline Woodbine waters without any active dissolutioning..

~ The Carrizo-Wilcox aquifer system is the most prolific fresh water horizon
in Northeast Texas. Composed of complexly interfingering sands, clays, and’
lignite, the system has a thickness of several thousand feet. The aquifer fis
confined by the overlying Reklaw aquitard and often produces artesian well
conditions in the center of the East Texas basin. Average permeabilities range
from 50 to 184 gpd/ft Regionally, the aquifer has a hydraulic gradient of
about 3 ft/mile.: Flow is typically downdip to the southeast, although salt
dome structures may locally produce flow perturbations.
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A number of East Texas salt domes appear to intersect the Carrizo-Wilcox
at repository depths. Because of the aquifer's high permeability and low
salinity, salt dissolution caused by this system can be viewed as the bounding
case. Determination of the hazard posed by salt dissolutioning to a nuclear
waste repository in a salt dome can thus be determined by defining the past and
present dissolution rates caused by the Carrizo-Wilcox system. Probabilities
for future dissolutioning may be estimated by determining the frequency of
ongoing or past dissolutioning among Interior Gulf Coast salt domes possessing
equivalent geological environments.

A variety of methods have been suggested for determining whether a salt
dome has or is experiencing salt dissolutioning. They include: definition of
faults, up-turned beds, sink holes, breccias and topographic features caused
by solution collapse; calculation of dissolution rates based on caprock thick-
nesses; and mapping of saline plumes in the Carrizo-Wilcox aquifer. For
repository safety assessments to have a technically sound basis, the assump-
tions and l1imitations of each method must be fully recognized.

A number of Interior Gulf Coast salt domes possess structural features
suggestive of solution collapse caused by salt dissolutioning. In detail, the
geolagy of each of these salt domes is quite distinct. A1l share some combi-
nation of faults, steeply inclined strata, sinkholes, breccias, and topographic
features that are mechanically compatible with extension related to salt dis-
solution and attendant solution collapse. The Chestnut Salt Dome of northeast
Louisiana. exhibits perhaps the most compelling evidence of widespread solution
collapse. At the Chestnut Salt Dome, the Eocene Cane River Formation has been
rotated to nearly vertical, and fault thickened and thinned by a collapse
affecting much of the top of the salt dome. Significantly, Pleistocene ter-
race deposits fill a portion of the graben, which is approximately one mile
in width.

In contrast, the Vacherie Salt Dome of northeast Louisiana has only sub-
tle structural features in unconsolidated Tertiary sediments that may be the
result of only limited solution collapse. Because deformation associated with
salt dome intrusion or growth may produce geometrically similar structures,
further study is required to substantiate claims that Vacherie has undergone
dissolutioning-induced collapse.
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Other Interior Gulf Coast salt domes show topographic evidence of possible
solution collapse. For example, a lake at the surface over the Palestine Salt
dome of northeast Texas perhaps is indicative of widespread subsidence caused
by so1ution'collapse. Most salt domes possessing marked topographic expression
are shallow (on1y several hundred feet below the surface) and may be exposed
to dissolutioning by water table aquifers.

Although definition of the structural geology of any given salt dome may
indicate whether widespread dissolution has occurred in the past, such a method
is clearly an imprecise indicator of rates and probabilities for the next one
million years. Structural features caused by salt dome growth may be confused
with dissolution-induced deformation. Furthermore, because the age of deformed
sediments are not known with great precision, it is not generally possible to
place accurate 1imits on the timing and duration of a dissolution episode.
Thus, discussion of dissolution mechanisms in a one million year time frame
is typically not possible.

Caprock composed of stratified anhydrite, gypsum, and calcite is commonly
present on .salt domes. Caprock formation is most commonly attributed,to large-
scale dissolution of salt and attendant concentration of relatively insoluble
impurities (sulphates and carbonates). Based upon the observation that dome
salt is very pure (98.6% halite is a widely quoted figure), rates of salt dome
dissolution can be calculated if the time period of dissolutioning is known.
Most calculations use the assumption that the caprock formed during the time
from Carrizo-Wilcox deposition to the present, which is a span of about 50
million years. Rates calculated by this method range from 0.031 to 0.183'mm/
year. The maximum rate would breach a repository possessing an 800-ft thick
buffer zone of salt in 1.3 million years.

The underlying assumptions caused the calculation of dissolution rates
based upon caprock thicknesses are suspect in many ways. For example,:the
concentration of insolubles in dome salt is inadequately known. Individual
salt domes may have quite different insoluble concentrations. A representa-
tive sampling of dome salt and definition of possible intradome compositional
variations are needed to resolve this problem. |
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Another assumption requiring justification is the notion that all caprock
formed in the last 50 million years. Convincing evidence exists that at least
the Interior Gulf Coast salt dome considered in this reference site analysis
(Hainesville Salt Dome) actually reached the surface and was truncated by sur-
face erosion and dissolutioning. If this is the general case for Interior salt
domes, then caprock may be a result of an extrusion episode occurring as long
ago as Woodbine time (about 92 million years B.P.). Calculated rates of dis-
solution, based on a maximum caprock age of 92 million years, are a factor of
two less than those based on a 50-million-year time span. Resolution of this
uncertainty requires accurate dating of caprock and/or waters contained within
the caprock.

Any salt dome that is currently undergoing dissolutioning should propagate
a saline plume into the surrounding aquifer. Down-gradient measurement of
water salinity (for instance, using suitably calibrated resistivity methods)
should define this saline plume. This method has been used extensively to
determine the extent (if any) of salt dissolutioning effected by the Carrizo-
Wilcox aquifer system. Preliminary results indicate that from four to six
salt domes in the East Texas basin are experiencing some degree of active
dissolutioning.

Where saline plumes have been located, total dissolved solids concentra-
tions can be used to estimate dissolution rates. The precision of this method
is strictly dependent on the accuracy of ground-water parameters because the
method is essentially an application of Darcy's Law. Using calculations of
this type for a group of northeast Texas salt domes, it can be shown that an
800-ft salt buffer zone could be breached in about 2.7 million years. Assuming
climatic changes that increase hydraulic gradients, such a breach could be
moved up to about 2 million years.

The uncertainties inherent in this method raise questions as to its appli-
cability for a safety assessment. Specifically, ground-water parameters are
not well known for the near-dome environment. Values are usually those cited
as average for the regional ground-water system. Such values are commonly
distributed lognormally in natural systems, so that considerable variation is
probable. Furthermore, resistivity methods may not be measuring saline plumes
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around salt domes, since they measure only ion concentrations. lons may be
present in the ground water from sources other than dissolution of a salt dome.
For instance, though the Carrizo-Wilcox system is typically fresh, saline
waters of unknown drigin are occasionally penetrated by wells. Such waters
may represent a local stagnation in ground-water flow, rather than 2 saline
plume caused by the salt dome dissolutioning. Conversely, vertical movement
of‘deeper saline watérs into the aquifer is also a possibility. Near-dome
environments typically contain numerous faults and upturned beds that may
promote both upward migratfon of saline waters and local flow retardation.

Critical examination of rates of dissolution determined by methods des-
cribed above reveals that they may be too great to extrapolate over long
periods. Salt domes in the Interior Gulf Coast appear to develop from large
massifs or pillows of salt. The volume of such salt pillows can be estimated
by variation in sediment thicknesses around the salt dome. For example, it
has been calculated that the initial salt pillow &t Hainesville contained about
45 cubic miles of salt. The present Hainesville salt pillar contains about
9 cubic miles of salt. The remainder was lost through erosion or dissolution-“
ing. Extrapolating the dissolution rates calculated above to the Hainesville
case reveals that if they were operative throughout the salt dome's history,
211 of the salt in the salt dome would have been dissolved. Clearly, such
rates are either incorrect, operated over a shorter span of time, or operated
intermittently. Thus, it is vital to recognize that disso]ution rates may
accelerate or decelerate over time as a function of changing ground-water
conditions.

In summary, calculation of credible, accurate dissolution rates is a major
problem forAsalt dome assessment. Current methods may be adequate for giving
an order of magnitude for potential salt dissolution, suggesting that natural
salt dissolutioning poses 1ittle threat to a salt dome'repository. However,
the uncertainties inherent in current rate calculations are so high that a
dissolution release scenario should be analyzed for its consequence in a safety
assessment. The details for the natural dissolution scenario will be discussed
in Chapter 5. '
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Salt Dome Growth or Diapirism

A number of theories have been suggested as the controlling mechanisms for
salt dome growth. Among the more notable theories that have been postulated
are Barton's (1933) theory of isostatic down-building and a similar theory by
Nettleton (1934), known as the fluid mechanical concept. Halbouty and Hardin
(1956) also propose several new ideas while building on these previous works.
These salt dome growth theories, along with other proposed concepts and ideas,
are discussed in some detail in Halbouty (1967). Some of the more recent work
that has been done in the area of salt dome growth was done by Loocke (1978)
and focused on the Hainesville Salt Dome. This resulted in a growth history
for the Hainesville Salt Dome, along with other new ideas about the stability
of many piercement salt domes within the Gulf Interior Salt Basin.

The following discussion was taken from Kehle (1980):

Many "piercement" salt domes of the northern interior salt
basins could serve as safe permanent storage sites for both nuclear
and chemically toxic wastes. Suitable domes are stable and inactive,
having reached their final evolutionary configuration at least
30 million years ago. They are buried to depths below the level to
which erosion will penetrate during the prescribed storage period,
and they are not subject to reactivation in the future. The cores
of these salt domes are impermeable, permitting neither the entry
nor exit of ground water or other unwanted material.

Stable Salt Domes

Stable domes are those that have reached their final evolu-
tionary configuration. This status is characterized by a salt spine
protruding from an eroded hole in the roof of a collapsed salt pil-
low, the latter being the reservoir that fed salt to the spine during
an earlier period of maximum uplift. Such domes are not capable of
reactivation because the reservoir of salt feeding the growth of the
spine (the underlying salt pillow) has been completely evacuated.
Neither additional sediment loading nor submergence will reactivate
such a dome, because the original pillow has already collapsed
entirely. Like a flat tire from which all air has escaped, no
further collapse of the initial salt pillow is possible once all the
salt has been squeezed from it.

Nor will the salt spine float up through the overlying sedimen-
tary rocks. In fact, buoyancy, per se, is never really operative in
the evolutionary history of a dome. The stresses caused by buoyancy
are insufficient to rupture the cover of sedimentary rocks. More
importantly, the sediments surrounding the dome will not flow into
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the void that would be created if the &ome should begin to rise. In
fact, the salt spine itself, being more fluid than the surrounding
sediments, would flow back 1nto the void, thus terminating any ten-
dency for the spwne to ascend.

Recognizing Stable Salt Domes: Stable domes are characterized
by three factors:. 1) a completely evacuated predecessor structure,
~ 2) steep or overhanging flanks, and 3) continuous sedimentary layers

across the crest of the structure.

. Determining the growth history of a candidate dome verifies its
evolutionary state. This is accomplished by reconstructing the
growth history, step by step, using high-quality reflection seismic
profiles. The profiles need to cross the dome as well as the sur-
rounding area in a variety of directions. This affords the required
data to permit a complete three-dimensional reconstruction.

Use of this method permits the identification of a predecessor
- salt structure for each piercement dome. These predecessors may be
pillows, anticlines or similar structures. The time at which the
sedimentary cover of the predecessor structure is breached is readily
~ascertained from seismic data. The collapse of the predecessor
structure can also be tracked. This tracking of the predecessor's
collapse establishes conclusively whether all or most of the salt
has been evacuated from the predecessor structure, which in turn
demonstrates whether there is any possibility of the reactivation
~ of dome growth. At the same time, the rate of uplift of the salt
stock can be determined by. dividing the surface area of the stock
by the volume reduction.of the predecessor structure at a number of
successive times. A plot of uplift rate versus time for a mature
- dome will exhibit a maximum in the rate of uplift (as much as
2000 feet per million years) during periods of maximum salt extru-
sion. A steady reduction of the uplift rate occurs after this maxi-
mum. The uplift rate declines to zero when all the salt has been
evacuated from the predecessor structure.

Each dome follows this evolutionary history. Once a dome is
past the extrusion phase, it 1s incapable of reactivation. Deceler-
ation of the growth rate continues until it ceases altogether. Our -
observational skills are inadequate to identify the final date at
which the last millimeter of uplift occurred, but that final date
has no bearing on the problem at hand. Once‘the‘growth rate of a
dome decelerates to a negligible value, the potential for further
growth is limited to such a small value as to have no bearing on the
safety of a repository.

- Epeirogenic Displacement

Epeirogenic activity consists of broad, gent1e movements of the crust that
occur in stable cratonic areas, as opposed to the intense, orogenic deforma-
tions that occur within mobile belts. -
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Since Middle Triassic time, the Gulf Coast region has been the site of
a small amount of crustal warping in the form of subsidence. According to
R. O. Keh1e,(a) tectonic subsidence (produced by cooling of a thermal anomaly)
prevailed until Early Tertiary. Subsidence of the Interior salt basins ceased
at that time because sedimentation in these basins had kept pace with sub-
sidence. As a result, the Interior basins have been essentially filled and,
therefore, have no potential for further subsidence resulting from sediment
loading. In contrast, sedimentation in the Central basin (present Gulf of
Mexico) during Mesozoic time was slower than subsidence. Although tectonic
subsidence ceased by Early Tertiary, the Central basin continued to subside
because of sediment loading. Load-induced subsidence of the crust beneath
the northern Gulf of Mexico still occurs today, as the Mississippi River dumps
large volumes of sediment into the basin. Subsidence should cause no concern
with respect to safety of a waste repository in a salt dome, because the Inte-
rior salt domes, not the Gulf Coast domes, are being considered as possible
sites. It has been suggested that the Gulf Coast is a potential site of litho-
sphere uncoupling and subduction because of the loading and thermal effects
from the sediment prism that has been deposited in the Gulf of Mexico. This
could-happen during the next million years; however, it is a virtual certainty
in the more distant future. Because of this and the possible effects it could
have on both the epeirogenic displacement and faulting, it should be studied
in more detail during future analyses of the Gulf Coast salt domes.

Orogenic Diastrophism

According to Kehle (1978):

The northern interior salt basins of the Gulf of Mexico region
are generally free of diastrophic activity that might pose a hazard
to the safe storage of nuclear wastes. This fact is not surprising
because these basins are located well within the North American tec-
tonic plate, far away from both interplate and intraplate tectonic
activity. Although the sediments in each of these basins are

(a) From an unpublished report to Law Engineering Testing Company, Marietta,
%eorg;a, entitled Tectonic Framework and History, Gulf of Mexico Region
1978).
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moderately deformed, most of the deformation resulted from nondia-
strophic causes, principally movement within underlying salt layers.
Those few structures resulting from crustal deformation are no
longer active, being related to one of several ancient periods of
deformation in the region. The only movement continuing today is
subsidence of the coastal basin, which results in oceanward-tilting
of the entire region. This tilting, in turn, causes some adjustment
between basement blocks. . These adjustments are accompanied by the
release of seismic energy, but the resultant low-magnitude earth-
quakes pose no hazard to man-made structures.

The conclusion is that diastrophism will not breech a repository located

in the reference salt dome.,

Faulting

The danger presented to 2 ndclear waste repository by faulting is a com-

monly expressed concern.: As will be shown below, however, faulting and atten-
dant vibratory shaking do not present a cred1b1e hazard to a waste repository
located within an East Texas salt dome.

Assessment of the danger posed by faulting and seismic activity requires

examination of the following factors:

e location, age, displacement, and causes of faulting

1.

recorded seismicity

effects of vibratory shaking and fault disp1acement on an underground
facility.

Nature of Known Faults in the Gulf Coast Region

In the Gulf Coast region as a whole, four types of faults are present:

basement faults initiated in- the Late Triassic by continental rifting
associated with opening of the Atlantic and of the Gulf of Mexico;

flexure or boundary graben faults resulting from hinge-11ne bending and/
or downdip salt flowage;

growth or penecontemporaneous faults developed in areas of rapid, thick
sediment accumulation; and

faults associated with salt dome formation, denoted here as dome- or
piercement-induced faults.
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According to Kehle (1978a):

There was major pervasive extensional faulting throughout the
Gulf region during the early Mesozoic. This faulting resulted in
significant crustal attenuation, thereby converting the previous
continental area into the series of basins that exist today. This
episode of major crustal disruption ceased entirely during the mid-
dle Jurassic, about 150 million years ago. Some faults within this
system were reactivated during the middle Cretaceous, about
100 million years ago. But this latter episode was short-lived,
probably confined to less than a 5 million year interval.

Throughout the history of the area, these same basement faults
served as the locus for adjustments between basement blocks during
periods of basin subsidence. They accommodated differential subsi-
dence of crustal blocks of different thickness by permitting decou-
pling between the blocks. Although the interior basins ceased sub-
siding about 45 million years ago, some decoupling still occurs
today. This decoupling is the result of active subsidence of the
Gulf basin to the South. Decoupling is accommodated piecemeal by
small movements along the old faults, accompanied by minor releases
.of seismic energy. This kind of activity is likely the cause of the
few minor earthquakes reported from this region.

Three major fault systems are located on the periphery of the basin. Of
interest here are the Balcones Fault System, the Mexia-Talco Fault Zone, and
the Mt. Enterprise Fault System. The Balcones, Mexia-Talco, and Mt. Enter-
prise fault systems are flexure or boundary graben faults. Though all of
these fault systems are on the periphery of the East Texas basin, they will be
briefly described for the sake of completeness.

The following paragraphs on the Balcones system were taken from Kehle
(1978a):

The Balcones fault system, which separates the Edwards Plateau
from the Gulf of Mexico province, was active during the Miocene and
possibly into the Pliocene. But no offsets of Pleistocene fans or
terraces have been observed, indicating that the system has been
inactive for several million years at least. Presumably, the fault-
ing was related to the epeirogenic uplift of the western United
States. Although related tectonic activity continues today, it
apparently does not result in further tilting of the High Plains of
Texas. Consequently, the Balcones fault system is no longer active.

The Balcones fault system is capable of reactivation, should
uplift of New Mexico and Trans-Pecos Texas resume. Whether this is
likely is highly problematic. Details of the evolutionary history
of incipient rifts are inadequately known to allow making absolute
statements regarding the future history of this area.
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Because the Balcones fault system is located far from most can-
didate domes, this fault system poses no direct hazard to storage
facilities located within the basins... .

The Mexia-Talco and Mt. Enterprise systems are most commonly represented
by a complex graben. The following general discussion is taken from Kehle
(1978b): |

The system of faults bounding the northern interior salt basin
is only indirectly related to the basement-fault systems. The
boundary faults are at the outer periphery of the Triassic block-
faulted terrain. They have a long evolutionary history, being
active about 110 million years from mid-Jurassic through Eocene
time. Movement along the faults within the boundary-fault system
apparently resulted from either salt flow away from a buried base-
ment scarp, or from bending (because of differential subsidence)
across 2 boundary between thin crust underlying the basins and thick
crust underlying the surrounding continental mass.

v Neither process is operative today. 1) There is no bending
because there is no subsidence. This is because the basins are
filled to capacity with sediment, so no accommodation by subsidence
is necessary. 2) No salt flows from beneath the fault system
because all the salt has been evacuated previously. This evacuation
is shown by both seismic and well data. :

Because of the nature of the causitive mechanisms, the faults
in the boundary system are not subject to reactivation. For exam-
ple, because all salt has been evacuated from beneath the boundary
faults, no more can escape. Thus, this mechanism cannot cause
further displacements. Similarly, because the basins are already
full to capacity, no additional subsidence can occur. This lack of
potential for subsidence can be explained by the fact that the
basin, as well as the surrounding continental land masses, is in
jsostatic equilibrium. The absence of offsets in Pleistocene allu-
vial fans and river terraces along the boundary-fault system con-
firms the lack of movement in the:recent geo)ogic past. Our under-
standing of the cause of movement: along the boundary-system faults
allow us to state unequivocally that no future movement is possible

~until the tectonic regime changes. '

Growth faults, 1ike the fault systems discussed above, are not present in
the East Texas basin. They occur as a result of thick sediment accumulation
in the coastal plain, continental shelf, and the continental slope areas of the
Gulf Coast region (Kehle 1978a). Growth faults that move aseismically are
caused by sedimentary instability; hence, displacement generally ceases when
the unstable SheIf-edge environment builds farther gulfward (Law Engineering
Testing Company 1978b).
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Faulting is commonly associated with piercement salt dome formation.
According to Kehle (1978b):

Movement within the salt is accommodated by deformation in the
overlying sediments. Structures of this type are local, and their
formation is aseismic. Ground displacement is the only hazard they
pose to man-made structures. Consequently, the only structures that
need to be considered are those associated with candidate domes.
Generally, these faults occur only within the sediments surrounding
a dome and do not penetrate the salt core itself. Where this is
true the faults would not affect the structural integrity of a
repository. The faults will offset ground water flow, which may or
may not be of consequence in the selection and design of a reposi-
torg. Such determination will need to be made on a site-by-site
basis.

Recorded Seismicity

The entire northern Gulf Coastal Plain is assigned a seismic risk of
Zone 0 (no damage) or Zone 1 (minor damage), which corresponds to intensities
V and VI of the Modified Mercalli (MM) Scale. The East Texas Basin and the
Mississippi Basin straddle the Zone 0-Zone 1 boundary. The North Louisiana
Basin is within Zone 1. This is the result of its proximity to the New Madrid
seismic province.

Within the extent of the Gulf Coastal Plain seismic province, the maximum
historic earthquake, less than VI MM, is the 1930 Donaldsonville event (south-
ern Louisiana). VII MM events occurred in the adjacent Quachita System seismic
province, which extends inland. from the peripheral flexure faults.

In general, the minor séismic events recorded in eastern Texas are not
appended to known structures (e.g., the Mt. Enterprise Fault System). Excep-
tions include activity caused by growth faults in the Houston area, and events
probably caused by pressurized brine injection into producing oil fields.
Surface displacements have also never been associated with any recorded seismic
avent.

Effects of Vibratory Shaking and Faultloisplacement

Sensitive surface facilities, such as nuclear reactors, require extensive
engineering to withstand potential vibratory shaking induced by earthquakes.
One would expect a subsurface facility, backfilled to entirely eliminate free
surfaces, to experience very little vibratory excitation. In fact, déta from
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underground nuclear explosions conducted at the Nevada Test Site indicate that
open subsurface tunnels and boreholes experience no significant vibratory
damage, even when ground motion is up to several tens of g (Wight 1978). The
only significant damage reported in the 40 tunnels examined at the Nevada Test
Site was caused by fault displacement rather than vibratory excitation. Given
the Tow intensity of Gulf Coast seismic events, and assuming proper backfill-
ing procedures, vibratory shaking is excluded as a credible hazard to a
northeast Texas salt dome repository in a one-million-year time frame.

Because recorded seismicity in East Texas is not appended to known struc-
tures, it is possible to consider low intensity events as occurring randomly
through the region. Thus, small displacement, normal faulting (high-angle
reverse or thrust faults are virtually unknown in the Gulf Coast) can be
assigned an occurrence probability in the salt dome vicinity over the next one
million years. The probability of such an event is a function of the recorded
frequency for the region. '

The effect of small displacement, normal faulting upon the salt dome
environment is a topic of current research. Indications are that such a struc-
ture would be, in essencé,'analogous to a salt dome-induced fault in geometry
and probable effect. The mechanisms of such a fault would not, however, be
related to salt dome growth. Differential sediment compaction, solution col-
lapse, or secular motion on a flexure fault could conceivably cause small nor-
mal displacements. The Hainesville Salt Dome has existed for at least 38 mil-
lion years (age of the youngest faulted near-dome sediments) with such fault
structures nearby. '

“Conclusions on Faulting

Throughout this dfscussion, it has been assumed that the regional stress
state of the East Texas region will not change in the next one million years.
This assumption is compatible with both observed plate tectonic velocities of
several centimeters/year and the millions of .years of tectonic quiescence dem-
onstrated in the geologic record.
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The effects of near- and far-field faulting on a salt dome nulcear wasté
repository are not deemed credible release hazards for a million-year time
frame. Specifically:

e Available evidence indicates that known faults in the East Texas basin
are inactive. '

® Recorded seismicity for the entire Gulf Coast is very low in intensity
(maximum = VI MM).

e Vibratory shaking hazards for a properly backfilled subsurface facility"A
are negligible even for very strong ground motion. -

e Normal faulting of small displacement in the salt dome vicinity is assumed
to have a finite occurrence probability over a one-million-year time
period. The consequence of such faulting is not considered a credible
disruptive event because of the existenca of many similar faults that
have not produced salt dome disruption over at least a 38 million-year
time span.

Met amorphism

Metamorphism is the process by which consolidated rocks are altered in
composition, texture, or internal structure by conditions and forces not
resulting solely from burial and the weight of subsequently accumulated over-
burden. Pressure, heat, and the introduction of new chemical substances are
the principle causes of metamorphism. The resulting changes, which generally
include the development of new minerals, are a thermodynamic response to a '
greatly altered environment. Rocks can be affected by contact metamorphism or
by regional metamorphism, both of which are related to orogeny or tectonism.
The Gulf Coast region has been reasonably stable for a very long time. As
stated by Law Engineering Testing Company (1978b), "...the Gulf Coast region
does not show evidence of igneous activity since the end of the Cretaceous
period, approximately 70 million years ago.* The only crustal activity in the
Gulf Coastal Plain at present is a very slow subsidence, and there is no indi-
cation that a change is imminent. Major orogenic activity and subsequent meta-
morphism cannot be expected to affect the Gulf Coastal region in the next one
million years, and, hence, do not represent a credible breach scenario for the
salt dome.
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Magmatic Activity

Magmatic activity, both extrusive and intrusive, cannot be expected to
affect a nuclear waste repository in a Gulf Coast salt dome within the next one
million years. The Gulf Coastal Plain is not characterized by mobility; the
only crustal activity at present is a very slow subsidence. The last magmatic
activity in the Gulf Coast area occurred many millions of years ago. According
to Law Engineering Testing Company (1978b), "...the Gulf Coast region does not
show evidence of igneous activity since the end of the Cretaceous period,
approximately 70 millions years ago." There is no indication that an increase
in activity in the Gulf Coastal area is imminent, and magmatic activity cannot
reasonably be expected to occur in this area within the next one million years.

Static Fracturing

" 'Salt has the capacity to creep slowly and thereby to heal static fractures
that might occur. Two types of static fracturing are surficial fissuring and
hydraulic fracturing. These fracture mechanisms are non-tectonic.

Surficial Fissuring

According to Davis (1980), surficial fissures are near-surface fractures
that result from tensile failure. They may be produced by stresses related to
phenomena such as differential compaction of deep dessication sediments,
changes of temperature, and short-term stresses from néarby earthquakes. These
fissures are most common in valleys of the Southwest that contain nonindurated
sediments. They are commonly found in Arizona, California, and Nevada. Sur-
ficial fissures are believed to extend to depths of about 100 meters. This
type of feature should not affect a nuclear waste repository at a depth of
several hundred meters. Furthermore, the ability of salt to self-heal would
minimize the damage caused by these fissures if they could somehow reach to
repository depth.

Hydraulic Fracturing.

'Hydraulic fracturing is often used to increase the permeability of a rock
unit. Water is pumped into the formation until the strength of the rock is
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exceeded. The rocks fail by fracturing. Hydro-fracturing possibly may be
induced in the rocks surrounding a salt dome, but there would be no reason to
initiate such fracturing in the salt dome itself. Salt domes are obviously not
good aquifers; they are rather impermeable, and any water obtained from a salt
dome would be salt-saturated and unsuitable for drinking. It is, therefore,
unlikely that humans would attempt to obtain water from a salt dome by initiat-
ing hydraulic fracturing. Salt domes might, however, be exploited for the
minerals which they contain. Mining of salt domes will be addressed in

Chapter 5.

Meteorites

Meteorite impacts are disruptive to the surface and near-surface of the
earth, as such places as Meteor Crater in Arizona testify. The frequency of
meteorite impacts is quite well documented from studies of both the earth and
moon’s surfaces, and the expected number of impacts for a given time period
can be calculated from results of these studies (Hartmann 1978; Claiborne and
Gera 1973).

The probability of a meteorite large enough to disrupt a repository at a
depth of about. 600 meters has been given as 2 x 10-8.10"7 per million
years, depending somewhat on the area of the repository being considered.

There is not universal agreement at this time on how the energy of a
meteorite impact is dissipated. One recent study has suggested that about 40%
goes to heating of the material, about 50% into crushing or plastic deforma-
tion, and about 10%¥ into ejecta kinetic energy (0'Keefe and Ahrons 1977). The
largest part of the ejecta-related energy goes into 1ifting shattered material,
most of which falls back into or near the crater, and probably less than 1-3%
of ejected material should be considered airborne.

Fracturing of material below the actual crater depth occurs in material
that yields by brittle fracture. For high energy impacts, the fracturing can
extend to 0.6 crater diameter in depth. If an impact occurred directly over a
salt dome repository, fractures could extend to repository depth even though
the crater itself did not reach the repository. Assuming fractures occurred
and remained open, they could act as conduits for ground water, if present, and
the scenario would become a variation of the dissolution case.
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The Tow probability associated with the impact of a meteorite large enough
~ to breach a salt dome repository makes this so unlikely that it should not be
considered with other more 1ikely events. Because of this low probability
(10'6-10'7 per million years), plus the fact that the probability is well estab-
- 1ished from observed data and is independent of terrestrial events, this phe-
nomenon is not considered further here.

Undetected Features

An assumption implicit in the above discussions is that the best geologi-
cal and engineering methods or judgments will be_used during repository site
selection and construction. However, human error or negligence cannot be
entirely ruled out as a contributing factor in any given repository release
scenario. Possible examples of engineering error include:

e failure to backfill and seal correctly portions of the repository or
repository shafts

e construction-induced fracturing of the salt buffer zone around the
repository

e incorrect spacing of waste canisters leading to local thermal and radia—
tion gradients that exceed design limits.

Some of the above examples of engineering errof may fall outside of the
current]y defined scope of AEGIS (i.e., covered under waste-induced effects and
operational phase safety assessments) They are still of considerable inter-
est to AEGIS because they may significantly alter the initial boundary condi-
tions of the repository long-term isolation phase.

A possibility also exists that, despite best available geological and
engineering Judgment; important features or processes will remain undetected
during repositdry site selection and construction. Examples include:

e on-going salt dissolution
e undocumented boreholes
° permeab1e zones (shear zones) within the salt dome.

Shear zones are vertically oriented planes within the salt dome along
which sediment inclusions, anhydrite, and coarsely recrystallized halite are
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localized. In several mines located in coastal salt domes, shear zones have
contained significant amounts of brine. Studies are currently being conducted
to determine if the source of the brine is connate or exterior. Shear zones
are believed to form during the process of salt dome growth (Kupfer 1974), As
no further salt dome growth is possible in East Texas basin salt domes (see the
section on diapirism), shear zones will not form in the future. The danger to
the repository is from shear zones that may be undetected during repository
site selection and construction.

Note that all these undetected features that would promote the same dis-
ruptive processes (i.e., dissolution) are actually analyzed in the dissolution
scenario. Once credible probabilities are assigned to the occurrence of unde-
tected features, they may be treated as subsets of fundamental disruptive
phenomena.

HUMAN-INDUCED DISRUPTIVE PHENOMENA

A comprehensive assessment of the safety of a nuclear waste repository
must include some analysis of how humans might cause a future interaction
between remaining radioactive materials and the human environment. The conse-
quences and likelihood of deliberate or inadvertent human intrusion, in terms
of radionuclides released, could far outweigh the consequences of release
through gradual ground-water contamination. For this reason, consideration of
how future human activities might affect repository safety must be incorpo-
ratéd, in some manner, into potential Type 3 release scenario analyses.

At this time a structured methodology for dealing with potential human-
induced repository breaches has not been developed. It seems unlikely that the
probabilities for such events could be quantified as the events and processes
in the geologic realm currently are. The history of human activities is
extremely brief in comparison with geologic history. While the probability of
occurrence of geologic activities can be quantified based on long-term histo-
ries of those activities, human activities cannot be similarly treated. Geo-
logic processes are dated in millions of years; hominid predecessors, Austra-
lopithecus and Homo habilis, however, have existed only within the past few
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million years. The appearance of modern man is dated from about fifty thou-
sand years ago, while the existence of agricultural systems and the recording
"by man of history can be traced for only a few thousand years. Any analysis
that would attempt to categorize past human activities and project those cate-
gorizations into the future must currently be qualitative in nature and highly
uncertain in its predictions.

An analysis of future human-induced activities that might compromise the
integrity of a repository sited in a salt dome can be structured to discuss a
range of potentialities. The methodology involves an examination of the range
of known past human activities that might, if repeated, breach the Eepository.
Separate analyses can be made of those activities that would breach the repos-
jtory intentionally and those that would result in an inadvertent breach. In
addition, some conclusions can be drawn about the probabilities of both types
of breaches while the repository remains under the control of some governmen-
tal or institutional entity and while information about the nature of the
repository and the materials it contains, is available for effective use.

Institutional Control and Information Transfer

There exist at 1ea§t three phases'of institutional control based on pre-
dictive reliability:

e short term (less than 50 yr after closure of repository)--reasonable
predictions can be made about stability, goals and operation of human
institutions, as well as degree of uncertainty

e intermediate term (100-200 yr after closure of repository)--predictions
are based largely on extrapolation or projection of present trends; there
is a limited degree of confidence, which decreases with time:

e long term (more than 100-200 yr after closure of the repository)--uncer-
" tainties dominate.

Draft Environmental Protection Agency (EPA) regu]atibns on disposal of
high~level radioactive waste, available at the time of scenario development and
in subsequent drafts, state that controls for the repository that are based
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on institutional functions cannot be relied on for longer than 100 yr after
closure. For purposes of this analysis, loss of institutional control,
regardless of cause, is presumed at 100 yr after repository closure.

One of the purposes of control of the repository site is the transfer of
information about the nature of the repository and the dangers inherent in the
release of the radioactive materials it contains. Implicit in the loss of
physical control of the site is the possibility that effective intergenera-
tional transfer of information would be lost, or that only a partial transfer
through written records would be made. Current EPA draft regulations require
supplemental controls to be designed using the most permanent markers and
records practicable to communicate the nature and hazard of the material and
its location. In spite of these precautions, some probability exists that
information transfer might not effectively survive, intact and intelligible,
for any period significantly longer than that presumed for institutional con-
trol to the degree necessary for reliance in protecting the accessible environ-
ment from the radioactive wastes.

The remainder of this analysis will look at the various potential reasons
the site could be intentionally breached, the possibilities and results of
potential inadvertent breaching, and the interactions of both institutional
‘control and available information with the potentialities for breaches.

Intentional Breaching

Breaching a salt dome repository intentionally can be postulated for
both short- and long-term periods of time. Such an intentional breach is here
defined as a knowing intrusion into the repository structure for some deliber-
ate purpose. In the short-term, it is presumed that institutional controls
would still be in place and would be designed adequately to deter or repel
any attempt at deliberate invasion of the repository site. More importantly,
consensual deliberate intrusion while the repository is under institutional
control would involve a contemporary societal decision to assume the burden of
those actions. Hence, the onus of risk falls onto that society rather than
today's.
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Deliberate intrusion at some time in the future beyond that point at which
institutional controls must be presumed lost is a more 1ikely scenario. Given
the complete loss of institutional control over the location and loss of hazard
warnings, future human activities could deliberately intrude in such reposi-
tories without having or using reconnaissance technoIogieS that would advise
caution against radiation exposure. The comparative danger of intentional
human intervention following waste emplacement and repository closure would
probably be much greater if the wastes were in a surface or near-surface
repository rather than in deep burial. Future societies capable of deep pene-
trations of geologic media would 1ikely have a range of reconnaissance tools
available and mechanical techniques for probing the environment near economic
development activities. A society capable of intentionally breaching a reposi-
tory as a known anomaly with unknown contents could be capable of assessing
beforehand the possible consequences of that breach and thus assuming the risks
inherent in such a breach.

On the other hand, the geologic repository program is based on a judgment
that it is incumbent upon the present society, which is benefiting from the
processes that generate hazardous materials, to minimize the danger to future
societies from those materials. Therefore, inadvertent human intrusion must be

addressed in assessing the post-closure safety of»a nuclear waste repository.

Inadvertent Breaching

For purposes of this analysis, inadvertent breaches are those caused by
activities carried out without knowledge of the presence or purpose of the
repository, thus assuming that enough time has passed to make loss of institu-
tional controls and/or effective: information about the repository likely. The
physical features that make a salt dome attractive as a repository for nuclear
waste isolation also make it attractive for future alternative uses. Salt
domes are large, accessible concentrations of a relatively pure mineral, making
them valuable natural resources. Also, salt domes are attractive for under-
ground storage space because of their impermeability, plasticity, relatively
high thermal conductivity and geologic stability. Figure 4.2 depicts the
potential competing uses of salt domes.
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~ The geo1ogic advanfagés of salt domes for Tong-term isolation of radio-
active wastes could be offset by the potential for inadvertent breaches caused
by the known past and probable future competing uses of salt domes. The util-
ity of salt domes for underground storage and as a valuable source of acces- -
sible minerals will encourage future use. Therefore, future human activities
in or near a salt dome have a reasonable chance of occurring.

Exploration and extraction of minerals from a salt dome containing 2 nuc-
lear waste repository. could potentially result in the breach of that reposi-
tory. The severity of the breach and the amount of waste material released
into the accessible environment are dependent upon the method of exploration
and extraction used, the Tocation of exploration and/or extraction with respect
to the repository, and the society's level of technology and/or ability to
monitor for radioactivity. Even though a society does attain the aBiIity to
monitor for radioactivity, there is no reason to assume that monitoring would
occur during routine exploration for, or extraction of, minerals. The human
activities that lead to future unintentional intrusion into a salt dome
repository are discussed in the following section.

- Mineral Resource Exploration and Acquisition:

Salt dome formations are frequently associated with deposits of shale,
sulfur, oil, natural gas, and commonly very high grade salt (>95% NaCl). The
minerals associated with a saTt dome can vary greatly, depending on its depth,
location, and the length of time since the salt dome was active. Historically,
a number of salt domes have been involved in mineral exploration and mineral
extraction. The methods and processes for exploration and extraction differ
according to such factors as mineral type, depth to minerals, level of tech-
nology available, and economics. Basically, these methods include conventional
mining and excavation (room and pillar), solution mining, and drilling.

Sulphur has been commercially mined or recovered from salt domes since
about 1920. A typical salt dome sulphur deposit is contained in sulphur-
bearing limestones in the caprock overlying the salt. Sulphur is extracted
from salt dome formations using the Frasch Process. The Frasch Process,

developed in 1894, involves drilling a well into the sulphur-bearing caprock,
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pumping hot water into the well to melt the sulphur, and withdrawing-the sul-
phur slurry. The caprock creates a sealed vessel, so bleed-water wells are
placed at the flanks to reduce pressure. Mining for sulphur in this manner
would not result in the direct breach of a repository located in a salt dome;
however, it could produce secondary effects (e.g., pressure-induced fractures)
that could provide a pathway of radioactive material transport to the acces-
sible environment.

0i1 and natural gas deposits are commonly situated at the flanks of the
salt dome formations. The Woodbine sand, which is several hundred fest thick
in the interior of the Gulf Coast salt dome region (East Texas basin, Sabine
uplift, and the region of the Mexia-Talco fault zone) has been known to carry
0il and gas in great quantities. This formation and the 0il and gas deposits
are often associated with salt domes or along the fault zones caused by the
rising of the salt dome. Pockets of o0il and gas discovered within the salt
dome are rare; most exploration occurs around the periphery of the salt dome.
The probability of directly penetrating a canister when drilling randomly over
the repository site s small. Secondary effects (e.g., ground-water altera-
tions) caused by the drilling operations could provide pathways of radionuclide
transport to the accessible envirorment. Such a scenario would have conse-
quences less extensive than the scenario presented below and, therefore, is
not further considered here. It would need to be addressed in an actual site
assessment.

Hiétorica]ly, salt has been very important. Besides being biologically
essential to humans and other animals, salt has been used in ancient civiliza-
tions as the basis of monetary systems (hence, the word salary). Almost five
millenia ago, the earliest known treatise on pharmacology was published in
China, a major portion of which was devoted to a discussion of more than
40 kinds of salt. The first patent issued by the British crown to an American
sattler gave a Massachusetts colonist the exclusive right to make salt by his
particular method for 10 yr. The value of salt as an essential mineral
resource to man is obvious. With increasing world populations, the demand for
salt is also increasing.
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Salt is mined from salt domes using both conventional mining operations
(room and pillar) and so]ution'mining'methods. Conventional mining and exca-
vation often reach depths of 1000 ft into the salt dome. Conventional mining
could result in exposure of a small part of the repository. However, because
this'technique involves human presence within the mine, the thermal and radia-
tion effects would 1imit the exposed volume, with direct deleterious effects
on the mining personnel. Such a scenario would have consequences less exten-
sive than the scenario presented below and, therefore, is not further consid-
ered here. It would need to be considered in an actual site assessment.

Solution mining is the predominant method of mining for salt in salt
domes. It is also the most effective method of constructing caverns to pro-
_vide storage space in salt domes. Solution mining can be performed without a
high level of technology. The Chinese drilled wells for saturated brine to
depths of 1000 to 2000 ft as early as 2000 B.C. 'Historically, solution mining
in one form or another has provided an efficient method of obtaining salt
brine.

Basically, solution mining is the'remova1 of salts and evaporates by dis-
solution. - Fresh water is injected into a salt deposit and brine is extracted.
The methods of solution mining differ with application, but the controlling
physical processes are the same. Diffusion and natural convection operate
together to dissolve and transport salts within the underground cavity. Fig-
ure 4.3 shows a hypothetical solution mining operation. The less saline water
at the top of the rock salt surface dissolves the salt. This dissolved salt
increases the fluid density of the water and causes it to fall along the wall,
continuing to dissolve and transport salt. The most dense, saturated brines
are concentrated at the bottom~of the cavity. This brine is removed to the
surface.

The depths of the wells, the-quantity of salt removed, and the size of
the cavity constructed depend on the mining technique and the characteristics
of the geologic medium. The applied mining technique is a function of the
level of technology of that society. Present cavity volumes range in the mil-
1ions of cubic meters. Acoustic and laser techniques are applied today to help
control cavity shapes.
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There are a number of conditions resulting from solution mining that could
potentially directly breach a repository located in a salt dome and create a
pathway of radionuclide movement to the accessible environment. The most
immediate effects of solution mining in a salt dome are the evacuation of a
large cavity, the use of large volumes of available fresh water, and the pro-
duction of brine. Given that the solution process intersects the repository
and that the contaminated brine is intended for consumptive use, the most
immediate consequences would result from direct contamination of a human popu-
lation from ingestion of table salt.

The probability of solution mining directly intersecting a nuclear waste
repository is a function of the size'and»depth of both the underground cavity
and the repository. The size and shape of the cavity depend on the method,
proficiency, and technological abilities of the miners and on the character of

~ the host media. The reference repository of this study occupies over 65% of

the horizontal cross-sectional area of the salt dome (Figure 4.4). Because

~ the depth of the repository and the depth of common solution mining are compa-

rable, the probability of a repository breach seems extremely high, should
solution mining occur in the repository salt dome.

In addition, potential secondary effects of solution mining such as
induced hydraulic fracturing, accelerated natural dissolution rates, ground-
water alterations, ground subsidence, and surface collapse could provide a
pathway for radionuclide transport to the accessible environment. The impacts
from these secondary effects would be evidenced over the long term. These
would be analyzed in an actual site assessment.

Because solution mining for salt is a plausible method by which remote-
controlled operations could expose sizeable portions of & nuclear waste reposi-
tory without immediate recognition by the mihers, a scenario was developed for
consequence analysis. This scenario is described in Chapter 5.

Energy Storage and Production

Salt domes have been receiving increased attention for their value as

. underground storage media. The characteristics that make salt domes attrac-

tive for waste isolation (e.g., impermeability, plasticity, and relatively high
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FIGURE 4-4, Areal Representation of the Hypothetical Nuclear Waste
Repository Located in the Hainesville Salt Dome
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thermal conductivity) also make them attractive for energy storage and produc-
tion. Currently, technologies and activities to store and produce energy in
salt dome cavities include compressed air energy storage (CAES), natural gas
storage, and the Strategic Petroleum Reserve (SPR). Also, salt dome caverns
have been suggested for use in salinity gradient energy production. Each of
these technologies requires the use of an underground storage space or cavity.
The predominant method of creating such underground cavities in rock salt for-
mations is solution mining.

At times of surplus energy production large quantities of energy can be
stored underground in the form of compressed air. During periods of peak
demand this energy can be recovered. The 290 MW storage plant 1n'Huntorf, West
Germany, currently operates with two solution mined caverns. The 1,800-ft-
deep caverns have & combined volume of 10,000,000 ft3 and maintain air pres-
sures between 650 and 1000 psi. The minimum depth requirement depends on the
maximum pressure planned for the cavity. The most severe potential impacts on
the repository, should a CAES cavern be located in the same dome, wbuld occur
from construction (solution mining) of the cavern. Oberation of CAES at
exceedingly high pressures or over long periods of time could produce fractures
in the formation that might‘provide a pathway for radionuclide release to the
accessible environment. Also, cavern or wellhead failure could lead to an
atmospheric release of radionuclides.

'Salt dome caverns are attractive underground space for storage of hydro-
carbons. The Strategic PetrdIeum Reserve (SPR) program would create a reserve
of crude oil in the U.S. through storage in underground space. Most of the
SPR's 500 million barrels of ofl is planned to be stored in salt domes. Cur-
rently, 300 million barrels of storage space exists in a variety of formations.
In the past, natural gas has also been stored in salt dome cavities. One salt
cavern in Saskatchewan contains 290,000 barrels of natural gas to a depth of
3700 ft. Twin caverns in the Emminence Salt Dome containing natural gas have
a depth of 5700 to 6700 ft. The severity of potential future impacts in the
accessible environment resulting from energy storage and production in a salt
dome containing a nuclear waste repository is a function of the technique used
in mining the cavity, location of the cavity, and the level of technology
attained by the society constructing the cavity. The main impact on the
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repository from the storage of hydrocarbons in salt domes would result from
solution mining a cavern. In addition, contaminated o0il or gas distributed
and consumed as an energy source would directly contaminate the accéssible
environment.

For the purposes of this exercise, the scenario of solution mining for
salt is considered representative of the scenario of solution mining for the
creation of a storage cavity. However, in an actual site assessment, such a
set of scenarios would need to be analyzed.

Weapons Testing

The characteristics that make a salt dome desirable for weapons testing
include high inherent plasticity, relative impermeability, and good radiation
shielding. The Tatum Salt Dome in Mississippi has been used in the past for
weapons tesing. Weapons testing (either nuclear or non-nuclear) would indicate
a‘felatively high level of technology. A society with this level of technology
may be able to detect radioactivity before the testing. However, the impacts
on the repository from weapons testing in a society unable to detect radioac-
tivity would probably be more severe. Secondary effects on the surroundiné
geology such as induced seismic activity or fracturing might also result in a
radionuclide pathway to the accessible environment. The severity of the
jmpacts is a function of the type of weapon tested, the magnitude of the explo-
sion, and the location of the test in relation to the repository, in addition
to the level of technology in the society and condition of the waste in the
repository. The solution mining scenario is considered to be both more plausi-
ble and consequential than weapons testing, which is not further considered
here. However, it would need to be analyzed in an actual site assessment.

Non-Nuclear Waste Disposal

Salt domes are attractive formations for the disposal of hazardous or
toxic non-nuclear wastes. Production of hazardous wastes and the frequency
and magnitude of disposal operations can be correlated to the level of tech-
nology in that society. However, an advanced society capable of producing
large quantities of hazardous waste material would not necessarily be able or
willing to provide monitoring to detect radioactivity. Liquid waste injection
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into the salt dome containing a repository could cause fluids to migrate or
induce natural dissolution to create a pathway for movement of radionuclides
to the ground water. The release of radionuclides as a result of non-nuclear
waste disposal is a function of the depth and method of disposal, amount and
types of wastes, and location of disposal in relation to the repository, in
addition to the level of technology in the society and condition of the waste
in the repository. The solution mining scenario is cons{dered to be both more
plausible and consequential than utilization for non-nuclear waste disposal,
which is not further considered here. However, it would need to be analyzed
in an actual site assessment.

Human Activities Affecting Breaching

In addition to deliberate and inadvertent breaches of repositories, future
human activities in the area near the repository site could affect the long-
term integrity of the repository. While the activities may not directly cause
a breach, their cumulative effect could assist in magnifying the probability
and/or consequences of a naturally induced breach.

- The flow of underground waters can be altered to some extent by a number
of human activities that affect the geologic media containing the ground-water
system. Many of the activities previously discussed, such as conventional or
solution mining, drilling, waste disposal, and energy production and storage,
could potentially alter the ground-water system and:-provide a pathway for
radionuclide movement. In addition to these activities, agricultural irriga-
tion, creation of reservoirs, artificial recharge, and location of population
centers in the vicinity of the salt dome containing. the repository may affect
the ground-water system pathways for radionuclide movement subsequent to a
breach induced by other events. ‘

- Irrigation could possibly perturb ground-water flow systems in two ways:
induced recharge to shallow unconfined aquifers by percolation of irrigation
water, and a lowering of the water 1evels~1ﬁ an aquifer by withdrawing large
volumes from irrigation wells, creating a sink. For irrigation to affect an
unconfined system, the quantities of excess water must be sufficient to raise
the zone of saturation. The resulting ground-water mound would locally have
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different hydraulic gradients than the undisturbed system. As a result, ground
water would flow outward and downward from the mound until the local gradients
are reestablished and the mound dispersed.

Pumping of large quantities of ground water could lower water levels and
affect potentiometric surfaces. The extent of this effect would depend on the
number of wells, the depth of the wells, the pumping rate, and the yield pro-
perties of the aquifer being used. Hydraulic gradients would change as water
is withdrawn from the well(s). The effects of these alterations on a salt dome
repository would depend on the well's distance from the salt dome and the near-
dome hydrologic flow system. The near-dome hydrology would have to be deter-
mined from study of a particular salt dome. Also, alteration of the ground-
water system in the area of the salt dome may induce or increase natural
dissolution of the rock salt.

Reservoirs created by naturally occurring phenomena or human activities
such as damming a river could alter the ground-water system by increased per-
colation of water to shallow aquifers, resulting in increased flow and
increased ground-water level. Also, the weight from the additional water in
the pool could cause loading and pressure effects on the land surface.

Population centers require sufficient supplies of fresh water to support
domestic, urban, and industrial needs. The availability of an adequate water
supply is often a determining factor in the growth of a population center. If
a large population center were to develop near a salt dome repository, at least
part of the water supply would probably be ground water from wells. The wells
would probably be large in diameter, fairly deep, and open to several aquifer
zones for large volume yields. The withdrawal and consumption of large quanti-
ties of water by these population centers could potentially result in the
alteration of the ground-water system.

These activities and the resulting potential alteration of ground-water
systams and impacts on the salt dome repository are dependent upon a number of
factors. Some of these factors include the size of the human population, level
of technology in the society performing the activity, location of activity in
respect to the repository, and possible combination with naturally occurring
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phenomena. Some effects of such human activities will be addressed in altera-
tions of the scenarios described in Chapter 5. In an actual site assessment,
their consequences for direct or indirect release to the accessible environment
would need to be analyzed.

RATES OF UTILIZATION OF GULF COAST SALT DOMES

As a part of the AEGIS scenario analysis task, Griswold (1980) investi-
gated the current rates of utilization of salt domes in the Gulf Coast region
of the United States. This information provides perspective on the likelihood
of human exploitation or exploration into a salt dome containing a nuclear
waste repository. This section largely follows from Griswold's report.

Salt domes are restricted to the Gulf Coast Embayment, which includes
southern Arkansas, Mississippi, Alabama, Louisiana, and eastern and southern
Texas. There are more than 300 salt domes known to occur in this area. The
U.S. Bureau of Mines has compiled a sumﬁary of 329 known salt domes in the Gulf
Coast Embayment (Hawkins and Jirik, 1966). As of 1965, mining or storage oper-
ations were being operated in 48 of the salt domes as indicated in Table 4.2.

The Bureau estimated that 130 of the 329 salt domes in the Gulf Coast
Embayment offer potential for mining, brine operations, and/or creation of
underground storage. In other words, 82 salt domes await exploitation by
humans. The other 200 or so salt domes have features that would not make them
appropriate for usage, including for a nuclear waste repository. '

The U.S. produced a total of 4.4 x 107 tons of salt in 1978. Louisiana
and Texas accounted for 55.5% of this production, all of which came from salt

TABLE 4.2. Operations in Gulf Coast Salt Domes (as of 1965)

Operation Number
Conventional Mines Only , 3
Conventional and Solution Mining 5
Solution Mining Only 16

LPG Storage

24
Total Salt Domes in Use 48
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domes. About 75% of that quantity came from solution mining, the other 25%

from conventional mining. The primary usage of brine is for chlorine-based

chemical production; the primary use of conventionally mined salt is for road
de-icing. The salt also goes to culinary usage.

Currently there are about 900 underground caverns in use for LPG storage
in the U.S., with a total storage capacity of 3 x 108 barrels. About half
that capacity is in salt domes in the Gulf Coast Embayment. Liquid petroleum
storage is expected to increase dramatically in the next several years. The.
SPR program may require 7.5 x 108 barrels of storage, expected to be avail-
able by the yeaf 2000. It is reasonable to assume Gulf Coast salt domes will
continue to provide 50% of that capacity.

Calculations by Griswold (1980) indicate that of the 82 salt domes avail-
able for usage, all will be used within the next four centuries, based on cur-
rent rates of utilization. These calculations were made on the basis of con-
servative assumptions. However, taking a less conservative approach, Griswold
states that it is difficult to forecast any of the salt domes not being
exploited (not just explored) in less than 1000 yr.

The conclusion is not that the probability of intruding a particular salt
dome containing a nuclear waste repository necessarily is 1/400 or 1/1000 per
year for the next few centuries. Site specific characteristics could make a
salt dome chosen for a nuclear waste repository to be less, or more likely,
more subject to exploitation for other usages. The conclusion is that the
scenario of a human intrusion into a nuclear waste repository is highly credi-
ble and reasonable over the next few centuries, if not sooner, and virtually
certain over the longer times of concern. The way to preclude such an intru-
sion is for continued control over the repository site, either through direct
institutional control or through the effective passive transfer of information.
Even if information exists that is designed to prevent some intrusion,
however, intrusion can still occur. '
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CHAPTER 5

RELEASE SCENARIOS

A qualitative description of release mechanisms is an important part of
release scenario development. The release mechanism can be discussed without
reference to any disruptive phenomenon by describing qualitatively the pathway
and transport medium influencing radionuclide movement. They are, in essence,
the basis for the formulation of the release scenarios discussed in this chap-
ter and for the evaluation of the breach consequences. Because of the exercise
nature of this analysis and the data limitations for assessment of the poten-
tial disruptive phenomena, the potential release mechanism is the most impor-
tﬁnt aspect of the release scenarios. Once the mechanism is described, the
influence of the various potential disruptive phenomena can be postulated and
addressed as parametric variations of the original mechanistic base case.

There are basically three categories of release mechanisms discussed
and analyzed as scenarios. The first mechanism involves direct communication
between the repository and the accessible environment. For the scenarios of
this reference site analysis, this communication is the result of solution
mining operations that occur following the loss of institutional control at
100 yr after closure. This scenario is referred to as the "solution mining
operational phase scenario." »

- The second mechanism used in the release scenarios of this analysis
involves communication between-the upper Queen City aquifer system, the repos-
jtory, and the Wilcox-Carizzo aquifer system. This occurs subsequent to the
solution mining operational phase scenario and is based on the assumption that
the solution mined cavity could potentially breach the side of the salt dome
and provide the necessary flow-through pathway. - It immediately follows the
solution mining operational phase scenario and provides a mechanism for the
long-term release of radionuclides to the geosphere for the geohydrologic
transport models. ' o
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The third release mechanism used in this analysis describes communication
through the repository by ground waters of the Wilcox-Carizzo aquifer system.
The disruptive phenomenon invelved in this scenario is the natural dissolution-
ing of the salt dome over long periods of time (i.e., one million years).
Because of the low gradients in the Wilcox aquifer and the long time frame over
which natural dissolution would probably occur, the consequences of this sce-
nario will be bounded by the long-term flow-through solution mining scenario.

To model the consequences from one of these basic qualitative release
mechanisms, it is necessary to quantify the various parameters invelved. This
requires quantification of various disruptive phenomena that could induce such
a mechanism and postulation of a series of events both before and after the
breach. The following detailed scenarios are presented in this manner. The
basic mechanisms are considered to be both credible and viable; however, there
is some uncertainty in the detailed description of the sequence of events
postulated for the individual scenarios.

The series of events prasented in the following release scenarios should
not be considered as a prediction of the future state of the geosystem.
Rather, the scenarios have been developed only to provideva quantification of
the mechanism for the consequence analysis. Information in this report is
intended to be realistic but conservative in developing these release scenar-
jos, and existing scientific and engineering evidence has been used whenever
possible. While the confidence in the release mechanisms is considered rela-
tively high (i.e., they are considered to be credible, viable, and defensible
for the existing geological environment), confidence in the specific details
of the scenarios is significantly lower. For an actual license application
SAR, the increased level of basic information on the site and the further
detailed investigation of the release mechanisms and disruptive phenomena
involved would help in limiting the uncertainty associated with the scenarios.

METHODOLOGY USED FOR SCENARIQ ANALYSIS

The scenarios were developed using primarily an expert opinion and peer-
review process. The AEGIS scenario team, along with assistance from several
AEGIS consultants, developed a set of initial release scenarios. A draft
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document was developed that presented the various phenomena and their interac-
tions, addressed their potential perturbations to the repository geosystem,

and identified several release scenarios. Upon completion of this draft sce-
nario report, a formal scenario review meeting was held at the Pacific North-
west Laboratory with personnel from AEGIS, ONWI, NUS Corporation (ONWI Reposi-
tory Project Manager), Bechtel National Inc. (BNI) (ONWI Repository Project
Manager), and Law Engineering Testing Company (LETCO) (ONWI Gulf Coast Geologic
Project Manager) to discuss and review the preliminary scenarios. As a result,
the scenarios were expanded and modified by the AEGIS staff based on the com-
ments received during this meeting.

A revised draft scenario report was then formulated and reviewed at a
second formal scenario review meeting held at the LETCO Offices in Marietta,
Georgia. This meeting was attended by representatives from AEGIS, NUS, BNI,
LETCO, and a group of consultants from the LETCO advisory review board. A
third review meeting was held in Austin, Texas, with personnel from the Texas
Bureau of Economic Geology (TBEG) to refine further the potential release sce-
narios. The revised scenarios were altered according to the comments from
these two review meetings. |

A final set of base case, far-field release scenarios was then developed
and approved at the last scenario review meeting held at BNI offices in San
Francisco, California. At this meeting the base-case release scenarios that
resulted from the scenario development process were presented by the AEGIS
staff to representatives from ONWI, BNI, NUS, and LETCO, and approved for use
in the ensuing safety analysis. As a result of this meeting, two base case
scenarios were identified: ~ a human-induced solution mining scenario, which
included both short-term and long-term releases of radionuclides, and a natural
geological, long-term salt dissolution scenario. These scenarios were then
further quantified by PNL and are discussed in detail below.

The final scenarios used for the safety analysis are considered to enve-
Tope the possible breaches of the reference salt dome repository. In particu-
lar the human-induced solution mining scenario, as described in this chapter,
is considered by the AEGIS team to bound potential inadvertent human intrusfon
into the repository sdch as petroleum exploration, other resource development
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activities, and cavity creation. As such, this scenario breach is not depen-
dent on the salt dome chosen for a repository. The solution mining, human-
intrusion scenario is generic to salt domes. However, the natural geologic-
based scenarios are much more dependent on the actual salt dome in question
and its relationship to the surrounding geologic system. While the aspects of
natural salt dissolution must be addressed for any Gulf Coast salt dome, other
phenomena that were not identified as being credible disrupting phenomena at
the Hainesville Salt Dome could play a significant role at other potential -
sites. As such the geological scenario developed for use in this reference
site analysis should not be considered necessarily appropriate for other salt
dome sites. The other major limiting factor for the geological natural dis-
solutioning scenario is the absence of consideration of repository- and waste-
induced effects. These could significantly alter that scenario and others. In
an actual site assessment, such effgcts would be explicitly included.

Natural Dissolution Scenario

Salt domes of the Gulf Coast Interior Basin possess many characteristics
such as high inherent plasticity, extremely low porosity, and low hydraulic
conductivity that make them attractive in terms of use as nuclear waste reposi-
tories. A potential weakness of salt, with respect to long-term waste isola-
tion, is the high solubility of salt in water. Therefore, salt dissolutioning
is an important consideration in the assessment of the stability of a nuclear
waste repository located in a salt dome. Salt dissolution may be initiated or
even controlled by a variety of human-caused events or processes (e.g., solu-
tion mining), as well as by the natural action of ground water flowing over or
around a salt dome. This discussion is limited to the description of the
mechanism and potential effects of salt dissolution occurring without the
intervention of humans.

Calculations of dissolution rates have been made, based upon caprock
thicknesses and concentrations of total dissolved solids in saline plumes.
Assuming that caprock consists of insoluble, anhydritic impurities that are
left behind whén salt dissolutioning occurs, and assuming that these insoluble
impurities constitute approximately 1% of the rock salt, Netherland, Sewell
and Associates, Inc. (1976) calculated dissolution rates for northeast Texas
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salt domes. To obtain the observed ‘thicknesses of caprock on some of the salt
domes, maximum dissolution rates must have been about 6 x 10~ -4 ft/yr, pro-
vided that the caprock formed by dissolutioning during the last 50 million yr.
Using that rate, it would take 1.3 million yr to dissolve an 800-ft buffer zone
around the repository. Dissolution rates have also been calculated using con-
centrations of total dissolved solids in saline plumes. This method has been
used to calculate dissolution rates for several northeast Texas salt domes.
Using the maximum dissolution rate estimated for current climatic conditions
(75 ft per 250,000 yr), the 800-ft buffer zone could be dissolved in 2.7 mil-
lion yr. Under glacial climatic conditions, when hydraulic gradients would be
increased, the maximum dissolution rate could also be increased. Therefore,
under glacial conditions, the buffer zone could be dissolved in 2 million yr.
Given that the climate will fluctuate during the next 1 milljon yr, the amount
of time needed to dissolve the buffer zone is between 2 and 2.7 million yr.
Therefore, salt dissolution is probably not a threat to repository intergrity
for a 1-million yr 1solation phase, even if the most conservative dissolution
time is used (1.3 m.y.). However, because of the uncertainties in knowledge
of dissolution mechanisms, the lack of information about the regional and near-
dome hydrbIogy and near-dome structufe, and the lack of consideration of
repository- and-waﬁte-induced effects, natural dissolution cannot be dismissed
at this time as a potential release scenario for the Hainesville Salt Dome.

It is assumed that fresh water zones are in direct contact with the salt
* stock and that dissolved salt is being carried away from the salt dome by the
flow of subsurface water in the Wilcox. Dissolution occurs where the salt dome
intersects a fresh water or uns;turated‘saline aquifer or’where structural
features such as upturned beds or faults could allow vertical ground-water
movement along the salt-host rock interface. Ground-water flux at the zone of
dissolutioning is assumed to be great enough to remove saturated brines and to
supply fncoming fresh or undersaturated ground waters. The dissolved salt
could be carried downstream through the aquifer. Dissolutioning of Northeast
Texas salt domes should occur at or near the top of the salt dome, where the
Wilcox aquifer is 1ikely to come into contact with the salt. The dissolution
should occur preferentially on the up-gradient (northwest) side of the salt
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dome, where the water first encounters the salt. As it flows over the top of
the salt dome, the water will continue to dissolve salt, so that material would
be removed from the top of the salt dome as well as from the flanks. Solution
collapse would occur where significant amounts of salt were dissolved, so that
the outer portions of the salt dome would become rubbly. At least part of the
800-ft buffer zone could be affected by the solution collapse. -Dissolutioning
of the buffer zone would be enhanced by the solution collapse, because perme-
ability of the salt would be greatly increased. - Thus, solution collapse could
enable water to encounter the waste canisters even before all of the buffer
zone had been dissolved and carried away. Near-saturated saline brines would
be flowing over and around the waste canisters. After flowing through the
repository, the brines would continue to move down gradient (fo the south-
east), probably flowing at the base of the Wilcox aquifer because of density
differences. '

This natural dissolutioning scenario assumes that at time one million yr
the entire volume of waste within the repository .is exposed for leaching by
ground water. Even though the entire repository volume should not be exposed
immediately when the breach occurs, the time required to expose the rest of
the repository, probably on the order of 103-104 years, is insignificant
compared to the 106-yr time frame required to initiate the containment
failure.

.. The natural dissolutioning scenario is unlikely to occur within the 106-yr
time frame, absent repository- and waste-induced effects. As discussed in
Chapter 4, the reasonably expected time for dissolution to occur is closer to
the order of 107 yr, or up to an order of magnitude greater than that used
for this scenario. There appears to be no reasonable way the natural dissolu-
tioning could occur in less than one million yr (absent human intervention).
Thus, a 106-yr period is considered to be the lowest bound on this scenario.
This is based on not considering the effects of the construction of the reposi-
tory nor the effects of the nuclear waste itself. Should these repository-
and waste-induced effects be considered, the time to natural dissolutioning
might be shortened considerably.
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As of the date of this salt dome reference site analysis, the consequences
of such a natural dissolutioning scenario have not been evaluated. These con-
sequences are obviously of less magnitude than those of the solution mining
scenario discussed in the next section. Consequence analyses of the natural
dissolutioning scenario could be performed in future work, and would need to -
be performed for actual site assessments.

Solution Mining Scenario

~According to discussions from Chapter 4, following a loss of institutional
control, future solution mining could perturb a salt dome containing & nuclear
waste repository. Because of the many uncertainties inherent in dealing with
potential miﬁing techho]ogiés. it has been assumed.that any such solution min-
ing would intersect the waste repository and threaten a breach of isolation.
Accordingly, the following release scenario has been developed. While the
release mechanisms discussed in the remainder of this section are highly
1ikely, the specific postulated sequence of events is uncertain.

Solution mining is used for a variety of purposes, including commercial
sglt production, storage cavity development, and petroleum production purposes.
This scenario has been developed under the assumption that the solution mining
is for commercial salt production (brining) because: 1) brining requires a
relatively low technology base for commercial operations; 2) solution mining
of salt domes at repository depths has occurred repeatedly before the technol-
ogy level associated with the knowledge of nuclear phenomena and thus, could
plausibly recur in the future without necessarily requiring a sophisticated
technological base cognizant of nuclear science; 3) historically, there has
been 1ittle control exercised over cavity shapes and dimensions; 4) there are
a number of known sinkholes and solution collapse features associated with past
brining operations in the Gulf Coast; and 5) it provides the most direct path
for radionuclides to enter both the accessible environment and the human food
chain through the consumption of culinary salt. Current trends in solution
minihg,technology have been directed at controlling and monitoring cavity
shapes and dimensions for better engineering control. However, for the pur-
pose of this scenario, a conservative asshmption has been based on the uncer-
tainties in describing how the dissolutioning around-the repository might take
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place. Because the waste-induced effects were not explicitly examined, it is
conservatively assumed that all dissolutioning occurs within the repository
area. The results are not sensitive to that assumption.

For the purposes of this scenario, the portion of the salt dome subject
to the scenario at the repository depth is considered to be a 20-ft high,
2000-acre horizontal slice, with a total salt volume of 1.74 x 109 ft3. The
actual repository is represented by a 1375 acre by 20 ft high slice, with a
salt volume of 1.2 x 109 ft3. The repository is surrounded by an 800-foot '
buffer zone of salt (see Figure 5.1).

After the loss of institutional control, it is postulated that a solution
mining (brining) operation starts production (post-closure time of 100 yr).
This facility produces one million tons (15 x 106 ft3) of salt per year
for commercial purposes. This value is representative of a current large scale
solution mining operation for salt. It is assumed that 3% of the total pro-
duction 'is used as culinary salt. The 3% fraction is based on the percentage
of the current total U.S. salt production used for human consumption (Bates
1969). This assumption received considerable comment by the outside reviewers
of the working draft of this document, in that it nonconservatively results in
a dose reduction by a factor of 33, and in that the other 97% of the contami-
nated brine was not considered in dose-to-human pathways. However, changing
this to total consumption of the salt could be compensated as discussed below.
The brining operation is assumed to have an operational life of 50 yr. At the
end of the 50-yr mine 1ife, approximately 61% of the repository could be
exposed, based on the one million t/yr production cycle. Therefore, the waste
could be exposed at a rate of 1.2% of the entire repository inventory for each
year of the 50-yr operational life.

To produce one million tons of salt per year, the water flow removed for
the solution mining process would be approximately 1200 gpm; the injection flow
volume would be approximately 1400 gpm, with the additional 200 gpm replacing
the salt volume removed. These flow rates could be derived through three or
four production wells operating at a rate of 400 to 300 gpm per well, or
through any other combination of wells and production rates.
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Comment was also received on the scale of such an operation. One review
group (see Chapter 12) felt that such a large scale operation would be incon-
sistent with an apparent lack of control over the cavity shape. This and the
problem with the 3% consumption assumption can readily be alleviated by con-
sidering a solution mining operation of scale reduced by a factor of 30, but
for which virtually all the salt would go for culinary use. This latter
assumption is more fepresentative of current culinary salt productions from
the highly pure salt found in salt domes, but the scale would be more in accord
with a poorly controlled cavity. Under these alternative assumptions, there
would be no change in the dose values calculated originally. This revised
report reflects the calculations done on either the larger scale, less propor-
tionate use of culinary salt asssumptions, or on the reduced scale assumptions.
Thus, either set of assumptions can be considered applicable to these analyses.

These estimates assume that the salt is removed specifically in the area
of- the repository, because near-field waste-induced processes might prompt this
type of dissolutioning. If the crushed salt backfill was nonhomogeneous at
the time of the solution mining intrusion, it could also promote preferential
dissolutioning within the repository boundaries resulting from a higher perme-
ability than the host salt. It is also possible that the additional thermal
loading induced by the presence of the waste could accelerate the creep of the
surrounding host salt and homogenize the crushed salt backfill within a rela-
tively short (100-1000 yr) time frame. If this homogenization were to occur,
the dissolutioning might not be totally concentrated in the repository bounda-
ries. As such, the fraction of the repository exposed during the brining
operation could be reduced by significant amounts. However, as the waste-
induced near-field analyses are currently beyond the scope of this program,
the conservative case will be assumed (i.e., up to 61% of the repository could
be exposed after 50 yr of mining). As indicated later, however, the actual
portion of the inventory that could possibly be exposed becomes unimportant
because of to solubility constraints on the brine solution and on Uranium-238,
which comprises approximately 98% of the repository inventory. For the pur-
poses of evaluating the consequences of the operational phase of the solution
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mining scenario, the parameters used for the scenario are outlined in
Table 5.1. Again, either the assumptions orignally used or the alternative
assumptions lead to identical consequences.

After 50 yr of solution mining, the brining operation is assumed to cease
production. Such a production halt could result from a number of different
reasons, including effects of economics, an altered technology base, a shift
in demand, or operational problems caused by solution collapse, sinkhole for-
mation, or by a breach of the salt dome itself. At the conclusion of the brin-
ing operation, it is assumed that one or more of the solution-mined cavities
has breached the side of the salt dome, as jllustrated in Figure 5.2. Thus,
the stage is set for the proposed long-term release scenario.

To approximate the resulting hydrologic flow through the repository, the
Finite Element Three-Dimensional Ground Water (FE3DGW) model was used. A dis-
cussion of the FE3DGW model and a detailed description of how it was used in
this analysis are included in Chapter 6. |

Given the assumption that fresh water will continue to flow through the
repository and out into the Wilcox aquifer, the following chain of events is
postulated as part of the long-term release resulting from the solution mining.
After the halt of solution mining, it is assumed that the repository area con-
tinues to be dissolutioned by the flow of water from the Queen City aquifer.
Water from the aquifer flows into the salt dome via the abandoned solution
mining well casing, through the repository, and out through the breach in the
side of the salt dome into the Wilcox aquifer. In the region surrounding the
salt dome, the overlying Sparta-Queen City aquifer generally has a 50 ft higher
hydraulic head than the Wilcox system. ‘The head -differential between the Queen
City and the Wilcox is assumed to remain at 50 ft. For purposes of this analy-
sis, the area of the opening into the Wilcox aquifer from the salt dome was
arbitrarily assumed to be 1000 ftz. The size of this opening and its effect
on the scenario were analyzed using the FE3DGW model, and the results are pre-
sented in Chapter 6. Given a flow rate through the repository of approximately
260 gpm (calculated using the FE3DGY), it would take about 120 yr (assuming
61% is exposed -initially) to expose the rest of the inventory, provided that
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TABLE 5.1. Parameters for Solution Mining Operational Phase Scenario

Original Scenario Assumptions
Operational life of solution mine = 50 yr

Production per year =1 mi]liog t/yr;
1.5 x 10/ ft/yr

Percent salt used for culinary uses = 3% of salt production
Repository depth = 2100 ft below land surface

Repository volume (1375 acres x 20 ft) = 1.2 x 109 ft3
Water injection flow rate = 1400 gpm

Solution withdrawal rate = 1200 gpm

Percent of inventory exposed per year = 1.2%

Percent of inventory exposed after 50 yr = 61%

Solubility limit for Uranium = 6 ppm

Alternative Assumptions Leading to Same Dose Consequences
Production of salt per year = 33,333 t/yr

Percent salt used for culinary use = 90%

Solution withdrawal rate = 40 gpm
Inventory exposure = 0.041%/yr = 2.0¥% in 50 yr

Other assumptions remain unchanged.

solutioning were to continue within the confines of the repository boundaries.
With such extensive internal dissolutioning occurring over a 170-yr time frame,
major solution-induced collapse of the overlying salt would almost certainly
occur, ultimately rupturing the abandoned solution mining well casing. It is
impossible to quantify how and when this type of collapse would occur.

The stability of the cavern would be very dependent on the actual cavity
geometry. Assuming that the bepoéitory is preferentially dissolutioned, col-
lapse features would probably begin occurring during the actual brining opera-
tion. Solution collapse could cause a permanent halt in production if the

5.12



£T°S

2N

LAND SURFACE

777 ELEV. +410 FT, MSL
7 ELEV. 0 FT. MSL

G AN 7R 77 QUEEN CITY AQUIFER <7%
e : * ‘ ‘ A
CARRIZO AQUIFER
|| 12" D1AM WELL
TOP OF DOME :
8350 FT DIAM P2 LR,

ELEV- 900 FT

BASE OF REPOS ITORY _
ELEVA- 1700FT

(NOT TO SCALE)

____SALT DOME BREACH
o

1000 SQ FT

ELEV. -2100 FT. MSL

MIDWAY GROUP

FIGURE 5.2. Schematic Representation of the Operational Phase Solution Mining Breach




collapse features were sufficiently severe. Collapse features, either occur-
ring during the brining operation or some time after abandonment, could rupture
the well casings and allow the 50-ft head between the Queen City aquifer and
the Wilcox to be dispersed through the salt dome and into the Wilcox aquifer.
This would mean that the water flow across the salt dome and the repository
might be reduced by up to one order of magnitude. As a result, the time
required to expose the entire repository inventory and concurrent dissolution-
ing of the salt dome would be increased accordingly. However, to simplify the
near-dome FE3DGW hydrologic model, and because of the inherent uncertainties
and the conservative nature of this analysis, it is assumed that the 260 gpm
flow continues for a period of about 15,000 yr. Ouring this period of time,
the entire salt dome immediately above the repository could be removed. Once
the top of the salt dome has dissolved, a major collapse feature would exist
over the remaining portion of the salt dome, providing a connection, with a
50-ft head differential, between the Queen City aquifer and the Wilcox aquifer.
However, unlike the previous system in which the abandoned brining operation's
well casings provided a direct path for the flow into the repository, the head
would now be dispersed over a 2700-ft high section of Wilcox-Carrizo. For this
stage of the scenario, it s assumed that the inventory is concentrated over
the 1375 acres of the former repository, within 30 ft of the top of the remain-
ing salt dome. Because the head would be dispersed over almost the entire
thickness of the combined Wilcox-Carrizo aquifer, the flow over the inventory
was again calculated using the FE3DGW model (Chapter 6). The calculated flow
over the inventory would be about 36 gpm. This scenario is depicted in

Figure 5.3.

The flow rate is assumed to continue to flow over the waste, leaching the
radionuclides at a saturation level of 6 ppm for uranium until the waste is
dissolved. This then represents the long-term release, where for approximately
the first 15,000 yr the flow over the inventory would be 260 gpm; then follow-
ing major solution collapse, the flow would be reduced to about 36 gpm.

Because of its higher solubility 1limit (410,000 ppm) salt will be dissolved
much faster than the spent fuel, with an assumed uranium solubility Timit of
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6 ppm. Because of this, it is necessary to model the radionuclide transport
in the scenario after the top of the salt dome has been removed, leaving the
large portion of remaining waste inventory exposed.

The insoluble anhydrite residue from the salt dissolution could slow, and
possibly halt, the salt dissolution following major solution collapse. Assum-
ing a total salt volume in the salt dome above the repository level (including
buffer zone) of 5.5 x 1010 ftz, and 2% insoluble anhydrite in the salt
formation, a total of 1.1 x 109 ft3 of anhydrite would be present follow-
ing dissolution of the entire salt dome above the repository. Assuming that
these insolubles are dispersed evenly over the entire 2000 acres of salt dome
at the repository level, the accumulation depth would be about 12 ft. (This
assumes a density similar to the original salt.) For purposes of this sce-
nario, the effects of the anhydrite accumulation were only accounted for after
the total collapse occurred, and only then for providing a mechanism for slow-
ing the dissolution of the salt dome below the repository depth. It was not
assumed that the anhydrite would impede the flow across the remaining spent
fuel inventory.

Regional Scenario

A hydrologic model has been developed for the purpose of making predic-
tions concerning the transport of radioactive contaminants from the Hainesville
Salt Dome in the event that the nuclear waste repository is breached (see Chap-
ter 7). The model simulates the actual hydrogeologic system and allows deter-
mination of certain properties of the system that cannot be directly measured.
Parameters of the hydrogeologic system can be changed so that movement of
ground water, as the transporting fluid for the radioactive contaminants, can
be estimated for several different sets of conditions. In particular, param-
eters must be altered to allow for future changes in the hydrogeologic system.

To simulate ground-water movement at the time of a future breach, hydrolo-
gists must use parameters that describe the future system. Accordingly,
changes in hydrogeologic parameters over time and in response to various geo-
logic phenomena must be described. Specifically, bounding conditions for the
future system must be established so that they can be used as input for the
hydrologic transport models.
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A base case, which simulates as closely as possible the present hydrogeo-
logic system, has been established (refer to Chapter 7). Three elements of
the system must be changed to account for future conditions. These elements
are: 1) amount of precipitation, 2) base level and hydraulic gradients, and
3) location of discharge areas. Table 5.2 summarizes the changes that might
occur in these parameters. Values of a fourth element, transmissivity, must
be bounded for the hydrologic and transport modeling.

According to Davis (1980), future compaction, weathering, fracturing, and
cementation COuld'éhange present-day transmissivities by several orders of ma-
gnitude. However, for the purposes of this analysis, transmissivities are
assumed to stay within the measured ranges. A more thorough analysis would
require better definition of the range of values for transmissivity, but
detailed, site-specific data would be necessary for that sort of analysis.

~ The advent of a glacié] episode -and the associated climatic changes are
considered to be among the more 1mpdrtant phenomena that could influence the
geohydrologic system surrounding a salt dome repository. Under potential
future climatic conditions, precipitation in the Interior Gulf Coast salt dome
area could be expected to increase by less than a factor of 2 (Kukla 1978).
Such an ‘increase in precipitation should cause very little increase in the
amount of water that enters thé ground as recharge. At present, only a small

TABLE 5.2. Changes of Parameters to Acéoﬂnt for Future Conditions

Parameter ‘ ~Change
Precipitation - Increased by less than a factor of 2 (under
-~ glacial conditions); very little increase in

infiltration

Base Level and . Increased slightly as a result of sea level

Hydraulic Gradients towering and increased erosion (induced by
glaciation)

Discharge Area Water would dischérge into Sabine River as a

result of decreased water withdrawal at East
Texas 011 Field
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percentage of East Texas rainfall infiltrates into the ground-water system;
most of the water that is available for recharge goes to surface runoff and
evapotranspiration. In the hydrologic model the maximum amount of infiltra-
tion that could be accepted by the soil (according to its reported transmissive
properties) was less than one inch. A precipitation increase of less than a
factor of 2 should cause very little increase in the amount of infiltration
because of the saturated nature of the present system. Hence, most of the
increase should show up as additional runoff.

Glaciation would result in a lowering of sea level. However, according to
Davis (1980), a drop in sea level will not drastically alter the hydraulic
gradients in aquifers 100 to 200 miles inland. Because of the shallow coastal
waters, lowering of sea level will cause the shoreline to move to the south far
offshore of the current coastline. Increased distance of travel will offset
the added head differences, which result from sea level lowering, so that
hydraulic gradients in the deep, regional, confined aquifers should not be
increased by more than about 30%.

Lowering of sea level would also result in increased downcutting by rivers
and streams. Increased erosion would lower the local base levels and could
provide head drops sufficient to increase hydraulic gradients in near-surface
aquifers, such as the Queen City, by 40% to 60%. Gradients in aquifers that
are deeper than a few hundred feet, such as the Wilcox-Carrizo, would probably
be increased by less than 10% (Davis 1980).

A change in discharge area could be induced by a cessation or decrease of
water withdrawal in the vicinity of the East Texas 0il Field. Currently, there
is a depression of the ground-water potential contours in Gregg and Upshur
Counties as a result of withdrawal of water for industrial and municipal pur-
poses. If the depression were still in existence at the time of a breach, the
radionuclides would be transported from the salt dome toward the depression.

A future decrease of water withdrawal at the East Texas 0il Field would allow
discharge of water into the Sabine River and into the Big Cypress Bayou. Under
those conditions, the radionuclides would be transported from the salt dome
toward the new discharge areas.
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The only regional scenario modeled for this analysis to date is for
elimination of the East Texas 011 Field with subsequent water flow into the
Sabine River and Big Cypress Bayou. Other alterations of the regional hydrol-

ogy may be simulated in later analyses and would be simulated in an actual site
assessment.
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CHAPTER 6

NEAR-DOME HYDROLOGIC SIMULATION

In the region surrounding the salt dome, the overlying Sparta-Queen City
aquifer generally has a 50 ft higher hydraulic head than the Wilcox aquifer
system, which is in contact with the salt dome. The solution mining breach
scenario initiates ground-water flow through the repository with this 50-ft
hydraulic head differential between the Queen City and Wilcox aquifers. The
ground-water flow patterns near the salt dome were simulated using the Finite
Element Three-Dimensional Ground-Water (FE3DGW) flow model (see Appendix B).
For this near-dome study, which has point source/intensive subregional recharge
and vertical variation in thickness and hydraulic properties, the FE3DGW pro-
vides the means to represent effectively the problem by varying the node spac-
ing both horizontally and vertically. '

HYDROGEOLOGY OF SUBREGION SURROUNDING THE SALT DOME

To provide a reasonable, cénservative assessment of the geotransport
consequences from the solution mining scenario, the maximum (47,000 gal/day/ft)
transmissivity measured for the Wilcox-Carrizo aquifer was used. The top
100 ft of the aquifer (referred to as the Carrizo sands) has a measured average
hydraulic conductivity of 99 gal/day/ft2 (transmissivity of 9900 gal/day/ft).
The remaining transmissivity (47,000-9900 = 37,100 gal/day/ft) is assigned to
the Wilcox aquifer (average thickness of 2000 ft). This gives. a hydraulic
conductivity of 18.55 gal/day/ft2 for the Wilcox aquifer.

~ The salt dome is actually egg-shaped in cross section; however, for this
simulation it was approximated by a truncated conical section of 11,350 ft
diameter at -2100 ft elevatfon, with 8350 ft diameter at -900 ft elevation
at the top of the dome. For a circular repository of 8750 ft diameter
(1375 acres) at -1700 ft elevation, the salt dome provides an 800 ft circular
buffer zone. Figure 6.1 is the schematic description of the hydrogeology of
region surrounding the Hainesville salt dome. |
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The regional groﬂnd-water gradient of 1 ft/1000 ft is used for defining
the boundary conditions of the subregion. The subregion modeled is extended
(up and down gradient and laterally) beyond the effects of local perturbations
caused by the solution mining induced breach. “Because there is bilateral sym-

metry, only half of the region was simulated.

FORMULATION OF THE TEST CASES

The first of two near-dome scenarios was modeled with a 1000 ft2 breach

area and no reduction of the hydraulic conductivity around the breach. This
is a conservative assumption because: '

e the breach area will increase gradually, but the adjoining material
may collapse and reduce the effective opening. In the simulation
the size of 1000 ft2 was maintained for the determination of the
ground-water flow.

e the concentrated salt solution from the salt dome will reduce the
hydraulic conductivity in the region around the breach because of a
change in viscosity and a precipitation of salt. For this simula-
tion no such reductions were considered.

- The second near-dome scenario was modeled assuming that:

e the flow through the abandoned solution mining bore hole has dis-
solved all of the salt dome above the Yevel of the repository. the
cavity thus created is filled with material assumed to have twice
the permeability of the original Wilcox aquifer, the increase in
permeability being -attributed to the collapse.

e the Sparta-Queen City aquifer, or the lake formed in the depression

after a collapse, continually provides an unlimited reservoir with
50-ft higher head than the regional ground-water potential at the
center of the salt dome.

e the recharge is occurring in all of the region above the circular
repository of 8750 ft diameter (1375 acres) and in the 800 ft buffer
zone around the repository.
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A1l the above conditions are conservative assumptions because:

e to dissolve the entire salt dome above the repository, the flow
through the abandoned bore would hole will have to occur continuously
for approximately 15,000 yr, with the assumption that 260 gpm (pre-
dicted by near-dome simulation) of fresh water leaves at the saturated
concentration of 410,000 ppm. This is a conservative assumption
because such an abandoned bhore hole may get clogged with debris or
may collapse because of corrosion.

e the present differential head between the Queen City and Wilcox
aquifers is 50 ft; but with the flow into the collapsed material,
the head difference will not remain constant.

The following are the brief details of hydrologic modeling of the two
near-dome simulation cases.

Model for Determining the Flow Rate Out of a 1000-ft°

Breach Opening

Salt Dome

The Wilcox-Carrizo subregion considered is 80,000 ft in length in the
direction of the general ground-water flow (25,000 ft up gradient and 55,000 ft
down gradient from the center of the salt dome) and 35,000 ft in width. For
the general region, a grid of 5000 ft was used, and the salt dome was repre-
sented by radially oriented elements (Figure 6.2). The three inner circles
represent the top of the salt ‘dome (Figure 6.3). The diameter of radially
oriented elements was varied to account for abrupt changes in the thickness of
the Wilcox aquifer overlying and adjoining the area of the salt dome. For
vertical representation, the general model used only three vertical hodes, to
represent the Carrizo and Wilcox aquifers. In the area with radial elements,
however, the vertical subdivision was increased to five nodes below each sur-
face node. At the salt dome breach an element of 500 ft2 (31.62 ft vertical
and 15.8 ft horizontal, to represent half the hole in the simulated zone) was
established. Figure 6.3 is the general representation of the stratification
details that were used for the whole subregion. Figure 6.4 shows the strati-
fication near the salt dome, illustrating the variable grid used to simulate
the salt dome and the breach.
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A steady-state simulation of the hydrology was done, assuming no breach.
Then the rate of flow through the salt dome breach opening was adjusted until
the differential driving head at the hole was 50 ft. A flow rate of approxi-
mately 25,050 ft /day from the hole was found to be necessary to attain the
50-ft differential head. Because only half the simulated region was modeled,
this flow rate was doubled; the equivalent flow rate thus derived is 260 gpm.
This represents the rate at which ground water flows from the Sparta-Queen City
aquifer, into the repository cavity, and out into the Wilcox aquifer system.

In the solution mining scenario, a 1-ft diameter pipe of approximately
1700 ft in length was assumed. The head loss in the pipe (bore hole trans-
porting water from the surface to the cavity), resulting from friction,
entrance, and velocity head loss 1s approximately 0.32 ft (Table 6.1) for
260 gpm. No adjustment of flow to account for the head loss through the pipe
was made because the magnitude of this effect is not significant.

The effect of the size of the breach opening on the rate of flow was not
examined specifically for this simulation because an earlier simulation with a
smaller salt dome (7000-ft-diameter base, 5000-ft-diameter top and 1000-ft
height) showed that an increase in the size of the breach opening did not
increase the rate of flow linearly. Table 6.2 presents the summary of the
results with regard to the size of the opening, based on the previously modeled
smaller salt dome. With the 13.5 times larger breach opening, the correspond-
ing increase in flow rate was only 15%. Therefore, the size of the opening
appears not to be a critical factor. The most critical factors affecting the
rate of flow out of the breach are the permeability adjoining the breached area
and the differential head that provides the driving force.

Model for Determining Flow After Salt Dome Collapse

This test case was fomulated assuming that the salt dome down to the
repository elevation (-1700 ft) has been dissolved subsequent to 15,000 yr of
salt dissolutioning after the breach caused by solution mining. The cavity of
10,350-ft-diameter (1930 acres) is filled with collapsed material of twice the
permeability of the original Wilcox aquifer (Figure 6.5). The Queen City
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TABLE 6.1. Estimation of Friction, Entrance, and Velocity Head Loss in
Bore Hole Pipe

Q = 260 gpm = 0.58 cfs
L = 1700 ft
D=1ft

v:&gné
D o

K = 0.5 factor for sharp-cornered entrance

Kg = 0.36 = factor for new welded continuous

steel pip%
= t -3 v 5
Velocity head loss Hv % .0085 ft

2
Entrance (sharp corner) head loss = HE = K%a = ,0043 ft

Friction losses (Scobey formula)

v1 9
H —nxL=.31

Total head loss = Hy + Hg + Hp = 0.32 ft

TABLE 6.2. Effectsvof Size of Breach on Opening on Flow Rate*

.'Stze of Opening into Rate of F]ow
Wilcox Aquifer .(50-ft Head Differential)
(ft¢) | (gpm)
1,000 316
3,364 332
13,465 364

* Results of earlier study with a somewhat smaller
salt dome and a continuous permeable sand layer
at the breach elevation.
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FIGURE 6.5. Schematic Representation of Collapsed Salt Dome

aquifer and the lake formed subsequent to the collapse of the salt dome pro-
vide an unlimited source to recharge with a 50 ft differential head across the
entire 10,350-ft diameter.

Because the general ground-water gradient in the Wilcox aquifer is
1 ft/1000 ft, the 50-ft additional driving force may significantly affect the
flow pattern up to 50,000 ft up gradient. The subregional boundary was kept
80,000 ft (Figure 6.6) from the center of the salt dome. The down gradient
boundary was defined at 110,000 ft. A 90,000-ft width was considered from the
center of the salt dome.

Unlike the point source used to represent the flow through the salt dome
breach, the recharge for this case takes place over the entire 1930 acres.
For general aquifer representation a grid of 10,000 ft2 was used. Near the
salt dome radially oriented elements (each representing 1/8 segment for the
half circle) were defined. Figures 6.7 and 6.8 describe the regional and local
stratification around the salt dome after the collapse.
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For estimation of flow through a 30-ft-thick layer over the repository
(chosen to represent twice the height of the waste canisters), vertical logs
in all the radially oriented elements near the salt dome have nodes at -1670
and -1700 ft MSL. Steady-state three-dimensional simulation, using the FE3DGW
model, was done to estimate the hydraulic head distribution under the pre-

scribed conditions.

A computer program was used to calculate the flow vector in the x-, y-,
and z- directions at the center of each element. The radial outward flow -
between -1670 ft and -1700 ft MSL elevation around the repository was esti-
mated to be 3426 ft3/day. Because half of the subregion is simulated, this
flow was doubled for use in the regional flow model. The converted figure for
horizontal flow over the 30 ft high layer is 35.6 gpm. Because the primary
objective here was to account for maximal flow, no density effects were con-
sidered. With density-dependent simulation the flow rates would be somewhat
less than the predicted results. '
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CHAPTER 7

REGIONAL HYDROLOGIC SIMULATION

Prediction of radioactive contaminant transport requires an estimation of
water movement, because water is the primary carrier of waste in hydrogeologic
systems. Any release from the Haihesvi]]e Salt Dome would enter the Wilcox-
Carrizo aquifer, and the contaminants from such a release would flow with the
ground water to some point of release to the accessible environment. The pur-
pose of the hydrologic modeling is to simulate the pressure head response of
the real-world system and to‘predict the flow paths and velocities of ground-
water movement. To accomplish this objective, a region must be modeled that
is large enough to include the natural phenomena that play a signifiéant part
in the hydrologic system. Those phenomena, which cannot be included because
of size limitations, must be introduced through the boundary conditions.

Specifically, the regional hydrology model was used to define the poten- -
tial distribution, the streamlines of flow, flow tubes, and travel times from
input data describing the hydrogeologic system and release scenario chosen.

The East Texas region was modeled with the steady-state version of the Variable
Thickness Transient (VTT) Model (see Appendix C).

CONCEPTUAL MODEL

The regidn modeled is approximately 120 miles by 130 miles, so that a
regular finite difference grid of nodes, each 2 miles on a side, was used. The
geologic configuration shows a multf-aquifer system where the surface aquifer,
the Sparta-Queen City, is isolated by a semi-confining Reklaw clay layer.
Neither of these formations extends over the entire region. Because of this
isolation, it was deemed unnecessary to include the Sparta-Queen City aquifer
in the model. Beneath the Reklaw 1ies the Carrizo and Wilcox Formations, which
combined form the primary regional aquifer. Below the Wilcox, the Midway
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Formation provides an effective bottom boundary to the system. Where the Rek-
law does not overlay the Carrizo, the aquifer is unconfined (see Figure 7.1).
In the unconfined area the water table is in contact with surface streams,
receiving rainfall infiltration. To simulate the stream interaction with the
aquifer, a two-layer conceptual model was postulated. The Carrizo and Wilcox
sands constitute the modeled aquifer, and the second layer consists only of

the streams. This arrangement permits the use of an inter-aquifer transfer
coefficient to control stream bed effectiveness and thereby eliminates the
necessity of assuming that streams fully intercept the aquifer. The elevations
of the streams were taken from topographic maps and were interpolated between
contours. The inter-aquifer transfer coefficients and permeability distribu-
tions were adjusted in calibration of the model to yield a reasonable base flow
from the ground-water system to the streams of the region.

Beneath the Wilcox-Carrizo agquifer lies the Midway Formation, which con-
sists of clays with hydraulic characteristics too small to be measured accu-
rately. Thus the Midway was chosen as the bottom boundary for the ground-water
model.

Model Boundaries

The boundaries chosen for the hydrologic model were held potential
(Dirichlet) boundaries along the northwest, northeast, and south side, as shown
in Figure 7.1. Between these held potential boundaries, boundaries that allow
no flow to cross were chosen. These were chosen along what appeared to be
streamlines of flow rather than along an impermeable geologic boundary. The
northwestern boundary had a value to 450 ft above mean sea level, with one area
on the west held at 500 ft. The boundaries on the northeast and south were
held along a potential 1ine at 200 ft. Flow would enter from the higher poten-
tial and exit the lower potential, affected in between by infiltration, trans-
missivity of the aquifer, leakage to streams, and injection and withdrawal of
water.

Rainfall Infiltration

Within the modeled region in the areas where the Wilcox-Carrizo aquifer
outcrops, infiltration from rainfall influences the ground-water elevations.
Even though the East Texas area receives high annual rainfall, only a small
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y and Boundary Conditions for the Wilcox-Carrizo Aquifer

: FIGURE 7.1. Geometr
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percentage infiltrates to ground water. Table 7.1 shows potential evapotrans-
piration (PET) and actual evapotranspiration (AET) values calculated, using a
modified Thorntwaite & Mather method from monthly weather data collected at
Longview and Palestine, Texas.

Runoff accounts for a large percentage of the amount available for
recharge. Initial simulations arbitraily using 4 in. of infiltration in the
mode1 showed that the reported transmissivity properties of the soil would not
accept this amount. The infiltration was adjusted in the unconfined area to
vary between 0.25 in on the northwestern edge to 0.9 in. on the eastern side.

Hydraulic Conductivity-Transmissivity

Transmissivity is one of the most difficult parameters of a ground-water
system to quantify. Well pumping tests yield only single point measurements
and are influenced by many local factors, whereas regional data are needed.
Table 7.2 summarizes the available measured values of transmissivity, perme-
ability, and thickness of the major aquifer. There are too few measurements
to characterize adequately this area of over 10,000 square miles. These mea-
surements did provide minimum, maximum, and average values for the primary
aquifer. The transmissivity distribution was developed using the map of the
net sand (Figure 7.2), which covers the confined area.of the model. To cover
the remainder of the area, the map was extended outward toward the boundaries.
The map was digitized and used as the measure of the aquifer thickness. The
average transmissivity for the sands was divided by the thickness, and this
was used as the initial distribution for permeability. These values were
adjusted in some areas during the calibration phase of the modeling process to
realize a better match of the potential surface with existing field data.

Stream Aquifer Interaction

Streams were modeled over the unconfined parts of the Wilcox aquifer by
holding the potential head of the streams at the land surface according to
elevations from topography maps. An inter-aquifer transfer coefficient was
used between the streams and the aquifer to control the effective transmission
of the water to or from the stream. The model was adjusted so that approxi-
mately .01 of the mean annual flow of the streams was seepage from ground
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TABLE 7.1. Arithmetic Mean Weather Data and Calculated AET, PET and
Excess Precipitation

Longview, Texas Palestine, Texas

Arithmetic Mean Annua)l Temperature 66.4°F (19.1°C) 66.6°F (19.2°C)
Precipitation 46.2 in. (1172.5 mm) 40.5 in. (1032° mm)
Potential Evapotranspiration 40.9 in. (1039.8 mm) 40.§ in. (1031.8 mm)
Actual Evapotranspiration 32.1 in. (814.6 rm) 33.5 in. (851.1 mm)
Available for Runoff :

and Recharge - 14.1 in. (357.2 m) 7.1 in. (181.3 mm)
Percent of Precipitation as 31y 1%

Runoff and Recharge

TABLE 7.2. Summary of Transmissivity, Permeability and Unit Thickness Data

Hilcox Carrizo Carrizo-Kilcox
Transmissivity (gal/day/ft) |
Number of Measurements a4 14 23
Average Value 8,076 13,078 12,097
Minimum Value 600 - 2,000 2,970
Maximum Value ' 47,000 20,800 38,000
Standard Deviation , 10,140 5,143 8,322
Permeability (gal /day/ftz)
Number of Measurements 39 14 10
Average Value 76 185 .99
Minimum Value 3 22 56
Maximum Value 338 450 244
Standard Deviation 80 92 54
Thickness of Unit (ft)
Number of Measurements 42 14 - 10
Average Value _ 116 75 01
Minimum Value 15 40 - 30
Maximum Value 633 - 110 141

Standard Deviation l2a 22 | 33
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water. This was based on data from the USGS (1959) which show minimum flow in
streams in the Sabine River Basin to be about 1% of the flood stage flows.

Additional Stress on the Ground Water

A notable feature of the ground-water potential contours of the Wilcox-
Carrizo aquifer is the depression in Gregg and Upshur Counties, which contain
a major part of the East Texas 0il Field. Broom (1969) reported that for
municipal purposes in Gregg and Upshur Counties in 1966, about 1.1 mgd
(1200 acre-ft/yr) of water was being used for domestic purposes and about
1.6 mgd (1800 acre-ft/yr) was used for industrial purposes. The model cali-
bration required that about 1600 acre-ft of water per year be withdrawn to
create a similar ground-water depression.

Potentia] Distribution

A potentiometric surface map was drawn for. the Wilcox-Carrizo aquifer
from 717 head measurements.: This map was digitized and used:as the starting
potentiometric surface for the modeling. Calibration of the model included
checking how closely the hand-drawn potentials checked with the well measure-
ments. When modeling & ground-water system, an attempt 1s made to adjust the -
model so that the potential surface has nearly the same or better accuracy
than the hand-drawn potentials, when compared statistically to the well mea-
surements. The hand-drawn potentials have an average difference of 26.7 ft,
with a root mean square of 38.7 ft. The calibrated model results for the same
wells show an average difference of 32 ft and a root mean square of 45 ft.
This was considered sufficient to predict flow directions and travel times for
the release consequence analyses.

RESULTS OF HYDROLOGIC SIMULATIONS

Three scenarios were chosen for hydrologic simulation: the base case,
simulating the current ground-water system; a second case, postulating the end’
of water removal from the aquifer in Gregg and Upshur Counties; and a pumping
well scenario, postulating a domestic pumping water well 6 km down gradient of
the edge of a salt dome.
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Base Case -

A base case chosen for the first scenario was the case that simulates the
present day ground-water system, including the depression in Gregg and Upshur
Counties. Flow that originates at or passes over the Hainesville Salt Dome in
the Wilcox-Carrizo aquifer travels in a southeasterly direction, then eastward
into this depression. Figure 7.3 shows the streamlines drawn between these
areas. -

According to the near-dome hydrologic modeling (see Chapter 6) and release
scenario analyses. (see Chapter 5), a flow of 260 gpm is released from the salt
dome. Integration around the salt dome on the down gradient side captured
equal flow totaling 260 gpm within the seven flow tubes.

For the transport simulations, the seven flow tubes were combined into a
one-dimensional tube of appropriate size and length. A dispersion length was
calculated, which accounts for the variation within the two-dimensional flow
system. This is because the results of interest are the rate of release of
radioactivity per unit time into the surface water system and the distribution
of that release in time, rather than the spatial variation among the paths.
The observed travel time variation in the seven flow tubes was used to deter-
mine an average travel time and velocity. The maximum and minimum travel time
was 18,800 years and 11,900 years, respectively. The flow tube lengths were
from 21,900 ft to 18,300 ft. Velocity variation was from 11.66 ft/yr to
15.33 ft/yr, with an average of 13.26 ft/yr. The macroscopic dispersivity
was calculated from the velocity variation to be equal to 770 ft.

Second Case

The second case was postulated with the discontinuance of water being
removed from the aquifer in Gregg and Upshur Counties. This would permit the
water passing the Hainesville Salt Dome to discharge into the Sabine River and
the Big Cypress Bayou near the northeastern model boundary. Figure 7.4 shows
the new contours of potential and the calculated flow tubes containing the
260 gpm flow raleased from the salt dome breach.
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The flow from the salt dome proceeds southeasterly and divides to enter
the Sabine River and the Big Cypress Bayou at the edge of the confining Reklaw
Formation. The center streamline terminates at the stagnation point that
divides the two flow systems. The average flow velocities, travel times, and
lengths of the flow tubes are shown in Table 7.3.

Pumping Well Scenario

A domestic pumping water well was postulated at a distance of 6 km down
gradient of the edge of the salt dome, based on the location that can cur-
rently provide potable water. (In an actual site assessment, this would be
changed to match the requirements of federal regulations.) The contaminated
water was assumed to be picked up in a 400 gpm well discharge.

‘One feature of the VTT code used for these simulations is the ability to
do-more detailed simulations in the area of interest by focusing on a subregion
of the modeled area, creating a smaller area of higher resolution. This is
done by first simulating the large area of low resolution to provide the bound-
ary condition for the small area, high resolution region. The new subregion
model is then run to predict in more detail the potential contours ‘for this
region.

Figure 7.5 illustrates such an expanded smaller region. The node spacing
for this region was 1320 ft. Point source data for the release and pumping are
the same as in the large region model. Flow originates from the release point
at the Hainesville Salt Dome and enters the well near the 344-ft contour.

Flow tubes were generated and travel times for each streamline were com-
puted. The average flow tube length was 22,900 ft and the ‘travel time was
1050 yr. The flow tubes are numbered on Figure 7.5.

TABLE 7.3. Case 2 Flow Tube Data
Sabine Discharge Big Cypress Discharge

Average travel time 43,000 yr 38,550 yr
Average length: 326,500 ft 343,400 ft
Average velocity 7.59 ft/yr 8.91 ft/yr
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Simulation of this scenario is rather inconsistent in that subsequent to
the breach in the salt dome, the ground water is nearly saturated with brine.
Thus, the well at 6 km could not yield potable water. Indeed, the salt plume
is calculated to last about 15,000 yr along a pathway for which it also (by
chance) takes about 15,000 yr to travel. During this period there is no
location 2along the streamlines that will give potable water. However,
subsequent to the dissolutioning of the salt dome, potable water could be
obtained directly above the repository. For this analysis this inconsistency
was not resolved. The well at the current potable location was arbitarily
selected to demonstrate the methodology used to analyze a well scenario. In
an actual site assessment the well analysis would be in accord with the
appropriate regulations defining the accessible environment.
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CHAPTER 8

TRANSPORT SIMULATION

+

Ground-water flow patterns and velocities u1timately determine the dis-
pefsal and arrival times of dissolved radioisotopes leached from a geologic
repository. In principle, the classical convective-diffusion equation depend-
ing on the ground-water velocity at each aquifer location and each geological
stratum can be'solvgd for the concentration of transported radioisotopes over
time. Such a calculation would, however, require a thorough knowledge of the
release rates from the breached repository, the hydrodynamic dispersivity
defined over the entire region, and a complete characterization of the chemi-
cal phenomena of contaminant sorption on geological media. Acquisition of all
such data on a geological scale is not currently achievable. In predictions
of contaminant transport through & ground-water system, the inherent spatial
variability of media properties is an additional obstacle. This stochastic
aspect affects the assumed validity of the classical transport equation when
applied to large regions for predictions over thousands of years.

In view of the 1imits and uncertainties in the site charactefization data,
a one-dimensional transport model having a stochastic formulation was used for
the far-field transport simulations of this reference site analysis. The spe-
cific geometry of the repository is considered to be not important in the far-
field. Only the near-dome simulation warranted three-dimensional analysis;
however, in an actual site assessment, if the data are sufficient, the three-
dimensional model could be used for far-field simulations.

TRANSPORT MODEL

A one-dimensional Multicomponent Mass Transport modeT (MMT1D--see Appen-
dix D), based on the method of discrete parcel random walk, was used to simu-
late the movement and to predict the concentrations of radioisotopes released

by the nuclear waste repository. The basic operational concepts incorporated
in the model are:
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convective transport and dispersion
soil media sorption equilibrium
radioactive decay of contaminants
repository release rates.

The one-dimensional model is made to represent a real system's three-
dimensional flow by associating a width and height with the lines of travel,
which are the streamlines obtained from the hydrologic modeling of the water
flow (see Chapter 7). A collection of streamlines beginning at the repository
and ending at a release region at the surface water systems is collectively
called a flow tube. The flow tube's width and height represents the extent of
lateral transport (dispersion) expected during transit along that flow tube
length. Furthermore, flow tubes are dimensioned to be mass conservative by
requiring all material released by the repository to remain within a tube
until exiting.

Convective Transport and Dispersion

The mass of radioisotopes is subdivided by the model into many parcels
that are released into the ground-water stream according to a specified repos-
itory release rate, which was determined from the breach scenario, near-dome
simulation, and leaching/solubility considerations. Parcels of radionuclides
not interacting with the porous media are transported away with a velocity
equal to the average of velocity of the ground water along the streamlines
defining the flow tube. Radionuclides that are adsorbed move with a retarded
velocity equal to the average velocity divided by a retardation factor
K, given by:

K=1+ Kd

where Kd is the sorption equilibrium constant for the particular radionuclide
and is the ratio of geomedia bulk density to geomedia porosity.

Dispersion can be defined most simply as the phenomenon associated with
the mixing between different concentration regions. It is a conseduence of
random motions deviating from the mean flow velocity. The extent of dispersion
for a particular system is quantified by the dispersion length or dispersivity.
A random walk process is used by the model to simulate the dispersion of
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radioisotopes. During transit with a retarded average flow velocity, parcels
are given random displacements as a function of the dispersion length. Such a
random process generates the concentration solution to the partial differential
equations of transport. In order that dispersion in a one-dimensional flow
tube might represént the-cdmbined effects of both dispersion and velocity vari-
ation between streémlines, an effective macroscopic dispersion length param-
eter was employed. This parameter represents the velocity variance of parcels
traveling along different streamlines comprising the flow tube. ’

Geological Media Sorption Equilibrium

The Kd values represent the ratio of the activity of the radioisotope
sorbed onto a geologic medium to that remaining in solution under equilibrium
conditions. Immobiliiation is primarily viewed as an adsorption process but
can occur by other’chemical_mechanisms. It is assumed that the water velocity
is Tow enough that the equilibrium assumption is valid.

The geotransport aspect of the salt dome repository scenario requires con-
sideration of two sets of Kd values for some of the radionuclides present in’
the 1nvent6ry. As nuclear waste is released by the dissolving salt dome, the
Kd used is that measured in concentrated salt solution; when the salt dome dis-
solution is complete, the Kd used is that measured in ground water containing
bicarbonate. Generally, the Kd value of variable sorption nuclides is greater
in bicarbonate ground water than in a salt solution. (A notable exception is
Te, which has its'greater value in salt solution.) The result is lower retar-
dation for radiofsotopes traveling along within the salt plume, resulting in
shorter travel times than would be the case for the bicarbonate solution. To
handle this change in Kd values: subsequent to passage of the salt plume, alter-
ations of the original MMT model were made to include dependence of Kd on the
location of the released salt plume.

Radioactive Decay

The radioisotopes contained in both the repository and the flow tubes
undergo radioactive decay. Released parcels of fission or activation products
have their mass reduced according to a simple first-order exponentia] decay as
they transit the flow tube. Transuranic radionuclides are involved in four
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decay chains: the actinide series, the uranium series, the neptunium series,
and the thorium series. Mass balance is maintained in the MMT model by creat-
ing daughter parcels with total activity equal to that derived from chain
decay. Only parent and daughter nuclides with relatively long half-lives are
considered for transport simulations. Daughter nuclides with relatively short
half-lives that are in secular equilibrium have the location and spatial'dis-
tribution of their parents. '

RELEASE SOURCE TERM

A release source term curve reflects the details of the release scenario
and is the primary factor establishing the initial radioisotope concentrations
during transport simulation. Without the effects of sorption and dispersion,
released concentration levels propagate along the flow tube with the ground-
water flow velocity, altered only by radiocactive decay. Sorption differences
among radionuclides and dispersion cause separation in the concentration
distributions.

The release source term of each radionucliide is a function of exposed
surface area, 1ea;h rate, solubility, and water flow rate exiting from the
‘repository. For the base case salt dome breach scenarios, the exposed surface
area was found not to be limiting. A solubility limit of 6.ppm for uranium
was assumed, while all of the other radionuclides were assumed to be released
at proportional rates, resulting in congruent dissolution for all radionu-
clides at a single fractional release curve (see Chapter 10).

'tlThe rate of waste dissolution in metric tons (1000 kg) per year was
determined as follows:

e Leaching rate (metric t/yr) = 0.002 x flow rate (gpm) x solubility
(ppm). Total uranium inventory calculated from the assemblies list
equaled 7.8 x 104 metric tons. Assuming a constant flow rate
yields: -

e Leaching time (yr) = 3.9 x 107/flow rate (gpm) x solubility (ppm).
Similarly, with 410,000 ppm as the solubility of salt, the rate of
dissolution of the salt dome in ft3/yr in terms of flow rate in
gpm is:
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e Salt dissolution rate (ft3/yr/gpm) = 1.4 x 104 (ft3/yr/gpm of flow).
Using the volume of a truncated cone from the top of the salt dome
to the repositofy depth, the volume of salt was estimated to equal
5.5 x 1010 £t3, Again assuming a constant flow through the salt
dome, the time for dissolution above the rebository is:

e Salt dome dissolution time (yr) = 3.8 x 106/flow rate {gpm).

Near-dome simulation (Chabfer 6) of the hydrologic system provided an est-
imate for the water flow rate of 260 gpm during salt dome dissolution. After
the salt dome co]]apse and the resultant termination of the salt release, the
flow rate penetrating the nuclear waste region equaled 35.6 gpm. At a flow
rate of 260 gpm, the salt dome dissolves in 14,700 yr. During this period,
the fraction of the nuclear waste inventory leached at 6 ppm concentration is
0.59. The rema1n1ng 0.41 of the waste is leached in 75,000 more years by the
35.6 gpm flow at 6 ppm for uranium,

CONCENTRATION ESTIMATION

Concentrations of radioisotopes were calculated by a summation of parcel
weights over time intervals as the parcels exit the flow tube. The parcel flux
obtained from that summation was divided by the total Darcy flow within the
tube to obtain concentration. Because the summation of parcel weights consti-
tutes sampling a random walk transport process, the primary concentration ver-
sus time curve displays statistical fluctuations. The expected concentration
curve was obtained by averagihg the primary curve with a time series filter to
remove most of these fluctuations. As a result of this methodology, the con-
centration graphs include small variations.

RELEASE CONSEQUENCES ANALYZED

Geotransport was evaluated for four cases:

Case 1. Base Case, with the exit point in the East Texas 0il Field as in
the present hydrologic system. Breach occurs at 150 yr and at
1050 yr after the repository closure (i.e., after 50 years of
solution mining which begins at time 100 or 1000 yr after closure).
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Case 2. Base Case, with the East Texas 0il Field removed from the hydrologic
model. This gives exit points in the Sabine River and Big Cypress
Bayou. Only the release at 150 yr post-closure was analyzed.

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

Case 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 scenarios are listed in Table 8.1. -
The initial inventory is the total inventory from the PIR assemblies 1ist
(provided to AEGIS by BNI) of 10 yr old waste at the beginning of emplacement
in the repository. The 200-yr inventory is that of 200-yr-old waste in the
repository, with geotransport beginning at that time. Radioisotope half-lives
and average Kd values are also provided in Table 8.1. Simulations were run to
2 million yr, except the well pumping case terminated at 150,000 yr. This was
done because residual radionuclides with large retardation factors would have
decayed before exiting to the surface. A beta value of 6.0 and an effective
porosity value of 0.2 were used in all runs. The effective porosity was pro-
vided by the water flow modeling (Chapter 7) and is used to convert water velo-
city (Table 8.2) into Darcy water flux by mulitplication.

The elimination of the East Texas Qil 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/year) of ground-water flow. The transport parameters are
provided in Table 8.2.

The tube dimensions, flow velocities, and travel times given in Table 8.2
are average values based on the streamlines of the flow tubes. The dissolved
salt release begins at year 200 and ends with year 14,917. (Note that dates
in this section refer to the age of the waste.) The region of concentrated
salt solution moves with the ground-water velocity in each case and requires
the given travel time to traverse the flow tube. The dispersion parameters
represent the macroscopic velocity variation over streamlines comprising each
flow tube; they are not the porous media dispersivity.
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TABLE 8.1, Simulation Inventories, Half-Lives, and Kd Values

Fission and Activation Products

Initial Decayed* Kd+*
Miclide yearsy  lourses) lcwsesy ST e
3 12.35 3.45€7 4.59E2 0 0
14c 5730 1.14€5 1.11€5 0 0
79se 6.5E4  2.98E4 2.97E4 24 24
%05 285  4.3089 3.3 o 27
991¢c 2,135  9.72E5 9.71E5 1.6 ©
129 1.57E7  2.29g3 22983 . O 0
135¢s 2.3E6  2.84E4 2.84E4 0 1

Decay Chains
Thorium Series:

240py . 6540 3.857 30?7 250 73
236y 2.30E7 1.8864  1.B6E4 1.5 1.5
232Th  1.4E10 © 1.83t-4 40 40
Neptunium Series:

2lpn 433 3.26E8 2.37€8 0 75
237xp 2.14E6  2.25E4 4,05€4 (] 6.6
233y 1.5865 0 2.80E1 1.5 1.5
22%Th 7340 0 2.34E-1 40 40
Uranium Series:

242py 3.87E5 1.31E5 1.30€E5 250 73
238y 4.47E9  2.45E4 2.45£4 1.5 1.5
230Th 7.7€86  9.01 8.43c1 - 40 40
226ga 1600 - 2.41E-2  3.94 15 15
Actinium Series:

283am 7370 1.16€6 1.14€6 0 75
239py 2.84E4  2.36E7 2,35€7 250 73
239y 7.04E8 0 4.63 1.5 1.5
21, . 32584 o0 9.52€-3 0 40

* Decayed inventory for 200 year-old waste at time 150 years
post-closure.
+*See Chapter 11.
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Case 1.
Path length
Flow tube dimensions
Travel time
Flow velocity
Dispersion parameter

Case 2.

Path length

Flow tube dimensions
Travel time

Flow velocity
Dispersion parameter
Flow

Case 3.
Path length
Flow tube dimensions
Travel time
Flow velocity
Dispersion parameter
Flow
Pumping rate

TABLE 8.2.

East Texas 0il1 Field:

Additional water

8.8

196,700 ft
29, 400 x 234 ft
14,800 yr
13.26 ft/yr
770 ft
Sabine River and Big Cypress Bayou:

Sabine Cypress
326,500 ft 343,400 ft
20,900 x 288 ft 30,600 x 167 ft
43,000 yr 38,550 yr
7.6 ft/yr 8.9 ft/yr
164 ft 504 ft
130 gpm 130 gpm

Well Pumping Case:
22,900 ft
10,000 x 418 ft
1,050 yr
21.8 ft/yr
162 ft
260 gpm
400 gpm

The concentrations of radioisotopes are based on the flow rate through
each tube, except that in the well pumping case, the exit concentrations are
diluted by the 400 gpm removal rate.

is assumed to enter the

Graphs of concentration versus time for five simulation runs representing
the four cases are provided in the appendices.
jnventory is that at 200 yr, and the cumulative release (present inventory) is
defined as the total inventory under the graph, equaling the total curies exit-
ing before decay takes place to the surface (Table 8.3).

In those graphs, the initial



TABLE 8.3. Cumulative Radiocontaminant Discharge in Curies for the Four
Release Scenarios After Geotransport Based on Solution
Mining Beginning at Time 100 Years After Closure

Cumulative Discharge (curies)

Simulation Number

Nuclide ~—TIJ D) T25) ©) o)
14, 5.21€3  8.90F1  1.52E2  2.50E4  8.88E1
e 0 0 0 0 0

9yc  5.43E5 2.46E5  3.88E5  4.32E5  2.46ES
128;  2.2863  1.14E3  1.14E3  2.28E3  1.10E3
1350 2.4084  7.74E3  7.71E3  1.66E4  7.68E3
0, 9 0 . 0 0 o
236y 2.90E4  1.44E4  1.48E4  2.91E4  1.44E4
2321, 1,13E-1 4.73E-2  4.88E-2 7.96E-3  3.87E-1
Al o 0 0 1.0766 0
237yp  8.05E4  3.53E4  3.50E4  B.67E4  4.0E4
233y 7.31e4  4.90E4  5.1264 1,524  2.BAE4
229n  4.4763  2.08E3  1.95E3  7.49E2  1.17E3
282p, o 0 o - 0
238y p.45E4  1.2264  1.22E4  2.45E4  1.22E4
238y 9.6aE4  2.83E4  3.06E4  1.3165  3.39E4
2307,  4.33e3  1.24E3  1.37E3  3.5983  1.07E3
226p,  9.48E3  2.5563  3.19E3  B.30E3  1.73E3
23pn  8.7564  3.08E3  4.55E3  3.29E5  3.08E3
23%,  2.26E2  8.36 6.81 3.80E2  9.27
235,  g,16E2  4.12E2  6.00E5  7.82E2  5.50ES
2lps  2.75€1 7.4 1.26E1  2.96E1  5.93

il) Case 1. East Texas 0l Field discharge.
2a) Case 2. Sabine River discharge.* ’
(2b) Case 2. Big Cypress Bayou discharge.*
{3; Case 3. Well pumping case.
4) Case 4. Sabine River discharge.* Lower bound Kd.
* Represents half of released inventory.
NOTE: The format used here is analogous §° scientific
notation, e.g., 5.21E3 = 5.21 x 10
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Unusual effects of salt concentration affecting the sorption Kd are
observed for the fission products. In all cases, 3H and 903r decay before
exiting to the surface. Carbon-14 has the shortest half-life of the activa-
tion products that exit. It moves at the water velocity in both the salt solu-
tion and bicarbonated water.

Figure 8.1 shows carbon concentrations for Case 1. As a consequence of a
substantial macroscopic dispersion parameter, ;40 arrives at the exit about
2000 yr sooner than predicted by an average water travel time. The extended
tail on the graph results from the protracted release at a reduced rate between
times 15,000 to 90,000 yr, after the salt dome has dissolved. The short half-
life causes 1%C to vanish after 30,000 yr.

Figure 8.2 displays 14C concentration under the same hydrologic condi-
tions, but including initiation of the solution mining at 1000 yr after clo-
sure. The exit inventory is 92% of that in Figure 8.1. In view of the fact
that all radionuclides with a longer half-1ife, including the transuranics,
will not decay more quickly than 14C, a 1000 yr delay before geotransport
would yield little difference in consequences over the minimal 15,000-yr travel
time. The differences are even less for long half-1ife nuclides with non-zero
Kd values. Thus the 100- and 1000 yr solution mining scenarios would yield
essentially equivalent consequence results from geotransport. This is an
important result, in that it shows the geotransport consequences of a breach
are not affected by whether it initiates at 100 or 1000 yr after closure.
Additionally, this shows that engineered barriers totally effective for 1000 yr
after closure (assuming they could be designed) would not significantly reduce
the consequences via geotransport from a repository breach, if the transport
time to the accessible environment is as long as in this system.

Figure 8.3 shows 129I’ a long-lived isotope, also with no sorption
retardation. Iodine arrives as two, joined square pulses, resulting from the
corresponding periods of constant release rates; that is, 59% of the inventory
between 200 and 15,000 yr, and 41% between 15,000 to 90,000 yr.
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Nuclides having a greater Kd in bicarbonate water than in salt solution
display an unusual behavior. Initially released in salt solution, they travel
faster than in bicarbonated ground water, where the travel times are subse-
quently decreased. On the other hand, effective macroscopic dispersion spread-
ing is increased by the time of exiting of the salt plume’s trailing edge,
with retarded velocity. Figure 8.4a-c¢ illustrates that behavior for 135Cs as
a result of zero Kd in salt solution. Cesium released into the salt plume {s
carried away at water velocity, whereas the cesium released after salt dome
dissolution is complete travels with a substantially reduced velocity. The'-
opposite situation occurs for 99Tc, which has a greater Kd in salt than in
water. This reversed variation of Kd causes the nuclide to accumulate behind
the salt plume's trailing edge. Figure 8.5 shows 99Tc concentration.

Analysis of the decay chain concentration distributions is further compli-
cated by the same behavior observed for fission activation products. Absence
of initial inventories provided to AEGIS for the nuclides 232Th, 233U, and 235U
is noteworthy. These long-lived chain members are eventually included by
parent chain decay. Nuclides with a short half-1ife at the top of the chains
typically do not exit before decaying in Cases 1, 2, and 4. An exception is

3Am. because it has a Kd value of zero in salt solution.

A particularly interesting example is provided by decay chain 2 of the
base case (Case 1 simulation). Figure 8.6 shows that 237Np has a fractured
release. The daughter nuclide concentration of 233U shown in Figure 8.7 is a
consequence of three distinct decay periods. Between 15,000 and 150,000 yr,
the uranium:derives from decay of the first 237Np pulse traveling with the
salt plume. In the period 150,000 to 240,000 yr, uranium accumulated near the
repository from the bicarbonate water retarded 237Np, producing a peak value
near 200,000 yr. The second 237Np pulse approaching the discharge creates a
second uranium peak between 500,000 to 600,000 yr. The last chain member,
229y, (Figure 8.8) duplicates the parent 233y concentration distribution.
This is caused by the sorption retardation and short half-life of 229Th.
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Case 3, the Well Pumping Case, represents the consequence of a relatively
~ early radioisotope release, as only a thousand years is required for some
nuclides to reach the well at a distance of 6 km. The conservative assumption
was made that all of the nuclides exiting the repository are withdrawn at the
well. The graphs for these simulation runs illustrate the results, which
differ from the other scenarios having considerably longer travel times.

Case 4 simulation runs represent the effects of decreased sorption on the
geotransport of the radioisotbpes. These runs use the lower bound Kd values.
Only the Sabine River discharge part of the scenario is used for comparison '
with simulation runs of Case 2. Travel times are predictably reduced by ratios
of the changed retardation factor{s) to the original average value(s). The
fission products do not yield very different results, but uranium arrives about
100,000 yr sooner with the lower bound Kd. Daughter nuclides appear to acquire
greater concentration when their parents have a longer decay period, corre-
sponding to greater travel time. Low initial daughter inventories and long
half-1ife contribute to that effect. An exception occurs for 235U, in that
a greater quantity of parent nuclide 239Pu decays near the salt dome, produc-
ing more curies of 2350 during the simulation period.

The MMT model has the capability of producing information on radioisotope
concentration as a function of distance from the repository. This is achieved
by summing parcel weight within distance intervals. Concentration levels over
the flow tube length propagate toward the discharge point with their apparent
retarded velocities. Appendix G contains some sample graphs for 15,000 and
30,000 yr following the repository breach in the well pumping case. Salt dis-
solution terminates at 15,000 yr, and those nuclides having variable Kd's dis-
. play a release pattern caused by retention of nuclides near the repository.
Neptunium and cesium isotopes provide good examples. In the cases of nuclides
not exiting in 2 million years for the other scenarios, concentration versus
distance graphs are included with those for time, provided in Appendix G.

MEASURES OF DISPERSION USED IN THE SIMULATIONS

The hydrodynamic dispersion coefficient D, required as a parameter for the
transport model, must be empirically evaluated using the specific geological
media involved. Commonly its value is not available. In a three-dimensional
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flow, the lateral dispersion coefficient establishes the transfer rate of
radioisotopes between streamlines of varying flow velocity. In & macroscopic
flow tube the dispersion caused by velocity variation between streamlines
usually dominates the porous media longitudinal dispersion, which is a micro-
scopic scale phenomenon. Thus, from the perspective of a one-dimensional flow
tube representation of a real three-dimensional flow, dispersion is mainly a
consequence of the macroscopic variation in convective transport of nuclides.
Radioisotopes entering a specified flow tube are assumed to follow with equal
1ikelihood any streamline within. On the other hand, concentrations of dis-
charged nuclides having variable transit times are determined by the flow
tube's entire discharge volume. . This is because exiting parcels of radioiso-
topes cannot be localized with any greater accuracy than the tube's cross-
sectional area. o :

In view of those considerations, an effective macroscdpic dispersion
parameter is constructed as follows. Let p denote the pth streamline com-
prising a flow tube having P streamiines. Streamline length is L, and travel
time 1s t. An estimate of an effective dispersion parameter, D*, is obtained
by equating the random walk variance in parcel locations and that derived from
convective velocity variation. '

Let:
P
1
t = tp (8.1)
3 pgl
b i
1 8
L=& Lp (8.2)
B le

denote average values. Travel time variance is:

P
2 1 2
= t-t 8.3
ct F:I‘gga (t-tp) ( )
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Average flow tube velocity is:
v=Ll/t : (8.4)

The estimate of variance in location is:

2

(v °t) =80*t (8.5)

Then, the estimated effective dispersion length d is:
d=vo, /8t. (8.6)

Unlike the true hydrodynamic dispersion length, the effective value depends on
travel time. The complete location variance equals the sum of variances
because of hydrodynamic dispersion and travel time; thus, the complete disper-
sion coefficient equals D + D*.

Required means and variances for streamline lengths and travel times were
obtained from hydrologic modeling. Effective dispersion was assumed to domi-
nate the transport. '
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CHAPTER 9

DOSE CALCULATIONS

‘As discussed in the section on human intrusion (Chapter 4), there are
significantly different time frames involved with the safety assessment of a
nuclear waste repository. Over the million-year time frame with which AEGIS
scenario methodology deals, geological events and processes occur., This time
frame exceeds what is necessary for biological evolution. The 105-yr time
frame corresponds to full cycles of climate changes, and also is adequate for
bioIogica] evolution and speciation. The'biologicaliy identical equivalent of
modern man, Cro-Magnon, dates from about 50,000 yrrbefore present; in the last
50,000 yr there has been eésentially no biological evolution for Homo sapiens.
During that period, cultural evolution has predominated. Only within the last
10,000 yr or so has there been a planned'agr1cu1tura1 food base for any human
populations. Finally, the cultural evolution within the last few centuries
has been explosive, as measured by such parameters as population density and
mobility, utilization of resources, and information content.

Because of this wide divergence in the time frames applicable to cultural
versus geo1ogica1 processes, it is not appropriate to predict cultural impacts
over geological times. One such cultural impact is measured as dose to indi-
viduals or to populations. Such dose calculations are dependent on demography
or diet and on the recyling through ecological systems of those radioisotopes
that are analogous to nutrient elements. As the demographic patterns, feeding.
habits, and ecosystem recycling pathways may change rapidly in periods as short
as a few centuries, it is misleading to provide dose ca1cu1ation§ for 106 yr

in the future based on the current social structure. The AEGIS team believes
dose predictions should be limited to only the early period of post-closure
safety assessments. Nevertheless, based on a number'of comments received from
the external peer reviewers, this revised report does contain dose calculations
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out to one million years. These are presented not as predictions of what the
expected doses actually would be; rather, they provide an indication of the
effects of long-term nuclear decay on the consequences of the analyzed scenar-
ios relative to current population parameters.

GENERAL POPULATION DOSE CALCULATIONS

For this reference site analysis, AEGIS chose the limit of 1000-yr post-
closure based on the draft of proposed EPA standards available at the time of
this work, which stated that health effects need only be addressed for 1000 yr.
(That 1imit no longer remains in more recent drafts of the EPA standards.)

The result of this limitation is that dose calculations were originally preQ
sented only for the operational aspects of the solution mining scenario at
times 100 yr and 1000 yr after closure. The revised report has doses for later
intrusion perfods. No dose calculations were performed for radioisotopes that
subsequent to the solution mining intrusion were transported through the
geosystem.

The solution m1hing scenario involves the extraction of salt and radio-
active wastes from the salt dome repository. The salt is removed as a brine
solution, with the salt recovered by several methods, such as the vacuum pan
and grainier processes, or by solar driven evaporation of the brine. The main
use of salt is as an industrial chemical in production of soda ash (for glass),
caustic soda (for the paper industry), and other industrial chemicals such as
chlorine, chlorates and hydrochloric acid (Bates 1969). Salt is also used for
the production of soap, in the textile industry, for water treatment, and for
ice control. The food industry uses salt in refrigeration, meat packing, fish
curing, dairy product processing, and as table salt.

For this analysis, the main route of exposure of the general population
from contaminated salt brines is taken to be the use of salt in the food indus-
try, as the ingestion of salt is the most direct and probably most consequen-
tial, pathway. To date other pathways leading to dose to humans have not been
investigated. In an actual site assessment, some other vectors would be
addressed. The exposure pathway here is ingestion of culinary salt, including
salt présent in cured meats and fish and processed dairy products. During the
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preparation of salt for culinary use, some of the radionuclide activity might
be removed as impurities; however, no credit was taken for removal in the con-
sequence analysis because such purification might be highly dependent on the
particular technology used.

The assumptions used in the base case dose consequence analysis include:
e Salt mine production is one million tons of salt per year.
e The mine operates for 50 yr without detection of radioéctive wastes.

e Three percent of production is used as culinary salt and ingested by
humans.

e Each person ingests 1800 g salt per year.

The alternative set of assumptions leading to identical consequences are:
Salt mine production is 33,333 tons/yr.

The mine operates for 50 yr. o

90% of production is used for culinary salt.

Each person ingests 1800 g/yr.

These assumptions are based on the following considerations. The one
million tons of salt per year is representative of a current large scale salt
production effort. Up to 3 x 106 tons/yr have been produced from a solution
. mine, and the Commercial Waste Management Study (CWMS 1980) assumed a produc-
tion of 2.6 x 106 tons/yr. Such a level of salt production is unlikely for a
50-yr period. The 50-yr lifetime for the solution mine operation was arbi-
trarily chosen, and this value coincides with the CWMS value. :Also. the 3%
and 1800 g/yr per person values reflect the numbers used in the CWMS study.
The 3% level is based on the fraction of total salt produced in the United
States that is directly ingested, and the 1800 g/yr is based on -consumption of
5 Q/day in table salt or as a part of processed foods. (More recent data
indicate this value should be increased by about a factor of 3, which would
likewise increase the individual doses by a factor of three.)

The‘alternétive assumptions address an apparent inconsistency between the
size of the mining operation and the uncontrolled cavity formation. For a salt
dome being used to produce culinary salt, up to 90% of the brine is used for
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culinary salt. Thus, increasing the 3% factor to 90% allows a reduction of
the scale of mine operations 30-fold, even though the dose consequences would
be identical. '

Based on either set of these assumptions, the population served by the
annual mine production is calculated to be 15 million pérsons; Note that this
population level is demographic-independent: the number of persons exposed
depends on the amount of salt available rather than on particular population
distributions. The population level was calculated as fol]ows:

6 1bs 1 erson  _ 4 7
0.03 x 10° tons/yr x 2000 ¢ x 454 ng X 'I%ﬁﬁ'§7§F 1.5 x 10’ persons

The fraction of wastes in the repasitory removed during the 50 yr of
operation was calculated to be 0.97%. This fraction is based on the solu-
bility 1imit for uranium of 6 ppm (see Chapter 10) and an effluent water flow
rate of 1200 gpm for the brining operations, and was calculated as follows:

-6 parts gqal 5 Ln_i_q_ :
6 x 107" £I x 1200 20 x 5.260 x 10° 7% x 60 yr x 3785 §§T

=7.2x108%g

The total weight of uranium in the reposifory is 7.4 x 1010 g. Thus,

the fraction of the uranium leached during 50 yr of solution mining is:

7.2 x 108 g (leached)
7.4 x 1010 g (in repository)

-3

=9,7x10

The fraction of the inventory consumed with culinary salt is then 3% of
9.7 x 10'3, as only 3% of the mined salt is used as culinary salt.

9.7 x 10”3 x 0.03 = 2.94 x 10°% = fraction of inventory consumed.
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Similar calculations using the alternative set of assumptions would also
result in the same fraction of the inventory being consumed.

The fraction consumed can also be expressed as an equivalent number of
fuel assemblies. The hypothetical repository will contain 1.52 x 105 BWR
fuel assemblies and 1.08 x 105 PWR fuel assemblies, according to information
provided to AEGIS from BNI. Thus,

1.52 x 10° x 2.94 x 10™* = 44 BuR assemblies
1.08 x 10° x 2.94 x 10™ = 31 PUR assemblies

Using these estimates, 70-yr radiation dose commitments were calculated
for individuals and for the population consuming culinary salt over various
time periods during the 50-yr mine operational period. Tables 9.1 through 9.4
list the 70-yr radiation doses calculated for salt ingestion periods of 50, 1,
10, and 25 yr, respectively. The metabolic models and data presehted in ICRP
Publication 2 (1959) were used to estimate organ doses for intake via direct
jngestion (using the computer code PABLM--Napier et al. 1980). Listed are the
doses to individuals and the population for the solution mining scenario with
mining starting 100 yr and 1000 yr after closure. (See Appendix J for details
of these dose calculations.) A1l dose values in Table 9.1 through 9.11 (except
9.5) are appropriate for either the original assumptions'or the alternative
assumptions.

The CWMS analysis assumed discovery of the contamination of the culinary
salt after one year of consumption. For this analysis, however, The AEGIS
staff assumed that the contamination would not necessarily be discovered.
Because the solution mining intrusion could occur by a population that has a
technological base less sophisticated than today's or that has no knowledge of
nuclear phenomena. Alternatively, the society could be aware of nuclear tech-
nology, but because of loss of effective information about the repository, no
monitoring of the salt for radioactivity would occur. This is supported by
the fact that today essentially none of the solution mining productions of salt
in the United States are monitored for radioactivity.
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TABLE 9.1. Radiation Doses Calculated for Solution Mining Scenario

(Uranium Solubility Limited, 50-year Ingestion--Base Case)

A. 70-Year Population Dose,* man-rem

Organ of Reference

Decay Time Total Body Bone Lung Thyroid
100 Years 1.6 x 1011 6.5 x 1011 2.8 x 109 4.7 x 106
1000 Years 1.3 x 109 3.0 x 1010 3,7 x 104 4.7 x 106
B. 70-Year Individual Dose Commitments, rem
100 Years 1.1 x 104 4.4 x 104 1.8 x 102 3.2 x 10-1
1000 Years 8.4 x 101 2.0x 103  2.5x10°3 3.1 x 101

* Based on affected population of 15 million. A1l figures in
Tables 9.1 through 9.11 (except 9.5) are appropriate for either
the original assumptions or the alternative assumptions.

TABLE 9.2. Radiation Doses Calculated for Solution Mining Scenario

(Uranium Solubility Limited, l-year Ingestion)

A.

70-Year Population Dose, man-rem

Organ of Reference

Decay Time Total Body Bone Lung Thyroid
100 Years 3.3 x 109 1.4 x 1010 - 5.5 x 107 9.5 x 104
1000 Years 3.5 x 107 8.6 x 108 7.5 x 102 9.4 x 104
B. 70-Year Individual Dose, rem
100 Years 2.2 x 102 9.6 x 102 3.7 6.3 x 10-3
1000 Years 2.3 5.7 x 101 5.0 x 105 6.3 x 10-3
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TABLE 9.3. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, 10-year Ingestion)

A. 70-Year Population Dose, man-rem

Organ of Refefence
Decay Time Total Body Bone Lung Thyroid

100 Years 3.3x 1010 1.4x10ll 55108 ‘ 9.5 x 105
1000 Years 3.3 x 108  8.2x 109 7.5 x 103 9.4 x 105

B. 70-Year Individual Dose Commitments, rem
100 Years 2.2x103 9.5x103  3.7x 100 6.3 x 10-2
1000 Years 2.2 x 10l 5.5 x 102 5.0 x 104 6.3 x 10-2

TABLE 9.4. Radiation Doses Calculated for Solution Mining Scenario
(Uranium Solubility Limited, 25-year Ingestion)

A. 704Year Population Dose, man-rem

Organ of Reference
Decay Time  Total Body Bone Lung Thyroid

100 Years 8.3 x 1010 3.5 x 1011 1.4 x 109 2.4 x 106
1000 Years 7.7 x 108 1.9 x 1010 1,9 x 104 2.4 x 106

B.  70-Year Individual Dose Commitments, rem
100 Years 5.5 x 103 2.3 x 104 9.2 x 101 1.6 x 10-1
1000 Years 5.1 x101  1.2x103  1.2x103 1.6 10
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To see the effect of this nonmonitoring assumption on dose burdens, the
dose calculations were also performed for consumption periods of 1, 10, and
25 yr, i.e., less than the mining operation period of 50 yr. The direct com-
parison between these results and the CWMS results (see CWMS 1980, Table 3.1.53)
can be made by inspecting Table 9.1B for the 1000-yr dose to whole body. The
value of 2.3 rem of this study compares with the CWMS value of 0.49 rem. The
CWMS study assumed a larger salt production and higher water solutioning flow
rates than this analysis. CWMS also assumed a leach rate times surface area
source term, whereas this analysis shows solubility to be limiting. Addition-
ally, there are differences between the assumed inventories of the CWMS and
this study. The net effect is less than a factor of 5 higher estimate in this
study than in the CWMS study.

Another factor needs to be considered in this dose analysis. Calculations-
are shown for the original assumptions only on the 3% of the radioisotopes
delivered to the surface. The other 97% of the waste at the surface are dis-
regarded in the dose calculations. What actually would happen to that 97% has
not been resolved to date, except for the analysis of doses to the solution
mine operators by direct exposure. Future calculations could consider possible
dose burdens from this source of 97% of the radioisotopes delivered to the
accessible environment. This is not as important a problem for the alterna-
tive assumptions, where only 10% of the radioisotopes would not go to direct
culinary pathways.

Finally, data are shown for the total quantity (curies) of each isotope
delivered to the surface (Table 9.5) and ingested as table salt (Table 9.6)
associated with 50 yr of solution mining operatons.

OCCUPATIONAL DOSE_CALCULATIONS

The dose levels shown in Tables 9.1 through 9.4 could indicate levels of
radioactivity high enough to cause lethal effects on the operators of the
solution mine. This could result from direct exposure or from inhalation of
particulates. This latter factor would be exacerbated considering that cli-
matic conditions in the region of the Hainesville Salt Dome are likely to have
humidities that would preclude natural evaporation of the brine. If so, the
salt production could involve forced heating of the brine, with concomitant
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TABLE 9.5. Total Curiés of Isotopes Delivered to Surface, 50 Years
of Solution Mining (Large Scale Operations Assumptions)

Time After Closure

I1sotope 100 Years 1000 Years 10,000 Years 30,000 Years
H3 2.1 x 10° 0 0 0
c14 1.1 x 10° 967 327 29
€136 10 10 6.7 6.7
FeS5 7.0 x 1076 0 0 0
Co60 10 0 0 0
N159 2.4 x 10° 2.4 x 10° 2.2 x 10° 1.9 x 10°
Ni63 1.6 x 10° 187 0 0
Se79 207 283 257 207
Kr85 1.0 x 10* 0 0 0
Sr90. 4.7 x 10° 1.0 x 1073 0 0
Y90 4.7 x 106 1.0 x 1073 0 0
7r93 2.3 x 10° 2.3 x 10° 2.3 x 10° 2.2 x 10°
Nb93m 1.9 x 10° 1.9 x 10° 1.9 x 10° 1.9 x 10°
Nb94 733 700 533 260
Mog3 17 13 1.6 1.6 x 1072
Tcs9 9.3 x 10° 9.3 x 10° 9.0 x 10 8.3 x 103
Pd107 80 80 80 80
sni2lm 90 3.7 x 107 0 .0
Sb125 1.1 x 107 0 0 0
Tel25m 2.7 x 1070 0 0 0
Sn126 533 533 500 433
Sb126 77 77 70 60
Sb126m 533 533 500 433
1129 23 23 23 23
Cs135 273 273 273 270
Cs137 723x20%  7.3x10° 0 0
Bal37 7.0 x 106 7.0 x 1073 0 0
Pm147 3.2 x 1074 0 0 0
Sm151 1.3 x 10° 153 0 0
Eul54 2.3 x 10° ) 0 0
Eul55 1.8 0 0 0

Subtotal 2.4 x 10’ 2.0 x 10° 1.8 x 10° 1.6 x 10°
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TABLE 9.5. (contd)
Time After Closure

Isotope 100 Years 1000 Years 10,000 Years 30,000 Years
Pb210 1.0 x 1072 2.0 87 303
Pb214 1.8 x 1072 2.0 87 303
Bi210 1.0 x 1072 2.0 87 303
Bi214 1.8 x 1072 2.0 87 303
P0210 1.0 x 1072 2.0 87 303
Po214 1.8 x 1072 2.0 87 303
Po218 1.8 x 1072 2.0 87 303
Rn222 1.8 x 1072 2.0 87 303
Ra226 1.8 x 1072 2.0 87 303
Th230 0.9 1.0 330 300
Th234 237 237 237 237
Pa233 290 700 833 833
Pa234m - 237 237 237 237
U234 1.1 x 103 1.4 x 108 1.3 x 10° 1.3 x 103
U236 177 187 243 277
U238 237 237 237 237
Np237 290 700 833 833
Np239 1.1 x 104 1.0 x 10% 4.7 x 10° 733
Pu238 7.3 x 10° 733 0 0
Pu239 2.3 x 10° 2.2 x 10° 1.7 x 10° 1.0 x 10°
Pu240 3.7 x 10° 3.3 x 10° 1.3 x 10° 1.7 x 10%
Pu241 7.7 x 10° 13 7.0 1.2
Pu242 1.6 x 10° 1.3 x 10° 1.2 x 10° 1.2 x 10°
Am241 2.7 x 109 6.3 x 10° 6.7 0.3
Am243 1.1 x 10% 1.0 x 10% 4.7 x 10° 733
Cm242 1.7 x 10° 27 0 0
Cm244 2.2 x 10* 0 0 0

Subtotal 4.8 x 106 1.2 x 106 3.2 x 105 1.3 x 105
TOTAL OF
ALL ISOTOPES 2.9 x 107 1.22 x 106 3.4 x 105 1.5 x 105
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TABLE 9.6. Ingested Curies of Isotopes for 50 Years of Consumption of
Table Salt (Either Large or Small Scale Assumptions)
Time After Closure ‘ ' '
Isotope ~ 100 Years 1000 Years 10,000 Years 30,000 Years
H3 62 0 0 0
c14 32 29 9.8 0.9
€136 0.3 0.3 0.2 0.2
Fes55 2.1 x 1077 0 0 0
Co60 0.3 0 0 0
N159 72 72 66 56
N163 4.9 x 10° 5.6 0 0
se79 8.9 8.5 7.7 6.2
Krg5 310 0 0 0
Sr90 1.4 x 10° 3.1 x 107 0 0
Y50 1.4 x 10° 3.1 x 1070 0 0
2r93 69 69 68 67
Nb93m 58 58 58 57
Nb94 2 21 16 7.8
Mog3 0.5 0.4 4.9 x 1072 a.8 x 107
Tc99 280 280 270 250
PA107 2.4 2.4 2.4 2.4
Snl2lm 2.7 1.1 x 10°° 0 0
Sb125 3.4 x 107° 0 0 0
Tel25m 8.2 x 1077 0 0 0
Sn126 16 16 15 13
Sb126 2.3 2.3 2.1 1.8
Sb126m 16 16 15 13
1129 0.7 0.7 0.7 0.7
Cs135 8.2 8.2 . 8.2 8.1
Cs137 2.2 x 10° 2.2 x 107 0 0
Bal37 2.1 x 10° 2.1x10°% 0 : 0
Pm147 9.7 x 1078 0 0 0
Sm151 3.8 x 10° 4.6 0 0
Eul54 68 0 0 0
EulS55 5.3 x 107 o . 0 0
Subtotal 7.2 x 10° 6.0 x 10° 5.4 x 10° 4.8 x 102
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TABLE 9.6.

(contd)

Time After Closure

Isotope 100 Years 1000 Years 10,000 Years 30,000 Years
Pb210 3.0 x 1074 6.1 x 1072 2.6 9.1
Pb214 5.3 x 1074 6.1 x 1072 2.6 9.1
Bi210 3.0 x 1074 6.1 x 1072 2.6 9.1
Bi214 5.3 x 1074 6.1 x 1072 2.6 9.1
P0210 3.0 x 1074 6.1 « 1072 2.6 9.1
Po214 5.3 x 1074 6.1 x 1072 2.6 9.1
Po218 5.3 x 10~% 6.1 x 1072 2.6 3.1
Rn222 5.3 x 107 6.1 x 1072 2.6 9.1
Ra226 5.3 x 1074 6.1 x 1072 2.6 9.1
Th230 2.6 x 1072 0.3 3.3 9.0
Th234 7.1 7.1 7.1 7.1
Pa233 8.7 21 25 25
Pa234m 7.1 7.1 7.1 7.1
U234 33 2 20 38
U236 5.3 5.6 7.3 8.3
U238 7.1 7.1 7.1 7.1
Np237. 8.7 21 25 25
Np239 330 310 140 22
Pu238 2.2 x 104 22 0 0
Pu239 6.8 x 10° 6.6 x 10° 5.2 x 103 3.0 x 103
Pu240 1.1 x 104 1.0 x 10 4.0 x 103 510
Pu241 2.3 x 104 0.4 0.2 3.5 x 1072
Pu242 38 38 37 3
Am241 8.1 x 10% 1.9 x 10 0.2 9.5 x 1073
Am243 330 310 140 22
Cm242 51 0.8 0 0
Cm244 660 0 0 0

Subtotal 1.5 x 105 3.6 x 104 9.7 x 103 3.8 x 103
TOTAL OF
ALL ISOTOPES
CONSUMED 8.7 x 105 3.7 x 104 1.0 x 104 4.3 x 103
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increase in the aerosol production. These and other occupational factors could
possibly result in direct, short-term health effects on the miners. If the
brine, which yields such high population and individual doses via salt ¢onsump-
tion, consitutues a major direct health hazard itself, then a mechanism would
exist whereby the mine operations would terminate before general population A
exposure. This cessation of operations would occur irrespective of the level
of sophistication of the technology of the extant society; i.e., no active
monitoring for radioactivity would need be ongoing. Rather, short-term, major
health effects or deaths readily identifiable with the salt mine operation
would cause any society to cease operations. The consequences of the intrusion
would be so immediate and deleterious locally that mitigation of broader
impacts would ensue. Based on these consideration, AEGIS calculated the esti-
mated dosés to the solution mine operators. ‘

One of the premises of AEGIS's human intrusion evaluations is to minimize
the dependency of the results on specific technological levels or practices.
This presents problems in estimating occupational doses, because such doses
would be highly sensitive to the nature of the job being performed, the spatial
distribution and size of brine storage areas, and the nature of the brine
transportation and handling activities. To avoid this problem, AEGIS calcu-
lated the maximum exposure that the brine could provide’to an operator, assum-
ing conditions unrealistically conservative for any mining technology. Should
these very conservative doses prove inadequate to cause mine cessation, any
more reasonable exposure would result in lower doses and would also be
inadequate.

To provide this maximum bound on the external exposure that a worker could
receive, it was assumed that the external dose rate from any storage vessels,.
tank trucks, pipelines, open vats, or other operational structures cbntaining
contaminated brine could not be as high as the external dose rate that could
be obtained by a worker being immersed in & large volume of the brine itself.
Thus, the maximum bound was based on a worker being inside the brine solution
for 8 hr/day, 5 day/wk, 50 wk/yr, or a total of 2000 hr/yr. While it may be
possible that precipitation of radioactive solids from the brine could create
a local source of higher radioactivity than the brine, it is felt that total
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immersion in a large volume of the brine for continuous exposure throughout
the year would more than compensate for any such spatial differences.

The results from the external dose calculations are presented in
Table 9.7. Values are presented for the two different times of initial human
intrusion for both annual and total mine lifetime periods. Again, the values
presented in these tables are valid for either the original or alternative
assumptions.

The other potential dose pathway to mine operators involves inhalation of
the air in the vicinity of the brine, in which contaminated brine contributes
particulates as aerosols. To provide a very conservative upper bound on the
aerosol dose rates, it was assumed that the air contained one milligram of salt
particles, each one micron in diameter, per cubic meter of air. This density
was based on the particulates representative of a substantial dust storm at
the Pacific Northwest Laboratory facilities. Again, continuous exposure for
2000 hr/yr was assumed. As in the case for the external dose calculations,
this calculation was felt to be many times greater than would reasonably be
expected for an actual solution mine operation. Total mine lifetime doses for
this inhalation vector are listed in Table 9.8.

If the health effects from these expasures could be predicted to occur in
a short enough time period and with distinct enough symptoms, then it could
reasonably be concluded that the effluent brine from the solution mining oper-
ation itself would be a signal to the intruding population that it must termi-
nate operations, thereby mitigating the general population consequences. How-
ever, it is the opinion of the AEGIS staff that the radiation doses presented
in Table 9.7 and 9.8 are not sufficiently acute to ensure that any serious

TABLE 9.7. Estimated Total Body Occupational Dose Rates from Immersion
in Effluent Salt Brine From Solution Mining

Time of Intrusion Dose Rates (rem/yr) 50-yr dose {rem)
100 yr 1.2 x 102 6.0 x 103

1000 yr 5.2 x 10-1 2.6 x 101
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TABLE 9.8. Estimated Occupational Radiation Doses from Inhalatjon of Salt
Particulates from Solution Mining

50-yr Dose (rem)

Time of Intrusion ___, Organ of Reference
Total Body Bone Lung - Thyroid
100 yr 4.1x102 9,0x103 5.6x102 3,9 x 10-4
1000 yr 1.2x102 2.7 x103 1.6 x 102 3.9 x 10-4

health effects would be produced and recognized in a time span of less than
several years. The connection of long-term health effects or deaths to the
source of radiation exposure would be tenuous and cannot be relied upon to
trigger the early termination of the mine operations. Serious health effects
within the large, general population of consumers of the contaminated culinary
salt would probably be inevitable before the effects from external and inhala-
tion exposures would be identified for the mine operators, even under the
conservatively unrealistic exposure conditions assumed for these occupational
calculations. '

LONG-TERM DOSE CALCULATIONS

One of the basic premises of AEGIS dose calculations is that they become
more uncertain as a function of time into the future. This relates to the fact
that the parameters controlling doses to humans are often highly dependent on
culture and demography. Thus, extrapolations of current food trophic struc-
tures, human consumption patterns, and demographic characteristics are tenuous
into the long term. AEGIS has & general policy not to perform dose analyses
beyond 1000 yr. Nevertheless, in the review .of the working draft of this |
report, it was widely suggested that dose calculations be performed for periods
further into the future, as indicators of the relative hazard of the nuclear
waste repository over the long term. It is in that context that the.calcula-
tions in this section are presented; i.e., they provide an indication of the
consequences of the postulated scenario, given current populational parameters,
but taking place after the spent fuel has decayed for perfiods of 10,000 yr to
1,000,000 yr. These calculations should not be construed as providing the same
level of certainty as similar calculations for earlier time periods.
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A new inventory was required for these calculations to be performed
because the ORIGEN-generated inventories originally provided to AEGIS from BNI
only covered periods up to 30,000 yr post-closure. The long-term inventories
were generated by the version of the ORIGEN code operational at PNL. The input
to the PNL ORIGEN runs was based on the characteristics provided to AEGIS of
the spent fuel entering the repository, obtained from the CRRD (1979) document.
ORIGEN runs were then made and repeated with minor adjustments so the PNL
ORIGEN output for 10,000 yr approximated the comparable output from the BNI-
provided ORIGEN runs. The differences in these runs are so minor that there
is no effect on the resulting dose calculations reported below.

The output from the PNL ORIGEN runs is listed in Appendix L. This infor-
mation was used to produce source terms for the dose calculations precisely as
described above for times 100 yr and 1,000 yr after closure. The results from
the dose computer runs are listed in Appendices L and M, and they are summa-
rized in Tables 9.9 and 9.10. Table 9.11 is presented to show how the dose
burdens received from ingestion of contaminated culinary salt compares with
the total body dose burdens received from background.

Predictions of doses to individuals and populations are very tenuous for
time periods far into the future. However, the comparisons seasn in these
tables suggest that, all other factors being equal, the adversely consequential
aspects associated with a solution mine operation from an inadvertent human
intrusion into a nuclear waste (spent fuel) repository located in a sait dome
are not mitigated by the passage of time. Even at one million years after
closure, the total body doses from the human intrusion scenario developed here
for solution mining into a salt dome repository would be twenty times back-
ground for an individual every day of a 70 yr lifetime, and there would be
sufficient quantity for that to apply to 15,000,000 such individuals.

This trend is counter to the prevalent idea that after a certain period
of time (usually taken to be 10,000 yr) the potential hazards of nuclear waste
are less than for the original, natural ore bodies. The key reason for this
divergence is that the calculations presented here are for a spent fuel repos-
itory located in a medium that is edible, providing a potential, direct vector
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TABLE 9.9.

the Hainesvi

A. Base Case

Decay Time (yr)

‘ 50_yr Ingestion
70 yr Pqpuiatgon gose {man-rem)

Long-Term Poqu]ation Dose Burdens from Solutibn Mining into
le Salt Dome

{Time of Intrusion) Total Body Bone Lung Thyroid
100 1.6 x 1011 6.5 x 1011 2,8 x 109 4.7 x 106
1,000 1.3x 109 3.0 x1010 3.7 x10% 4.7 x 106
10,000 7.0 x 108 4.4 x1209 3.1 x10% 4.7 x 106
50,000  2.8x109 4.8x109 2.5 x 104 4.7 x 106
100,000 4.3 x109 6.5x109 2.4x10% 4.7x 106
500,000 3.8x109 5.8x109 2.0 x10% 4.6 x 106
1,000,000 '2.1x109  3.3x109 1.6 x 104 4.5 x 106

B. Base Case -1 yr Ingestion ,

70 yr Population Dose (man-rem)

100 3.3x109 1.4 x1010 5.5x 107 9,5 x 104
1,000 3.5 x 107 8.6 x108 7.5x 102 9.4 x 104
10,000 1.8x 107 1.2x108 6.3 x 102 9.4 x 104
50,000 6.9x107 1.3x108 5.0x102 9.4 x 104
100,000 1.0x108  1.7x108 4.9x102 9.4 x 100
500,000  9.3x107 1.5x108 3.9x102 9.1 x 10°
1,000,000 5.1 x 107 87 x107 3.3x102 9.0x 10%

for the highly localized radioactive wastes to reach and be ingested by humans.
The natural ore bodies, on the other hand, are relatively dispersed and, more .
jmportantly, are not edible.
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TABLE 9.10. Long-Term Individual Dose Burdens from Solution Mining into
the Hainesville Salt Dome

A. Base Case 50 yr Ingestion
70 yr Individual Dose (rem)

Decay Time (yr)

(Time of Intrusion) Total Body Bone Lung Thyroid
100 1l.1x104 44x10%4 1.8x102 3.2 x 10-1
1,000 8.4 x101 2.0x103 2.5x10-3 3.1x10-1
10,000 4.7 x 101 2.9x102 2.1x103 3.1x10°l.
50,000 1.9x102 3.2x102 1,7x10-3 3.1 x 10-1
100,000 2.9x102 4.3x102 1.6x 103 3.1 x 10-1
500,000 2.6 x 102 3.9x102 1.3x10-3 3.0 x 10-1
1,000,000 1.4 x 102 2.2 x 102 1.1 x 103 3.0 x 10-1
B. Base Case 1 yr Ingestion
70 yr Individual Dose (rem)
100 2.2 x 102 9.6 x 102 _ 3.7 6.3 x 10-3
1,000 2.3 5.7 x 101 5.0 x 10-5 6.3 x 10-3
10,000 1.2 8.3 4.2 x 10-5 6.3 x 10-3
50,000 4.6 8.5 3.4 x 10-5 6.3 x 10-3
100,000 7.0 l.2x 10l 3.2x105 6.3x 103
500,000 6.2 1.0x 10l 2.6 x10-5 6.1 x 10-3
1,000,000 3.4 5.8 2.2 x 105 6.0 x 10-3

The rates of use of this edible medium, salt domes, strongly suggest their
full exploration and depletion will occur in a relatively short time frame (in
a few centuries). Further, the medium itself does not provide a barrier to
the delivery of the radioisotopes to the accessible enviromment; indeed, the
medium provides a rather strong attraction for such an event.
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TABLE 9.11. Relative Total Body Dose Burdens Compared to Natural
Radiation Background

Factors Above Background*

Time of Intrusion (50-yr ingestion
{yr _after closure) individual doses)
100 1,571.4 x
1,000 12.0 x
10,000 6.7 x
50,000 27.1 x
100,000 41.4 x
500,000 37.1 x
1,000,000 20.0 x

* Background is here taken to be 100 mrem/yr, or
approximately 7 rem per 70 yr lifetime. Actual
background varies from this depending on the
location of the individual.

Further, the medium can be extensively exploited without early health
effects on the intruders, because the remote-controlled operations do not yield
acute occupational doses. Therefore, only specific engineered measures to pre-
clude the inadvertent use of a specific salt dome containing 2 nuclear waste
repository could provide the barrier to that vector. Such measures would
include information systems to preclude entry, engineered barriers to provide
containment, or other measures to shorten the period of exploitation of the
salt dome. However, the calculations presented in this section show that such
engineered measures must be effective over geologic times exceeding one million
years to prevent the adversely consequential impacts on future populations by
the radioactive wastes in a salt dome repository. This conclusion is generic
to, and applicable only for, salt domes.
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CHAPTER 10

SOURCE TERM

Chapters 4 through 9, describing the methodology used in this analysis,
have specifically involved components of the AEGIS program. Chapters 10
through 11 relate to the source term and sorption data being developed by the
WRIT program for use by AEGIS in its post-closure analyses.

This chapter deals with the source term of radioisotopes leaching from the
waste and entering the ground-water system, and begins with a description of
the methodology WRIT has, or will have before licensing a repository. This is
followed by a discussion of the leach data and solubility limits used for this -
analysis.

INTRODUCTION TO METHODOLOGY

In the design of a nuclear waste isolation system, the waste form itself
constitutes the innermost barrier to the release of radionuclides. The waste
form is the provider of the source term of radionuclides that is used in AEGIS
release consequence models to assess the saféty of a'nqc1ear waste repository.
One objective of waste form release studies is to quantify radionuclide release
rates under anticipated repOsitory conditions and to investigate the mechanisms
of release. The key to predicting waste form behavior from short-term labora-
tory tests lies in the understanding of the mechanisms of waste form alteration
and the stability of the reaction products to further changé.

The radionuclide source term is the physical input to migration and sorp-
tion studies. Because actual leachate solutions have different properties from
a synthetically prepared solution, a more realistic estimate. of radionuclide
migration behavior is gained by the use of actual leach solutions. Thus, a
second objective of waste form release studies is to provide characterized
leachate solutions for sorption studies. |
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To be responsive to the needs of AEGIS release consequence analyses, two
major types of conditions must be addressed:

e an “open" system, where an event has caused failure of all barriers,
and solution contacts the bare waste form; fracture flow allows for
minimal chemical alteration and sorption reactions between the waste
form and surrounding barriers (canister, engineered barriers, back-
fi11, and host rock)

e a “closed" system, where solution gradually permeates toward the
waste form, chemically altering the various barrier materials in the
process; the effects of chemical alteration and nuclide sorption
reactions are brought to bear in this systems approach, integrating
all barriers to radionuclide release.

In the first case, the simple system of waste form plus solution, release
is commonly described by a leach rate. In the latter case, release is a
combination of leaching and sorption/desorption interactions complicated by
recrystallization and precipitation reactions, resulting in a system release
rate.

Methodology Available or Under Development

WRIT has been conducting experiments to date centered on studying waste
form-generic solution interactions corresponding to the "open" system. The
main parameters of concern are time, temperature, solution chemistry, and
solution flow rate. Because sifeespecific information was not available at
the time these tests were started, a range of solutions was chosen:

WIPP "B" salt brine (Dosch and Lynch 1978)
NaCl solution, 1.76 g/1

CaCI2 solution, 1.66 g/1

NaHCO04 solution, 2.52 g/1

deionized water.

To try to standardize the testing methods, three tests have been used to
study radionuclide release:
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1) a modification (more frequent sampling) of the International Atomic
Energy Agency (IAEA) (Hespe 1971) leach test procedure that simulates
a changing flow rate of solution

2) static leach tests, which are sampled as a géometric progression in
time; these tests simulate a non-flowing solution and address solu-
bility and approach to steady-state phenomena

3) continuous fiow leach tests that model velocities that could be
attained in aquifers.

The effects of temperature are being considered by studying a range from 25 C
to 250 C. The waste forms being studied in this first stage of WRIT experi-
ments on waste form-solution interactions are:

e High-level wastes:

a. Spent Fuel: 1) static and IAEA leach tests on irradiated spent fuel;
2) effects of solution oxidation potential on UO2 matrix dissolu-
tion; and 3) chemical distribution in irradiated spent fuel

b. High-level Waste Glass: 1) static, IAEA, and continuous-fiow tests
on actinide-doped waste glass; and 2) effects of solution oxidation
potential on radionuclide release.

e Transuranic waste forms:

a. static and IAEA tests on concrete, polymers, glass, urea-forma]de-
hyde, and bitumen prepared with actual TRU-contaminated incinerator
ash. '

The repository design presented to;AEGIS and WRIT included only spent fuel in
the inventory.

" The spent fuel oxidation study §s designed to measure the radionuclide
release rates after oxidation of the spent fuels in various storage solutions

and to identify the release mechanism at single crystal UO2 surfaces. The
first task will determine the congruent dissolution period and release rate for
spent fuels oxidized in solutions. The increase of radionuclide release rate,
which may be caused by oxidation of the UO2 matrix to UO3 XH20. will be related
to the amount of dissolved oxygen content in water. The second task will
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compare the oxidation and leaching kinetics at elevated temperatures for single
crystal UO2 surfaces and other uranium surfaces. The composition and micro-
structure of the uranium oxide and uranium oxide-hydrate films will be char-
acterized and correlated to the leaching kinetics. A high activation-energy
oxidation path will be sought for stabilization of the UO2 surfaces in the
presence of oxygen in storage solutions.

Predicting releases from spent fuel requires an assumption of the distri-
bution of radionuclides at the leachate-spent fuel interface. This fission .
product distribution is heterogeneous and is dependent on burnup and irradia-
tion temperatures. There is a need to know the leach rate variation with the
degree of inhomogeneity of the radionculides. The first phase of studies on
this problem will involve the measurement of fission product chemistry distri-
bution in spent fuel with known in-reactor parameters. This distribution,
based on temperature and burnup, will be compared to modeling based on thermo-
dynamic predictions. The second phase will involve measurement of leach rates
for spent fuel samples with known chemical distribution and a repetition of
the chemical distribution analysis to detect the changes in the surface
chemistry.

Thé effects of radiation are being incorporated in these studies by tests
using nonradioactive, isotope-doped material for studying elements without
radiochemical interferences, and using fully radioactive wastes. Thus, for
spent fuel, both U0, and actual spent fuel are being used. For waste glass,
actinide and special fission product-doped glasses are being studied to maxi-
mize solution and surface data collection without high radiation field and
radiochemical interferences. The results will be verified by a more 1imited
series of tests on fully radioactive waste glass. The radiation levels are
Tow enough to do all work on actual TRU wastes.

In addition to performing radiochemical solution analyses from which leach
rates may be calculated, it is necessary to understand the major processes
involved when a waste form is in contact with a solution, to extrapolate short-
term laboratory tests to relatively short geologic times of several hundred
years. Thus, WRIT is starting detailed solid state and solution analyses to
gain knowledge of the mechanisms of release. In addition to isotope release
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concentrations, valence state and nuclide solution species experiments are
being performed. Solid state analysis will include detailed mineralogic
studies to jdentify alteration products such as recrystallized minerals.

WRIT has started its second phase of studies that addresses the interac-
tions of the waste form with thé‘surrounding barriers to be incorporated into
repository design, such as the waste canister, engineered barriers, backfill
material, and host rock media. Fngre 10.1 illustrates a simple multiple bar-
rier system. These integrated tests, which more accurately reflect the real
repository, will provide an understanding of the effect of this complex system
on the degradation of the waste form, release of radioisotopes, and their
interactions with the immediate surroundings. |

CbmpféhensiVe Waste Form Performance Testing Methodology

.- The study of waste-media interactions requires a multidisciplinary
approach, involving aspects of geology, chemistry, materials sciences, and
physics. - There are few theories or mathematical descriptions that to date
adequately describe waste leaching, corrosion, adsohption, or desorption. The
bulk of the endeavors in waste-media interaction studies is typified as being
experimental in nature.

‘As water migrates toward a waste form, it is changed chemically by the
geochemical, thermal;'and radiation fields it encounters. To describe the
solution that finally reaches the waste form, the material in the solutions
path must be characterized. Thié includes the waste form, canister, engi-
neered barriers, backfill, and host rocks. ° ' '

Basic physical, mechanical, and chemical properties of the parts of the

" waste-rock system need to be measured, including theavariability in parameters
and functional dependency on temperature, pressure, time, and moisture content.
Parameters include elemental composition,‘valence state distribution in the
solid, specific surface area, thermal conductivity, shear strength, permeabil-
ity, pH, Eh, crystalline phases present, and their composition. In the case
of the waste form, the effects of self-radiation damage and element transmuta-
tion also need to be studied.
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BACKFILL

FIGURE 10.1. Multiple Barrier System, Near-Field Region

Information on the binary rock-water system is needed as a function of
temperature, pressure, time, ground-water composition, and quantity of water
influx rate. Physical attributes that need to be monitored include thermal
expansion, permeability, and stress-strain changes. Chemical characteristics
to be monitored as a function of the identified variables include mineralogic
changes and radionuclide sorption changes. The resulting solution would
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interact with backfill and engineered barrier materials. The effects of radia-
tion fields need to be added to the parameter effects at this point because of
the proximity to the waste form.

Evaluations of the water-backfill interaction must be performed, whether
the backfill is host-rock material or artificially introduced, getter materials
such as clays, sands, host rock, or combinations thereof. The getter-backfill
material may have the additional property of minimizing,‘delaying, or elimin-
ating waste-water or waste-canister-water-geomedia interactions, which would
occur if the backfill material were not present. The backfill material may be
viewed as- an engineered secondary barrier. Three of its major purposes are:
providing a barrier to water intrusion (e.g., a swelTing, low porosity clay);
chemically or physically sorbing radioactive species in solution; or chem-
ically buffering the near canister physico-chemical environment.

' Engineered barrier interactions to be studied include water-barrier inter-
actions, canister-overpack interactions, barrier-backfill-geomedia interac-
tions, and engineered barrier physico-chemical durability or corrosion resis-
tance. Interactions need to'be'jnvestigated as a function of ground-water
composition, chemistry, flow rate, temperature, pressure, radiolysis effects,
and time. A1l engineered barriers are considered to be segments of the multi-
barrier concept. The hydrothermal interactions and radiation-induced interac-
tions affecting backfill materials will be evaluated. Sorption/ desorption of
Jeached nuclides under repository temperature and redox conditions should be
experimental1y analyzed. The effect of corrosion products formed on nuclide
-adsorption needs to be addressed. Solutions generated by these tests must be
thoroughly characterized as they (along with the solutions generated from
water-rock interactions) are the leach solutions that will contact the waste
form and its canister. Physical propérties such as gas and liquid permeabil-
ity, thermal conductivity, stress and strain changes, and water absorption
~ properties need to be studied: along with chemical properties such as mineral
or chemical stability and nuclide adsorption properties.

The fadioactive waste canister is another segment of the multibarrier con-
cept. The adequacy of the canister should be assessed relative to its intended
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purpose--a shipping canister, limited lifetime container (e.g., for approxi-
mately 