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Abstract

Based on general arguments presented in this report, nuclear criticality was eliminated from performance assessment
calculations for the Waste Isolation Pilot Plant (WIPP), a repository for waste contaminated with transuranic (TRU)
radioisotopes, located in southeastern New Mexico.  At the WIPP, the probability of criticality within the repository is
low because mechanisms to concentrate the fissile radioisotopes dispersed throughout the waste are absent.  In addi-
tion, following an inadvertent human intrusion into the repository (an event that must be considered because of safety
regulations), the probability of nuclear criticality away from the repository is low because (1) the amount of fissile
mass transported over 10,000 yr is predicted to be small, (2) often there are insufficient spaces in the advective pore
space (e.g., macroscopic fractures) to provide sufficient thickness for precipitation of fissile material, and (3) there is
no credible mechanism to counteract the natural tendency of the material to disperse during transport and instead con-
centrate fissile material in a small enough volume for it to form a critical concentration.  Furthermore, before a criti-
cality would have the potential to affect human health after closure of the repository—assuming that a criticality
could occur—it would have to either (1) degrade the ability of the disposal system to contain nuclear waste or
(2) produce significantly more radioisotopes than originally present.  Neither of these situations can occur at the
WIPP; thus, the consequences of a criticality are also low.
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Preface

To certify the compliance of the Waste Isolation Pilot Plant (WIPP), a geologic facility for the disposal of wastes
containing transuranic (TRU) radioisotopes, the U.S. Environmental Protection Agency (EPA) required estimates of
the disposal system’s future probable behavior.  The estimates were prepared by means of models that captured essen-
tial features, events, and processes of the disposal system.   To help demonstrate the completeness of the analysis, the
features, events, and processes were formally selected and documented.  This report describes the reasons why
nuclear criticality was omitted from consideration of events and processes for the performance assessment calcula-
tions of the WIPP, as initially argued in Rechard et al., 1996a.  Although concern about criticality in TRU waste has
never been great because of the low initial concentration of fissile material, the approach used to address it in this
report can be applied to repositories with other types of waste with higher initial concentrations of fissile material.
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1.  Introduction

The purpose of this report is to present arguments
that support the omission of the criticality event from
the performance assessment calculations for the Waste
Isolation Pilot Plant (WIPP), which is an operating facil-
ity for the disposal of waste contaminated with transu-
ranic (TRU) radioisotopes created during manufacture
of nuclear weapons.  The work reported here supported
the 1996 WIPP performance assessment as part of the
Compliance Certification Application (CCA) (DOE,
1996) submitted to the U.S. Environmental Protection
Agency (EPA) in October 1996 and approved in May
1998.  Like any surface facility that handles fissile mate-
rial1 a deep geologic disposal system for nuclear waste
has to assess the probability and consequences of a sus-
tained, nuclear chain reaction2 (i.e., a criticality 3).  The
likelihood of assembling a critical mass at a location in
or near a repository depends upon the geologic pro-
cesses within the disposal system and the ability of these
processes to facilitate the concentration of fissile radio-
isotopes so that they meet certain criteria necessary for a
sustained nuclear chain reaction.  Hence, in this report,
both the likelihood of geologic processes (of interest to
earth scientists) and the criteria necessary for criticality
(of interest to nuclear engineers) are examined to
develop a sense about the probability of occurrence of
criticality.  The consequences of criticality, should one
occur, are also estimated.

1.1 Background

1.1.1 The Waste Isolation Pilot Plant

During World War II, radioactive waste produced
by the Manhattan project was either disposed of in tanks
or buried in trenches (e.g., Rechard, 1995; 1999).  In
1970, the Atomic Energy Commission (AEC) began
storing waste contaminated with TRU radioisotopes at
the surface for eventual burial in a deep geologic reposi-
tory.  Although an abandoned mine near Lyons, Kansas,
was initially examined as a salt repository, the AEC, at
the invitation of New Mexico civic leaders, settled in
1974 on characterizing the 600-m-thick salt beds in the
Delaware Basin in southeastern New Mexico for dis-

posal of its waste.  In December 1979, Congress autho-
rized the then recently formed U.S. Department of
Energy (DOE) to build at the selected site. The WIPP
was designed and built as a full-scale pilot repository
that accepts only the TRU portion of the military nuclear
waste.  Construction of the repository was essentially
complete in 1988.  The WIPP received its first shipment
of waste in March 1999.

1.1.2 Nuclear Criticality in Repositories

Ideally, a radioactive waste repository prevents the
release of radioisotopes for very long periods.  However,
this ideal situation implies that the initial solid concen-
tration of fissile material in waste also remains for long
periods.  Prior to Congressional authorization of the
WIPP in December 1979, the DOE considered dispos-
ing of defense high-level waste (i.e., waste from recy-
cling spent fuel from government-owned nuclear
reactors) at the WIPP in addition to TRU waste.  During
this early period, Allen (1978) reported that the critical
mass of spherically shaped masses of fissile material,
which might be included in the high-level waste, were
surprisingly small.  When these calculations were
applied to proposed containers of high-level nuclear
waste, the masses of fissile material  in each container
either were only slightly smaller or, in a few cases, were
of similar size to these limits.  Also in 1978, Winchester
(1979) hypothesized a mechanism to segregate 234Am
from other actinides through preferential adsorption; the
234Am could then decay to 239Pu and then 235U, both of
which are fissile material. In 1979, Clayton (1979) sug-
gested a positive feedback mechanism for a critical
event in soil, based on calculations by Carter (1973),
who had evaluated the potential for criticality as part of
a safety analysis of nuclear waste disposal in trenches at
the Hanford, Washington, reservation.  Allen’s calcula-
tions (1978), together with Winchester’s (1979) hypoth-
esis, prompted a report by Brookins (1978), which
described several geochemical constraints on accumu-
lating critical masses of actinides in geologic reposito-
ries.  In 1983, Stratton (1983) dismissed the allegations
that a nuclear explosion had occurred at a waste disposal

1 Fissile material consists of primarily 233U, 235U, and 239Pu radioisotopes, which are fissioned by slow neutrons.  Slow (ther-
mal) neutrons have a much greater probability of being absorbed by a nucleus of fissile material.

2 Fission (splitting) of the nucleus of fissionable atoms (e.g., 235U) may occur when the fissionable atom absorbs a neutron
(e.g., 5 out of 6 times for thermal neutrons by 235U).  Because more neutrons are emitted (e.g., 2 to 3 for 235U) than the one
required to start the fission, a chain reaction can occur if the loss of neutrons is not too great.

3 A critical condition (commonly called “criticality”) denotes the assembly of sufficient fissile mass such that a threshold is
reached whereby, over the long term, sufficient neutrons are generated from fissions to create a self-sustaining nuclear chain
reaction and readily generate heat energy. Note, however, that the use of the word criticality, with regard to a nuclear chain
reaction, does not bear the connotation of its medical equivalent, which infers threshold of death or human crisis, nor does it
necessarily denote a nuclear explosion.
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site in the Ural Mountains in Russia.  When the option
to place high-level waste and spent nuclear fuel was
blocked by Congress in 1979, the concern for criticality
at the WIPP diminished because of the low initial con-
centrations of fissile material in TRU waste (in compari-
son to the potentially high concentration of fissile
material in some DOE-owned spent nuclear fuel).

Nonetheless, criticality has been listed as an event
for consideration in scenario development by the WIPP
since 1979 (Bingham and Barr, 1979; 1980), prepared in
support of the Draft and Final Environmental Impact
Statements (EISs) in 1979 and 1980 (DOE, 1979; 1980).
Based in part on studies of the WIPP, the International
Atomic Energy Agency (IAEA) has listed criticality for
consideration in its guidance to member countries that
desire to site nuclear waste repositories for spent nuclear
fuel and high-level waste since 1981 (IAEA, 1981).  The
DOE conducted traditional nuclear criticality safety
studies on the storage and initial emplacement of the
drums in the repository in the early 1980s (Lipner and
Ravets, 1980; Blyckert and Carter, 1980) and concluded
that the drum storage array in the WIPP would be sub-
critical (keff < 1). 4 The same conclusion was indepen-
dently confirmed by an analysis done for the State of
New Mexico Environmental Evaluation Group (EEG),
although the EEG analysis disagreed with some aspects
of the DOE analysis (Cohen, 1996a; 1996b).  The EEG
analysis also explored the possibility of dissolution,
transport, and concentration of the fissile material in a
dolomite rock with 10% porosity.  With assumed con-
centrations in the rock of 27.6 mM (6.6 kg/m3) for 239Pu
and 4.7 mM (1.1 kg/m3) for 233U, a fissile mixture that
was greater than 0.5 m thick was supercritical (keff > 1)
(Cohen, 1996c).  The discussion noted that “the conse-
quences to the accessible environment should not be
very high” (Cohen, 1996c).  The study also cited analo-
gous aqueous criticality accidents reported by Stratton
(1967; see also Stratton and Smith, 1989; Knief, 1985;
and Rechard et al., 1996b) and the natural reactors in the
Oklo ore deposit in Gabon, Africa (Cowan, 1976; see
also Rechard et al., 1996b).

The preliminary screening of features, events, and
processes (FEPs) performed for the WIPP by Hunter
(1989) and Galson and Swift (1995) retained nuclear
criticality for more thorough investigation.  Also, news

articles in 1995 (Taubes, 1995) drew attention to specu-
lative scenarios proposed by Bowman and Venneri
(1996) with regard to an atomic explosion occurring in
the potential tuff repository at Yucca Mountain, Nevada,
speculation that probably received more attention than it
deserved (Whipple, 1996).  Soon after, critics argued
against the possibility of such a large energy release
both qualitatively (Canavan et al., 1995; Van Konynen-
burg, 1996) and quantitatively (Sanchez et al., 1995;
Kimpland, 1996; and Kastenberg et al., 1996).  This
report describes the difficulty of creating conditions
conducive to any type of criticality—explosive or other-
wise—with TRU waste.

1.2 Performance Assessment

The process of assessing whether a nuclear waste
disposal system meets a set of performance criteria is a
performance assessment (PA).  Based on scientific
information, the performance assessment provides
important input to decisions about the safety of a
nuclear waste disposal.

1.2.1 Performance Assessment Process

As far back as 1660, probability’s usefulness in
helping with decisions was apparent to mathematicians,
who noted that “fear of harm ought to be proportional
not only to the gravity of the harm, but also the probabil-
ity of the event” (Hacking, 1975, p. 77).  Today’s con-
cept of performance assessment includes both
probability and consequences and adds a third compo-
nent, different scenarios5 to a harmful condition.  Spe-
cifically, the performance assessment process answers
three basic questions (Kaplan and Garrick, 1981; Helton
et al., 1993; Rechard, 1995):  What unwanted features,
events, and processes (FEPs) or scenarios may occur?
What is the probability of each FEP or scenario? What
are the consequences of each FEP or scenario?  The first
question is answered through a scenario development
process.  The second and third questions are answered
through a modeling process.  Several iterations of the
PA process are usually necessary to eliminate those
FEPs or scenarios with negligible influence and to
improve the modeling of retained FEPs or scenarios.
The former is usually called FEP or scenario screening.

4 If n “stray” neutrons are introduced into a region of fissile material initially, there will be kn in the second generation, k2n in
the third generation, and so on.  In all, the total number of neutrons that would appear is n Âkr where k is the multiplication
factor (keff in real systems) equal to the ratio of number of neutrons in one generation to number of neutrons in the preceding
generation.  Three possible situations exist for k: k < 1 subcritical (i.e., zero or decreasing fission rate or power); k = 1 critical
(i.e., constant fission rate or power); k > 1 supercritical (i.e., increasing fission rate or power).

5 Several other steps are related to these three fundamental components of the performance assessment.  For example, scenario
development requires system characterization.  Also, once probabilities and consequences of scenarios have been calculated,
they must be combined and compared to established regulatory performance criteria.  Finally, for the modeling results to be
meaningful to the waste disposal program, a sensitivity analysis on the model parameters may be performed.
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1.2.2 FEP Selection and Screening

The formal and defensible selection of FEPs for
inclusion in modeling is an important step in perfor-
mance assessment and one of the aspects that sets per-
formance assessment apart from typical scientific
modeling or engineering analysis.  In this report, one
potential event—criticality—is discussed.

Screening of FEPs requires well defined criteria.
The criteria employed to omit FEPs are based on either
regulatory guidance for the modeling style (such as the
regulatory period) or predictions of negligible influence
on the performance measure (here composed of both
probability and consequence).

1.2.3 Performance Criteria

The U.S. Congress, in the Nuclear Waste Policy Act
(NWPA) of 1982, established the policy that the present
generation would bear the political and financial costs of
developing a permanent disposal option for nuclear
waste.  In 1985, in response to the NWPA, the EPA pro-
mulgated the standard, 40 CFR Part 191—Environmen-
tal Standards for the Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radio-
active Wastes (EPA, 1985a), which had been under
study since 1977.  The standard was remanded by the
courts shortly thereafter but was repromulgated with
only minor changes in 1993 (EPA, 1993).  In the WIPP
Land Withdrawal Act (WIPP LWA) of 1992, Congress
directed that the EPA implement this standard for the
WIPP Project.  In response, EPA promulgated 40 CFR
Part 194—Criteria for the Certification and Re-Certifi-
cation of the Waste Isolation Pilot Plant’s Compliance
with the 40 CFR Part 191 Disposal Regulations (EPA,
1996).

Neither 40 CFR 191 nor 40 CFR 194 provides spe-
cific guidance regarding the occurrence of criticality
after closure of the WIPP repository.  Rather, risks asso-
ciated with a critical condition are evaluated under the
general provisions of the standard.  The Ground Water
Protection Requirement requires that the activity from
alpha decaying radioisotopes remain below 15 pCi.  The
Individual Protection Requirement requires that the
mean individual dose remain below 15 μSv/yr.  The pri-
mary provision of 40 CFR 191, the Containment
Requirements, requires an evaluation of probabilities of
cumulative release at the disposal system boundary over
10,000 yr (actually a complementary cumulative distri-
bution function [CCDF]) to remain less than two points
in probability space:  a summed normalized release less
than 1 with a probability of 0.1 and a summed normal-

ized release less than 10 with a probability of 0.001.  A
distribution of release is produced because uncertainty
from various sources must be included in the analysis.

1.2.4 Guidance on Calculations at WIPP

Because the performance criteria must be compared
with predictions of future behavior, it is necessary to use
a system model rather than monitor the actual system
itself.  Hence, performance assessment is intimately tied
to the process of building scientific models.  The model
must represent the actual environment (“real-world”) in
those aspects vital to disposal system performance.  The
EPA set the guiding philosophy for selection of the envi-
ronmental aspects and construction of models, including
the regulatory period, the type of natural and anthropo-
genic phenomena to be considered in the model, and cri-
teria for omitting features, events, and processes.

1.2.4.1 Regulatory Period

The EPA’s goal for the disposal standard was to pro-
vide protection for as long as the wastes presented an
unacceptable risk (EPA, 1985b, pp. 64-68).  The EPA
selected 10,000 yr as the time period of regulation for
the Containment Requirements.  The agency believed
that within 10,000 yr “many of the radionuclides that
[could] pass through groundwater transport paths
[would] have reached surface water and the accessible
environment” and that “the radiological hazard of the
wastes would be substantially reduced through the
decay of most of the significant fission products and
many of the actinides” (EPA, 1985b, p. 66).  The EPA
also stated that, because 10,000 yr is a short period of
time geologically, changes in geological conditions
were expected to be small (EPA, 1985b, p. 67).  Time
periods of 100 and 1000 yr were rejected because few
health effects were predicted for that time span—many
radioisotopes would be in transit toward the accessible
environment, the probability of disruptive events would
be low, and many of the important radioisotopes would
not have undergone significant radioactive decay. Peri-
ods of time longer than 10,000 yr were rejected because
making quantitative assessments of the potential envi-
ronmental impacts of waste disposal over such time
periods would be difficult and predictions of geological
changes would not be reliable.

1.2.4.2 Human Intrusion

The standard, 40 CFR 191, and the implementing
regulation, 40 CFR 194, require the DOE to demon-
strate that the WIPP will comply with the performance
criteria after inadvertent human intrusion, i.e., humans
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unknowingly intruding into the repository with an
exploratory drill hole.  According to regulatory guidance
(EPA, 1985a; 1993; 1996), once the borehole is aban-
doned, any plug, such as concrete, is conservatively
assumed to degrade to the permeability of sand, which
represents complete degradation of the plug without any
salt creep or salt precipitation of chemical species in the
brine flowing into the pores.  The assumption of no clo-
sure of the borehole (either through salt creep or precip-
itation minerals from solution) is conservative over the
10,000-yr regulatory period and certainly unrealistic for
a period longer than 10,000 yr (i.e., it is unrealistic to
assume that the flow system that potentially results from
degradation of the concrete plugs remains active forever
in a formation of creeping salt).

The requirement by the EPA to address human
intrusion defeats, to a large degree, the advantage of the
nearly ideal properties of salt in containing the nuclear
waste and focuses instead on other aspects of the WIPP
disposal system, such as adsorption of radioisotopes and
the existence of nonpotable water in an aquifer above
the salt beds.6  Hence, it is important to emphasize that
without inadvertent intrusion, the probability of critical-
ity is easily argued as being practically zero; only with
intrusion do the arguments require more sophistication.

1.2.4.3 Regulatory Criteria for Screening 
Features, Events, and Processes

In Appendix C of 40 CFR 191 and in 40 CFR
194.32, the EPA allows omission of categories of fea-
tures, events, and processes with probabilities of occur-
rence less than 10-4 in 10,000 yr. 7  In this context, a
feature is an aspect or condition of the disposal system,
an event is a short-term natural or anthropogenic phe-
nomenon, and a process is a long-term natural phenome-
non (i.e., a phenomenon that occurs over a significant
portion of the time frame of interest).

1.3 Overall Approach

Because the performance measure (i.e., CCDF)
includes both a probability component and consequence
component, the overall approach in this report is to use
arguments of both low probability and low consequence
to demonstrate that criticality could be appropriately
eliminated from inclusion in the compliance perfor-

mance assessment for the WIPP.  Although the distribu-
tion of the performance measure is actually used,
conceptually this approach is readily shown using the
expected value of the performance measure (probability
times consequence).

1.3.1 Probability

Support for the low probability (or the low conse-
quences discussed later) depends upon constraints from
two types of modeling:  nuclear criticality and geophys-
ical modeling (Figure 1).

Concerning the probability of occurrence, nuclear
criticality modeling is used to develop physical con-
straints on fissile mass and geochemical constraints on
fissile concentration.  Geophysical modeling is used to
evaluate the feasibility of exceeding these bounds by
examining whether physical, hydrologic, or geochemi-
cal constraints exist.

To elaborate, if the probability of any scenarios
containing the criticality event is less than 10 -4 (i.e.,
P{Sj} < 10-4), then the criticality event can be omitted,
as mentioned in Section 1.2.4.3.  Assuming that proba-
bilities of events that make up a scenario Sj are indepen-
dent, then any scenario containing a criticality event is
less than 10-4 if the probability of criticality is less than
10-4.  For example, if P{Sj} = P{HI} • … • P{C}, then
P{Sj} < 10-4 if P{C} < 10-4, where P{HI} is the proba-
bility of a human intrusion event and P{C} is the proba-
bility of a criticality event.  In turn, the probability of
criticality is the conditional probability times the proba-
bility that physical, hydrologic, and geochemical con-
straints are absent.  That is, P{C} = P(C | p ∩ h ∩ c) •
P{p} • P{h} • P{c}, where P(C | p ∩ h ∩ c) is the con-
ditional probability of criticality given no obvious phys-
ical, hydrologic, or geochemical constraints, P{p} is the
probability of no physical constraints, P{h} is the proba-
bility of no hydrologic constraints, and P{c} is the prob-
ability of no geochemical constraints to criticality.
Geophysical arguments attempt to evaluate each of the
four factors that comprise P{C}.  For example, the con-
ditional probability is evaluated through analogy with
the Oklo natural reactors (Rechard et al., 1997).  This
simple abstract view of the probability of criticality is
used herein to organize the arguments for the low proba-
bility of criticality at the WIPP.

6 The NAS (NAS/NRC, 1995; 1996) has commented on the EPA’s emphasis on determining compliance based on results that
assume human intrusion.

7 For engineered nuclear facilities, the Nuclear Regulatory Commission (NRC) at one time attempted to define an incredible
event as an event with a frequency of occurrence less than at least 10-6/yr.  The EPA chose a conservative frequency of occur-
rence of 10-8/yr.
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1.3.2 Consequences

For criticality to have the potential to affect human
health after repository closure, assuming a criticality
could occur, it would have to either (1) degrade the abil-
ity of the disposal system to contain nuclear waste or
(2) produce more hazards than originally present.
Hence, these two categories of consequences are exam-
ined at the end of the report through analogy with
anthropogenic criticality accidents.

1.3.3 Use of General and Specific 
Arguments

When presenting arguments in this report, the
authors first discuss general constraints from geophysi-
cal modeling.  Although this approach does not always
provide a definitive result, it can be useful in conveying
the arguments to a wide audience.  The authors then dis-
cuss arguments based upon specific calculations of the
behavior of the WIPP.  That is, the PA models simulate
the evolution of the disposal system and the behavior is

monitored to determine whether conditions exist in
which a criticality could occur.  For example, the argu-
ment for low probability of a criticality in the far field is
supported both by arguments of the unlikelihood of
adsorbing only 239Pu on dolomite without adsorbing any
other material from the brine and by examining results
of the 1996 performance assessment for the WIPP,
which shows that only small amounts of 239Pu are trans-
ported from the repository over 10,000 yr.  In addition,
arguments are grouped by location, i.e., the repository
(near field) and the Culebra Dolomite Member of the
Rustler Formation (far field).  The arguments are differ-
entiated because location can affect specific arguments.
That is, although both locations may lack a credible
means to concentrate enough fissile material to form a
critical mass, the specific reasons for the absence of
such mechanisms might be different for each location.

Section 2 of this report is a fairly detailed discus-
sion of information pertinent to specific arguments pre-
sented in Sections 3 through 6.  The reader may prefer to
skip over Section 2 now, using it as a reference later
when examining specific arguments.

Figure 1. The influence of criticality on the performance measure (distribution of cumulative release) depends on
both the probability and consequence of the occurrence.  In turn, evaluation of either the probability or consequence
depends on two types of simulation:  nuclear criticality modeling and geophysical modeling.  (Although the distribu-
tion of cumulative release is actually used, risk is shown schematically here as the expected value of the conse-
quence.)



6

2.  Description of WIPP Disposal System

Over the past 20 years, the characteristics of the
WIPP disposal system have been well documented
(DOE, 1980; Rechard, 1995; 1999).  Thus, the discus-
sion below provides only a rudimentary introduction to
the WIPP disposal system, followed by details of dis-
posal system components that are pertinent to the argu-
ments against criticality.  For this discussion, the WIPP
disposal system is grouped into three components:
(1) geologic characteristics of the site and natural barri-
ers, (2) design of the repository and engineered barriers,
and (3) waste inventory and characteristics.

2.1 Location and Stratigraphy

2.1.1 Physical Setting

The WIPP is located in southeastern New Mexico
42 km east of Carlsbad, New Mexico.  There is rela-
tively little local topographic relief.  Major geographical
features in the area include Laguna Grande de la Sal
playa lake 9.5 km to the southwest; the Pecos River, the
principal surface-water drainage in southeastern New
Mexico, 20 km to the southwest; and Nash Draw, 8 km
to the west of the site (Figure 2).  Nash Draw is a karst
valley, with no surface drainage, formed by the coales-
cence of collapse features.  It is 29 km long with a max-
imum relief of 120 m (Hill, 1996).

2.1.2 Stratigraphy

The geology of southeastern New Mexico has been
of great interest because of the potash and hydrocarbon
resources in the area and because of the academically
interesting exposures of ancient reefs.  Hence, extensive
literature exists on the general stratigraphy (DOE, 1996,
Chapter 2; Rechard, 1995; 1999).  For the WIPP, the
Delaware Basin’s Permian-age sedimentary rock and the
Capitan limestone reef rock that surrounds it (Figure 2)
are the most important geologic aspects.  The lowest
strata depicted here are the formations of the Delaware
Mountain group of the Guadalupian series (Figure 3).
The Bell Canyon Formation, which is composed of
nearly impermeable interbeds of anhydrite and halite,
isolates the overlying strata from deeper strata.  Overly-
ing the Bell Canyon is the Castile Formation of the
Ochoan series, which is found only on the interior of the
Capitan limestone reef.  The overlying Salado Forma-
tion extends far beyond the Capitan reef.  Overlying the
Salado are the Rustler and Dewey Lake Formations.
Only thin deposits lie above the Dewey Lake Formation.

Figure 2. Physical setting of the WIPP (after
Rechard, 1995, Figure 2.1-1).

Figure 3. Stratigraphic column of formations inte-
rior to the Capitan reef in the Delaware Basin (after
DOE, 1996, Figure 2-4).  Other formations of similar
age or material containing uranium deposits are also
shown.
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Pertinent lithologic aspects of the Castile, Salado, and
Rustler Formations are discussed below.

2.1.3 Castile Formation

The 500-m thick Castile Formation (hereafter short-
ened to the Castile) consists of three anhydrite members,
and two interspersed halite members (Figure 4).  Pres-
surized brine reservoirs have been intersected in the
fractured Anhydrite III (uppermost) layer of the Castile
by one well within the land-withdrawal boundary
(WIPP-12) and, outside the boundary, by 11 out of
about 100 nearby wells (Lappin et al., eds. 1989, Figure
3-26).  The WIPP performance assessment traditionally
assumes that a pressurized brine8 reservoir (with chemi-
cal composition as noted in Table 1) exists beneath a
portion of the repository for the next 10,000 yr.

2.1.4 Salado Formation

The 600-m-thick Salado Formation (hereafter
shortened to the Salado) hosts the repository about
655 m below the surface.  The Salado consists primarily
of nearly horizontal (<1° dip) halite (NaCl) (Table 2)
and occasional interbeds of minerals such as clay and
anhydrites (CaSO4) of the Late Permian Period (~255
million year old [255 Ma]).  Anhydrite interbeds
directly above (anhydrite layers “a” and “b”) and 1 m
below (Marker Bed 139) the repository floor are three of
about 45 interbed units within the Salado that can poten-
tially drain brine (Table 1) into the repository (Figure 4).

2.1.5 Culebra Dolomite Member of 
Rustler Formation

The Rustler Formation overlies the Salado
(Figure 4).  The Culebra Dolomite Member of the Rus-
tler Formation (hereafter shortened to the Culebra),
which consists of dolomite and dolomitic limestone, is
the most permeable stratigraphic unit near the reposi-
tory.  Although radioisotope release via groundwater is
unlikely overall (Rechard, 1999; Helton et al., 1998), the
Culebra is the most likely pathway relative to other
pathways for lateral transport of radioisotopes away
from the repository.  Although the character of the Cule-
bra varies over its great area (25,000 km2 [~9650 mi 2]),
it changes little within the WIPP land-withdrawal
boundary (41 km2 [16 mi 2]).  Close to the repository, the
Culebra has an average thickness of 7.0 m (Holt, 1997).

8 Herein brine refers to an aqueous solution with total dissolved solids (TDS) greater than 30,000 mg/l.  For comparison, brack-
ish water refers to solutions with TDS between 3000 and 30,000 mg/l; fresh water refers to solutions with TDS less than
3000 mg/l. 

Figure 4. Stratigraphy above and below the WIPP
repository (Rechard, 1999, Figure 3-3).
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Table 1.  Element Concentrations in Culebra, Salado, and Castile Brine (Papenguth and Behl, 1996a, Table 2).

Table 2.  Mineralogy of Salt and Dolomite at WIPP

Mineral Density (kg/m3) %wt

Culebra Dolomitea

Dolomite CaMg (CO3)2 2872 91.5

Gypsum CaSO4 • 2H2O 2320 3

Quartz SiO2 2650     1.5

Clay
Corrensite

Illite

Ca0.07 Na0.22 K0.66 (Al3.13 Fe0.09 Mg12.86)
Al1.91 Si 14.09 040 (OH)20
K Al4 (Si7 Al O20) (OH)4

2950b,c

2750c
2.4
1.6

Average density 2850

Salado Halited

Halite NaCl 2165 93.2

Polyhalite K2Mg Ca2 (SO4)4 • 2H2O 2775    1.7

Anhydrite CaSO4 2610    1.7

Gypsum CaSO4 • 2H2O 2320    1.7

Magnesite Mg CO3 3009    1.7

Average density 2160

a Sewards et al., 1992, WIPP-12; Siegel et al., 1991, Chapter 3.
b Density of chlorite, which derives from corrensite.
c Weast, ed., 1974, pp. B-193 — B-195.
d Brush, 1990, assumed absence of silica for PA modeling.
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2.1.5.1 Description

Within the WIPP Project, the Culebra has been
divided into four hydrostratigraphic units described by
Holt (1997) (Figure 5).  The uppermost unit, Culebra
Unit 1, is generally distinct, parallel bedded strata.  Its
thickness ranges from 2.5 to 3.2 m and averages 2.99 m
(Figure 5).  Any fractures tend to occur along bedding
planes.  Subvertical fracturing occurs only locally.

The middle Culebra Units, 2 and 3, are similar (Fig-
ure 5).  Both units have thin, discontinuous interbeds of
silty dolomite and are highly fractured.  The fractures
typically extend less than 5 cm and connect numerous
vug units.  The fractures are open or gypsum-filled, with
apertures up to 0.2 cm wide.  Originally, the vugs were
anhydrite pockets that hydrated to gypsum nodules dur-
ing sedimentation; subsequent dissolution and removal
of gypsum left the vugs.  Culebra Unit 2 is between 1.4
and 1.8 m thick, with silty dolomite beds more persis-
tent areally than in the lower Culebra Unit 3, and with
vugs that are often partially or completely collapsed.
Culebra Unit 3 is between 1.0 and 1.5 m thick, with an
average of 1.2 m.  Larger (up to 5-cm diameter) vugs
and gypsum nodules are present.  Because of fracturing,
intact pieces of core from Culebra Unit 3 are rare.

The lowermost Culebra Unit 4 is typically between
1.4 and 1.9 m thick, with an average thickness of 1.55 m
near the repository.  The lower contact of Culebra Unit 4
with the unnamed member of the Rustler Formation is
irregular, with undulations up to 1.0 m in WIPP shafts.
Small, open microvugs (< 3 mm) are common in the
vicinity of the bedding planes.  Occasionally, large vugs
and gypsum nodules (up to 8 cm in diameter) may occur
near the lower contact.

2.1.5.2 Effective Thickness

Mercer and Orr (1979) reported that based on 131I
tracer tests at H-3 hydropad, 100% of the flow came
from the lower 3 m (10 ft) of the Culebra.  In descrip-
tions of the Air Intake Shaft, Holt and Powers (1990)
noted that most of the fluid observed came from the
lower portion of the Culebra.  Also, hydraulic tests and
fluid logging at H-19 hydropad suggested that the per-
meability of Culebra Unit 1 was significantly lower than
the permeability of the lower Culebra.  Tracer tests in
1996 at H-19 confirmed that Culebra Unit 1 does not
contribute to solute transport.  Therefore, the hydrologic
effective thickness of Culebra was taken as ~4 m
(7.34 m minus the 3 m for Culebra Unit 1) (Meigs and
McCord, 1996).

2.1.5.3 Transmissivity

In the vicinity of the WIPP, the transmissivity 9 of
the Culebra has been measured at 47 locations.  The
highest transmissivity is west of the WIPP land-
withdrawal boundary at Nash Draw (H-7, 1.5 × 10-3

Figure 5. Stratigraphic subdivisions of Culebra
Dolomite Member of Rustler Formation (Rechard,
1999, Figure 3-6).

9 Transmissivity (Th) (m2/s) is the rate at which water, driven by a unit hydraulic gradient, is transmitted through a unit depth of
aquifer, i.e., it is the hydraulic conductivity (Kh) (m/s) of the aquifer times its thickness (B) (m), where hydraulic conductivity
is the constant of proportionality in Darcy’s law of flow through porous media.  Hydraulic conductivity (Kh) is the permeabil-
ity (kh) (m2) times fluid unit weight (kg/m • s) (fluid density times acceleration due to gravity, γ = ρg [(kg/m3)(m2/s)]) divided
by the fluid dynamic viscosity (μ) (kg/m3 • s) (i.e., Th = KhB = (kρg/μ)B).
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m2/s); the lowest is east of the boundary (P-18,
7.5 × 10-11 m2/s).  Because wells H-14 and H-19 have
similar hydraulic conductivities for Culebra Unit 1
(between 2 × 10-8 and 2 × 10-7 m 2/s), and a very differ-
ent conductivity for the Culebra overall, the WIPP
Project attributes most of the variation in transmissivity
to the lower three units (Beauheim, 1987; Holt, 1997).
Based on measured pumping and slug tests, Beauheim
and Holt (1990) note that the Culebra behaves hydrauli-
cally as a double-porosity medium where the transmis-
sivity is greater than 2 × 10-6 m2/s and as a single-
porosity medium where the transmissivity is less than
2 × 10-6 m2/s, which occurs directly above the reposi-
tory.  For example, the transmissivity values for WIPP-
12, ERDA-9 and H-3, located near the repository, are
1.1 × 10-7, 4.9 × 10-7, and 9.4 × 10-7 m2/s, respectively.

2.1.5.4 Porosity

Within the WIPP land-withdrawal boundary
(Figure 2), the porosity within the dolomite consists of
intergranular porosity, fractures, and vugs (connected
through fractures).  More significant secondary porosity,
such as collapse at karst features from total dissolution
of underlying salt (e.g., in Nash Draw), occurs west of
the land-withdrawal boundary.  In the performance
assessment calculations, the combined porosity is
assumed equal to the porosity through which contami-
nants could diffuse into the dolomite (i.e., the diffusive
or matrix porosity used for the transport calculations,
assuming a double-porosity transport model).  The com-
bined porosity measured from intact core samples from
the Culebra varies only slightly based on helium mea-
surements or water resaturation measurements (Kelley
and Saulnier, 1990, Table 4.4).  Since 1991, the range
for the composite porosity in performance assessment
calculations has been set between 0.10 and 0.25 (WIPP
Performance Assessment Division, 1991, Table 2.6-3).
The median value assumed for the CCA was 0.16
(Meigs and McCord, 1996), which is equal to the esti-
mated porosity directly above the repository (WIPP Per-
formance Assessment Division, 1991, Figure 2.6- 10).

Prior to 1994, performance assessment calculations
assumed a range of 0.0001 to 0.01 (Rechard et al., 1990,
p. II-30) as the advective fracture, i.e., porosity through
which fluid is conducted, based on an order-of-magni-
tude bracket around the tracer test results at H-3 and
H-11 (advective porosities of 0.002 and 0.001, respec-
tively; Kelley and Pickens, 1986).  Results from the
tracer tests at H-19, which estimated the advective
porosity at 0.04 (Meigs et al., 1997), were used for the
CCA.

2.1.5.5 Elemental Composition of Culebra Brine, 
Culebra Dolomite, and Oklo Sandstone

In the evaluation of the interaction of neutrons from
the fission process with the surrounding material, the
elemental composition of the Culebra brine as defined
by Papenguth (1996a, 1996b) and the Culebra dolomite
as defined by Siegel et al. (1991) and Sewards et al.
(1992) was used (Tables 1 and 2).  A distinction is made
between intergranular brine in the Salado and brine from
the Castile.  In the Salado, the intergranular brine has
substantially more magnesium and potassium.  (In addi-
tion, minute amounts of brine can be found in fluid
inclusions [intragranular] in the Salado, which are
thought to be the concentrated remnants of the original
brine that precipitated the Salado [Stein and Krumhan-
sal, 1988], but the fluid would not move under a pres-
sure gradient and is not reported in Table 1.)

Because it can serve as an analog, the elemental
oxides that form after heating the sandstone that hosts
the Oklo uranium ore deposit in Gabon, Africa, are also
presented in Table 3.  The deposit contains at least 16
natural reactors that operated intermittently for between
2 × 105 and 8 × 105 yr starting about 1.97 Ga (Gauthier-
Lafaye and Weber, 1989; Rechard et al., 1996a; 1996b;
1997); it is discussed more thoroughly in Section 4.0.
The Oklo sandstone is high in silica (84 %wt) (Table 3).

2.1.5.6 Range of Matrix Distribution Coefficients for 
Plutonium and Uranium

Adsorption on mineral surfaces is frequently mod-
eled through a simple distribution coefficient (KD).
Based on batch adsorption experiments (Brady et al.,
1999), the distribution coefficient (KD) on dolomite for
PuIII in the Salado and Castile brines in the 1996 perfor-
mance assessment was first assumed to be uniformly
distributed between 0.02 and 0.5 m3/kg (Brush, 1998)
(upper endpoint was later slightly changed to 0.4 m3/kg;
Brush and Storz, 1996).  For Pu IV, KD was first assumed
to be uniformly distributed between 0.9 and 20 m3/kg
(Brush, 1998).  This range was later changed to 0.7 to
10 m3/kg (Brush and Storz, 1996) (Figure 6).  As
explained by Brush (1998) and Brush and Storz (1996),
the maximum and minimum KD values for PuIII were
established by assuming that batch experiments with
crushed dolomite for PuV and NpV bound the values.
The maximum and minimum KD values for PuIV were
obtained from batch experiments with ThIV.  The KD in
the Salado and Castile brines was used because limited
mixing can occur directly around the borehole (as
described in a later section).  The use of a uniform distri-
bution when the distribution coefficient ranges over an
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order of magnitude means that most sampled values are
at the high end of the range.

2.2 Design of the Repository

The WIPP repository is a 1.5 × 105-m2 facility con-
structed in a single, nearly level, stratigraphic unit of the
Salado.  The repository level consists of an experimental
region at the northern end (now closed), an operations
region with four shafts to the surface for ventilation and
waste-handling, salt, and human transport; and a par-
tially excavated disposal region at the southern end,
which consists of four drifts down the center and eight
groupings of disposal rooms (Figure 7).  All the open-
ings are rectangular in cross section and 4 m high.  The
drifts are usually 7.6 m wide.  Rooms between access
drifts in the eight panels are 10 m wide and 91 m long.
The 7-pack drums or boxes (see Section 2.3.3) of waste
are to be stacked three high and six wide across the
rooms (Figure 7).  The design volume for the waste in
the disposal region is 1.75 × 105 m3 or about 40% of the
excavated volume.  A portion of the remaining volume
will be backfilled with salt and MgO such that the aver-
age initial porosity (including the porosity in the waste)
is about 85%. Figure 6. Ranges of KD (m3/kg) for plutonium and

uranium in 1991, 1992, and 1996 (corrected values)
performance assessments (Rechard, 1999, Figure 3-7).

Table 3.  Percentages by Weight of Various Element Oxides that Form
after Heating the Culebra Dolomite and Oklo Sandstone
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2.3 Transuranic Waste

Waste planned for disposal at the WIPP repository
consists of a broad variety of materials, including inor-
ganics (e.g., iron and aluminum alloys, equipment, con-
crete, glass, firebrick, ceramics), organics (e.g.,
cellulosics, such as paper, cardboard, laboratory tissues,
wood, cloth, rubber, plastics), solidified materials (e.g.,
waste water treatment sludge, cemented liquid waste,
inorganic particles and soils), and solvents  generated
during the production of nuclear weapons.  Most of
these wastes have been contaminated by alpha-emitting
TRU radioisotopes (i.e., radioisotopes with atomic num-
bers greater than uranium-[92]).  To be classified as
TRU waste in the United States, the average activity per
mass in the container must be over 100 nCi/g from
radioisotopes with half-lives greater than 20 yr.  Ten
TRU waste generator and/or storage sites around the
country are scheduled to ship waste to the WIPP
(Figure 8).

2.3.1 General Categories of TRU Waste

Current plans show a wide variety of waste to be
placed at the WIPP.  Two general types are (1) contact-

handled transuranic (CH-TRU) waste (~1.68 × 105 m3

or ~806,000 55-gal drums), which is TRU waste with an
external dose rate of less than 5.6 × 10-7 Sv/s (200
mrem/h); and (2) remotely handled transuranic (RH-
TRU) waste (7080 m3 or 4%), which exceeds an exter-
nal dose rate of 5.6 × 10-7 Sv/s but is less than 2.8 × 10-3

Sv/s (1000 mrem/hr).  For both types, the waste is
grouped into 11 categories, and each waste category is
present at each generator/storage site.  Most of the vol-
ume is in the Heterogeneous Waste category; the second
largest volume category is Uncategorized Metal
(Rechard et al., 1996a) (Figure 8).

2.3.2 Activity and Fissile Mass

The projected activity of waste placed in the WIPP
repository is 7.44 MCi with a total heat power output of
136 kW when initially emplaced (Figure 9).  The total
energy released is ~9000 TJ (2.5 kW-hr).  Of the initial
heat power of 136 kW, 97.8% is from the radioactive
decay of CH-TRU elements.  Of those 97.8% CH-TRU
elements, 65% is from 238Pu (generated at Savannah
River for power generators in space and elsewhere),
18% is from 239Pu, 5% is from 240Pu, and 11% is from
241Am (Sanchez, 1996).  The remaining heat power is

Figure 7. The WIPP repository in bedded salt, showing transuranic waste disposal area with eight panels, 657 m
below surface and 436 m below Culebra Dolomite Member of Rustler Formation (Rechard, 1995, Figure 2.0).
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Figure 8. Anticipated volumes of contact-handled transuranic (CH-TRU) waste per site (data from Rechard et
al., 1996b, Appendix B).

Figure 9. Anticipated activity and thermal power of waste in the WIPP repository (after Sanchez, 1996, Table 7,
and Sanchez et al., 1997, as evaluated from DOE, 1995).  Activity of DOE-owned spent nuclear fuel and defense
high-level waste (DSNF/DHLW) shown for comparison (after Rechard, ed., 1995, Figure 4-11).
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primarily from radioactive decay of fission products that
contaminated the RH-TRU waste when spent fuel was
examined and tested at DOE facilities.

The projected total mass of radioisotopes in the
WIPP repository is ~180 Mg.  Of these, 80% (150 Mg)
is 238U placed in the waste by Oak Ridge and elsewhere
to prevent criticality during storage.  The masses of the
two most important fissile materials, 235U and 239Pu, are
8 Mg and 13 Mg, respectively (Table 4).  Note that the
average enrichment of uranium at emplacement is 5%.
Over 10,000 yr, the enrichment increases slightly to 7%,
because of the decay of 239Pu.  The initial average
enrichment of the combination of plutonium and ura-
nium (in fissile gram equivalents [FGEs]) at emplace-
ment is 14%.

2.3.3 Containers

CH-TRU waste is shipped in standard, steel, 55-gal
drums (0.89-m high, 0.60-m diameter) or steel boxes
(0.94-m high, 1.3- m wide, 1.8-m long).  Seven drums
are grouped together to form a sextagonal shape. The
reference design for RH-TRU waste is a 6.35-mm-thick
steel cylinder with an outside diameter of 0.65 m and
length of 3 m.  The volume is ~0.89 m3.  Neither type of
container has any special feature that acts as an engi-
neered barrier and so the containers are considered part
of the waste.

2.3.4 Pu and U Solubility Estimates

2.3.4.1 Brine Type Dependence

The range of Pu and U solubility is somewhat
dependent upon the ionic strength and constituents (i.e.,
type) of brine.  Consequently, the solubility is reported
for both Salado and Castile brines.  Occasionally, an
estimate of the solubility of plutonium or uranium in
Culebra brine is needed.  For those situations, plutonium
or uranium solubility in Castile brine is used because
Culebra brine has relatively less ionic strength than
either of the two repository brines and the Castile has
the lower ionic strength of the two repository brines.

2.3.4.2 pH Dependence

The pH (i.e., activity of hydronium ion [H+]) of the
solution also influences the solubility of Pu and U.  In its
application, the DOE used (and the EPA subsequently
required) enough MgO in the repository such that any
CO2 generated by microbial degradation of organic
material (e.g., cellulosic material) forms MgCO3, and
dissolved CO2 (H2CO3

*) is not formed; thus the pH of
the brine stays within the range of 9.4 to 9.9 in the
repository.  Narrowing the range of pH narrows the solu-
bility range of various radioisotopes (see Section 3.5).
In all cases, the solubility values used herein have
assumed an MgO backfill in the repository.

2.3.4.3 Oxidation State Dependence

For the actinium series of elements, i.e., actinides
that have atomic numbers between 90 and 103, experi-
mental evidence suggests that actinide elements in the
same oxidation state exhibit the same chemical behavior
(Langmuir, 1997, p. 536; Brady et al., 1999).  Within the
WIPP Project, this behavior is called the oxidation state
analogy and describes the solubility behavior of
actinides in the WIPP with sufficient accuracy.  The
actinides can exist in the III, IV, V, or VI oxidation
states, e.g., plutonium can be present as either Pu III,
PuIV, Pu V, or Pu VI, or as a combination of several of

Table 4. Anticipated Mass of Fissile Material in the
WIPP Repository (after Sanchez, 1996, as
evaluated from DOE, 1995)

Radioisotopea Mass (kg)

Uranium
232U 1.21 × 10-3

233U 2.01 × 102

234U 8.13 × 101

235U 8.07 × 103

236U 6.64 × 106

237U 7.36 × 10-7

238U 1.49 × 105

Plutonium
236Pu 1.96 × 10-8

238Pu 1.53 × 102

239Pu 1.28 × 104

240Pu 9.44 × 102

241Pu 2.38 × 101

242Pu 3.07 × 102

243Pu 1.23 × 10-18

244Pu 8.46 × 10-5

239Pu fissile gram 
equivalent (FGE) 2.11 × 104

Total (all radioisotopes) 1.81 × 105

a  Bolding indicates fissile material.
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these oxidation states.  Lower oxidation states of
actinides are generally much less soluble than higher
oxidation states.  (That is, the lower oxidation states
form solid species that are more thermodynamically sta-
ble when in contact with water than the solid species
formed with higher oxidation states.)  It is assumed that
only one oxidation state will dominate the solubility;
thus oxidation state is sampled in each vector of sam-
pled parameters in the 1996 calculations.  For example,
the WIPP Project has assumed plutonium would exist
50% of the time as a +3 state (Pu III) and 50% of the time
as +4 state (Pu IV) (Weiner, 1996).

The median solubility (or dissolved concentration)
(SD,50%) for each valence state was calculated using the
FMT code for each oxidation state (Ox) (Babb and
Novak, 1995) and a database containing Pitzer interac-
tion coefficients.  The Pitzer coefficients were used to
predict the behavior of species in solutions of high ionic
strength represented by the Castile and Salado brines
(Br), i.e., SD,50% = SFMT(Br, Ox). The median solubility in
Salado and Castile brines, respectively, was
5.5 × 10-5 mM and 6.5 × 10-5 mM for III valence
actinides; 4.4 × 10-3 mM and 6.0 × 10-6 mM for IV
valence actinides; 2.3 × 10-3 mM for V valence actinides
in both brines; and 8.8 × 10-3 mM and 8.7 × 10-3 mM
for VI valence actinides (Table 5; see also Helton et al.,
1998, p. 4-39).

2.3.4.4 Uncertainty in Solubility

FMT calculates one solubility value, assumed equal
to the median value.  The uncertainty about the median
was evaluated using a sampled scale factor (fD), i.e., SD
= 10fSD,50%, where the piecewise linear distribution of fD
was established through analyst judgment.  The same
distribution was used for each actinide but sampled sep-
arately, i.e., no correlation was assumed in the uncer-
tainty for each actinide.  The minimum was 0.01 times
smaller than the median calculated value (i.e., fD = -2);
the maximum, 25 times larger  (i.e., fD = 1.4) (Helton et
al., 1998, p. 5-15).

2.3.4.5 Total Concentration

For the WIPP Project, a total concentration is calcu-
lated that is the sum of the dissolved species (assumed
equal to solubility) and four categories of colloids:  min-
eral, intrinsic, humic and microbial (i.e., CT = SD +
Cmineral + Cint + Chumic + Cmicrobe) (Papenguth and Behl,
1996b) (Table 5).  The mineral type colloids are mineral
substrates that readily adsorb actinides; the intrinsic col-
loids are polymeric plutonium; the microbial colloids
are microbes that have bioaccumulated actinides; and
the humic colloids are actinides complexed by humic
organics.  The mineral colloid concentration (Cmineral)
was fixed at 2.6 × 10-5 mM.  Only Pu was assumed to

form intrinsic colloids at a fixed concentration (Cint) of
10-6 mM.  The concentration of humic and microbial
colloids was assumed to be a specified fraction of the
dissolved concentration (SD) where the fraction was a
function of the ionic strength (or brine type), oxidation
state, and radioisotope (e.g., Chumic = fhumic(Br, Ox, Rn) •
SD) (Table 5).  The humic colloidal concentration was
assumed to be bounded by 1.1 × 10-2 mM.  The micro-
bial colloidal concentration bound was a function of
ionic strength, oxidation state, and the radioisotope
(Helton et al., 1998, p. 4-40).

2.3.5 Plutonium Total Concentration in 
1996 Calculations

In Castile brine, the total concentration for Pu III

ranges from 10-5 to 2.4 × 10-2 mM with a median of
1.69 × 10-4 mM.  In Salado brine, the total concentration
for PuIII ranges from 3 × 10-5 to 2.4 × 10-2 mM with a
median of 7.32 × 10-4 mM.  In Castile brine, the total
concentration for PuIV ranges from 10-5 to 3 × 10-3 mM
with a median of 6.41 × 10-5 mM.  In Salado brine, the
total concentration for PuIV ranges from 3 × 10-4 to
4 × 10-1 mM with a median of 1.57 × 10-2 mM
(Figure 10 and Table 5).

For PuIII, the dissolved concentrates account for
65% of the calculated total plutonium concentration in
Salado brine, but colloidal plutonium dominates in
Castile brine (70%).  Approximately 25% of the total
concentration for PuIII (microbial and mineral colloids)
might be separated by filtration in the repository.  The
filtration might occur in close proximity to where the
colloids were formed within the repository (Section
5.4); nonetheless, the 1996 performance assessment did
not take credit for that attenuation mechanism, and to be
consistent with the conditions specified by the 1996 per-
formance assessment, the microbial and mineral col-
loids are assumed to escape from the repository and are
included here.  For PuIV, the colloids account for 80%
and 90% of the calculated total concentration in the Sal-
ado and Castile brines, respectively.  Approximately 7%
and 43% (i.e., the colloidal fraction) of the calculated
total concentration in the Salado and Castile brines,
respectively, has been shown to be filtered in the Cule-
bra dolomite.

Because of the MgO backfill, this range of concen-
trations is narrow in comparison to the range used in the
1991 performance assessment of the WIPP, which incor-
porated solubility values that were determined by an
expert panel (WIPP Performance Assessment Division,
1991; Trauth et al., 1992).  However, the range does cen-
ter around the mean and median values used in the 1991
WIPP PA and elsewhere (Figure 11).
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Table 5.  Example Calculation of Median Total Concentration
for Actinides in Salado and Castile Brines for 1996 WIPP Performance Assessment

Dissolved
(SD)

(mM)

Colloids Total
Concentration

(CT)a

(mM)

Colloid
Fraction

Filterable
Colloid

Fraction
(Microbe & 

Mineral)
Humic

Scale Factor
fhumic

Microbe
Scale Factor

fmicrobe

Intrinsic
Cint

 (mM)

Mineral
Cmineral

(mM)

Solubility in Salado Brine with MgO

AmIII 5.5 × 10-4 0.19 3.6 0 2.6 × 10-5 2.7 × 10-3 0.79 0.75

PuIII 5.5 × 10-4 0.19 0.3 1.0 × 10-6 2.6 × 10-5 8.5 × 10-4 0.35 0.23

PuIV

(1996 PA)
4.4 × 10-3 6.3 0.3 1.0 × 10-6 2.6 × 10-5 3.4 × 10-2 0.87 0.40

PuIV

(Current)b
2.0× 10-5 6.3 0.3 1.0 × 10-6 2.6 × 10-5 1.8 × 10-4 0.88 0.18

UIV 4.4 × 10-3 6.3 0.0021 0 2.6 × 10-5 3.2 × 10-2 0.86 1.1 × 10-3

UVI 8.7 × 10-3 0.12 0.0021 0 2.6 × 10-5 9.8 × 10-3 0.11 4.5 × 10-3

ThIV 4.4 × 10-3 6.3 3.1 0 2.6 × 10-5 4.6 × 10-2 0.90 0.30

NpIV 4.4 × 10-3 6.3 12 0 2.6 × 10-5 8.5 × 10-2 0.95 0.62

NpV 2.3 × 10-3 0.001 12 0 2.6 × 10-5 3.0 × 10-2 0.92 0.92

Solubility in Castile Brinec with MgO

AmIII 6.5 × 10-5
1.37d 3.6 0 2.6 × 10-5 4.2 × 10-4 0.84 0.63

PuIII 6.5 × 10-5
1.37d 0.3 1.0 × 10-6 2.6 × 10-5 2.0 × 10-4 0.68 0.23

PuIV

(1996 PA)
6.0 × 10-6 6.3 0.3 1.0 × 10-6 2.6 × 10-5 7.3 × 10-5 0.92 0.38

PuIV

(Current)b
4.0 × 10-5 6.3 0.3 1.0 × 10-6 2.6 × 10-5 2.7 × 10-5 0.99 0.95

UIV 6.0 × 10-6 6.3 0.0021 0 2.6 × 10-5 7.0 × 10-5 0.91 0.37

UVI 8.8 × 10-3 0.51 0.0021 0 2.6 × 10-5 1.3 × 10-2 0.34 3.3 × 10-3

ThIV 6.0 × 10-6 6.3 3.1 0 2.6 × 10-5 8.8 × 10-5 0.93 0.51

NpIV 6.0 × 10-6 6.3 12 0 2.6 × 10-5 1.4 × 10-4 0.96 0.69

NpV 2.2 × 10-3 0.007 12 0 2.6 × 10-5 2.9 × 10-2 0.92 0.92

a CT = SD + Chumic + Cmicrobe + Cint +Cmineral (Helton et al., 1998, p. 4-39).

where

Chumic = min{SDfhumic, 0.011 mM}

and

Cmicrobe = min{SDfmicrobe, 1000 mM} for AmIII

= min{SDfmicrobe, 0.068 mM} for PuIII and PuIV

= min{SDfmicrobe, 0.21 mM} for UIV and UVI

= min{SDfmicrobe, 1.9 mM} for ThIV

b Values change substantially for all radioisotopes in +4 valence state but only plutonium is shown.
c Solubility in the Culebra brine is assumed to be bound by the solubility in the Castile brine.
d Sampled values ranging between 0.065 and 1.60; median used (Helton et al., 1998, p. 5-14).
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2.3.6 Uranium Total Concentration in 
1996 Calculations

Information for UIV and UVI is also tabulated in
Table 5 and shown in Figure 10.  The median UVI total
concentration is 10-2 mM in Castile brine.  The maxi-
mum UVI total concentration is 2.3 × 10-1 mM ≅ 10-0.6

in the Castile.  Of this maximum, 37% is contributed by
filterable colloids.

2.3.7 New Solubilities for Actinides with 
Plus Four Valence

In Salado brine, the very high solubility for Pu IV

assumed in the 1996 performance assessment is higher
than the solubility assumed for UVI.  As mentioned ear-

lier, the solubility was calculated with the software
code, FMT, which requires Pitzer coefficients, many of
which were set to zero (Novak, 1995; Babb and Novak,
1995).  Because of the missing interaction coefficients,
the solubility values in this distribution are possibly
higher than reasonable.  Because of this concern, the
WIPP Project has continued to work on improving the
estimation of Pitzer coefficients for FMT and currently
believes that the PuIV solubility is too high by two
orders of magnitude.  The more recent solubility calcu-
lations estimate a median of 2.0 × 10-5 mM (Table 5).10

However, the distribution of the plutonium used in the
1996 performance assessment is used herein not only
because the original arguments were based on this value,
but also because a different interpretation may emerge
from the continuing evaluation of plutonium solubility.

Figure 10. Probability histograms for total concentration (dissolved species—assumed equal to solubility—plus
suspended colloidal material) for PuIII, PuIV, UIV UVI, and ThIV in Salado and Castile brines obtained from sampling
used in 1996 performance assessment.  In the performance assessment, 50% of the simulations use the high oxida-
tion state of the radioisotope and the other 50% use the low oxidation state.  (Refer to Table 5 for an example calcu-
lation.)
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Figure 11. Assumed total concentration of fissile material under oxiding and reducing conditions in Culebra and
Castile/Salado brine at WIPP repository for calculations described in this report.  For purposes of comparison, the
solubilities of uranium and plutonium used in other analyses are also shown.
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2.3.8 Deposited Forms of Plutonium and 
Uranium

For the criticality calculations described herein, the
deposited form of plutonium is assumed to be PuO2; the
deposited form of uranium is assumed to be UO2CO3
(Rutherfordine), because it is the thermodynamically
stable form in a carbonate solution.  Although the type
of plutonium or uranium mineral greatly influences sol-
ubility, as shown later, the mineral form has only a small
influence on criticality limits.

2.4 Basic Scenarios and 
Calculated Brine Flows

As noted earlier, the arguments presented herein
occasionally use the results of the 1996 performance
assessment to confirm that conditions (i.e., retained fea-
tures, events, and processes) are not conducive to criti-
cality.  Hence, some of the retained events in the 1996
WIPP performance assessment and their grouping into
scenarios are discussed below.

2.4.1 Undisturbed Scenario

The undisturbed or base-case scenario is the pre-
dicted behavior of the WIPP disposal system, including
uncertainty, if the WIPP is not disrupted by human
intrusion or unlikely natural events.  The undisturbed
scenario represents the predicted evolution of the WIPP
disposal system over time through salt creep closure,
precipitation of salts within waste pores, and possibly
slow degradation of the waste form.  In the performance
assessment calculations, the undisturbed scenario was
designated “S1” (Table 6).

2.4.2 Basic Human Intrusion Scenarios 
for which Radioisotope Releases are 
Calculated

Based on guidance in Appendix C of 40 CFR 191
and 40 CFR 194, human intrusion was considered in the

calculations by assuming exploratory drilling for oil and
gas deposits with present technology near the WIPP.  If
the disposal area of the repository is penetrated by an
exploratory borehole, radioisotopes may be released in
several different ways and at different times.  The short-
term result of intrusion is entrainment of wastes into the
drilling fluid and their immediate release at the surface
during drilling operations.  At much later times, releases
through groundwater flow into the overlying Culebra
can also be important when the solubility of the
actinides is high.

These later potential long-term releases were
grouped into two categories based on whether a pressur-
ized brine reservoir in the Castile Formation was inter-
sected, and then further grouped into two subcategories
based on the time of intrusion.  A third category was
developed from the first two categories (Table 6).  The
potential of these scenarios was explored through sets of
different input parameters and randomly sampled
parameters within assigned ranges (realizations) for
each scenario.  The results discussed in this report are
from scenario S5 (Table 6 and Figure 12).

In drilling intrusion scenario S5, the initial break-
through into a waste panel quickly depressurizes a dis-
posal room.  The drillers seal the borehole using
present-day technology and abandon it.  Sealing would
permit  the  room to  repressurize as the result of on-
going  gas  generation from  corrosion and microbial
degradation, if steel, cellulosics, and rubber were still
available.  Some releases over the long term can occur
from selective degradation of the plugs that originally
seal the abandoned borehole and migration of radioiso-
topes through the degraded borehole plug and the brine
aquifer in the Culebra.  As suggested by regulatory guid-
ance (EPA, 1985a; 1993; 1996), the degraded concrete
borehole plug is conservatively assumed to have proper-
ties of sand, but without intrusion by salt or the ability to
filter/precipitate material in the brine (and thus self seal)
over the 10,000-yr regulatory period.  Degradation of
the borehole plug throughout its length allows gases to
migrate out of the room, with brine refilling any remain-
ing voids (Figure 13).  In scenario S5, brine flow from
the Salado forces the liquid through the repository up

10 As noted earlier, the median solubility used in the 1996 performance assessment was calculated using the FMT code (Babb
and Novak, 1995) and a database containing Pitzer interaction coefficients.  The Pitzer Model is considered the best model for
explaining and predicting behavior of species in solutions of high ionic strength, but it requires a large number of experimen-
tally determined interaction coefficients.  In practice, many interaction coefficients are quite small and can be neglected (left
as zero); experimental programs are designed to obtain only the most important interaction parameters.  If an important inter-
action parameter is left out, however, the resulting stability of a species may be off by many orders of magnitude.  At the time
of the 1996 performance assessment, there were no data for the Th(CO3)5

-6 -Cl- interaction parameter, and it was left as zero.
Using zero resulted in an artificially high Th(CO3)5

-6 stability in Salado brine and a high ThIV solubility.  Recently, a single
data point has been used to estimate the Th(CO3)5

-6 -ClO4
- interaction parameters and, by analogy, the Th(CO3)5

-6 -Cl-inter-
action parameters.  Calculations using this new database show a much lower Th(CO3)5

-6 stability, and a much lower ThIV sol-
ubility in Salado brine.  Because the oxidation state analogy (Langmuir, 1997, p. 536) is used, ThIV solubility is used for all
IV actinides and results in a lower PuIV solubility.
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into the Culebra, assuming that the Salado is at lithos-
tatic pressure.  In part because of the assumption of con-
tinued borehole permeability, the primary zone
considered outside the repository is the Culebra, but
most of the situations considered also apply to other
areas outside the repository, such as the borehole itself.

2.4.3 Evaluation of Releases at WIPP

In the 1996 performance assessment, three replica-
tions of the entire calculation set, each with a different

starting random number, were run to evaluate potential
variation in results.  In this report, we use the first repli-
cate, R1.  (For a complete description of the calcula-
tions, see DOE, 1996, or Helton et al., 1998; additional
information on the modeling system can be found in
Rechard, 1991; 1995; and Rechard, ed., 1992.)

2.4.4 Range of Brine Flow through 
Repository and up Intrusion 
Borehole

The rate of accumulation of fissile material in the
far field is dependent upon the total concentration and
the discharge of brine (q) through the repository; in turn,
the flow through the repository is dependent upon the
type of human intrusion scenario.  The 1996 perfor-
mance assessment calculations show that the maximum
(3.6 × 104 m3/104 yr) for the 100 simulations in the first
replication is an upper bound for brine flow through the
repository and to the Culebra following one borehole
intrusion (Figure 14).  This maximum occurred for the
R1S5 scenario on vector 23, where vector 23 refers to
the simulation with the 23rd set of parameters sampled
through Latin Hypercube sampling (LHS), a constrained
Monte Carlo sampling method (Iman and Conover,
1980).  The other intrusion scenarios for vector 23
(R1S2, R1S3, R1S4) have similar maximum values.
This situation occurs because the source of the large vol-
ume of brine in vector 23 is the marker beds; their being
such a large-volume source is, in turn, the result of the
high sampled value of permeability.  Intrusions into the
brine reservoir actually pressurize the repository to a
very small degree and so brine volumes are slightly
reduced in R1S2, R1S3, and R1S4.

Figure 12. Human intrusion summary scenario (E2)
considered in 1996 performance assessment simula-
tions for Environmental Protection Agency standard 40
CFR 191.  Heavy arrow indicates pathway of radioiso-
topes to accessible environment or to food chain (after
Rechard, 1995, Figure 3.2-4).

Table 6.  Designation of Scenarios for WIPP Performance Calculations in 1996

ID Short Description Description

S1 Undisturbed or Base Case Predicted behavior of the WIPP disposal system when not disrupted by 
human intrusion or unlikely natural events

S2 E1 intrusion after 300 yr 300 yr after closure, inadvertent intrusion into the repository and  pressurized 
brine reservoir in the Castile; after abandonment, seals rapidly degrade

S3 E1 intrusion after 1000 yr 1000 yr after closure, inadvertent intrusion into the repository and pressur-
ized brine reservoir in the Castile

S4 E2 intrusion after 300 yr 300 yr after closure, inadvertent intrusion into the repository

S5 E2 intrusion after 1000 yr 1000 yr after closure, inadvertent intrusion into the repository

S6 E1and E2 after 1000 yr Two inadvertent intrusions into the repository around 1000 yr after closure; 
one intrusion also intersects a brine reservoir; after abandonment, seals 
degrade such that flow is forced through entire repository
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3.  Low Probability Based on Physical 
Constraints on Critical Concentration

Given that the probability of criticality ( P{C}) is
composed of four factors, P{C} = P(C | p ∩ h ∩ c) •
P{p} • P{h} • P{c}, where P(C | p ∩ h ∩ c) is the con-
ditional probability of criticality given no obvious phys-
ical, hydrologic, or geochemical constraints, P{p} is the
probability of no physical constraints, P{h} is the proba-
bility of no hydrologic constraints, and P{c}is the prob-
ability of no geochemical constraints to criticality.  In
this section, we explore situations where P{p} is clearly
less than  10-4 over 10,000 yr such that P{C} is also less
than 10-4.

3.1 Critical Concentration Limit

A self-sustaining fission chain reaction (i.e., criti-
cality) depends on the chain-carrying neutrons and
thereby on the interaction of neutrons with matter;
hence a critical condition depends not only on the quan-
tity of fissile material but also on its concentration,
shape, and any other material mixed with or surrounding
the fissile material either as a solid (e.g., containment
vessel), liquid (e.g., solvent), or gas that reflects or
absorbs the neutrons.  In addition, the temperature of the
material has an important influence.  As demonstrated

by Clayton (1979), the interaction of neutrons with dif-
ferent types, shapes, and masses of material can produce
results that are hard to categorize; setting limits for a
heterogeneous mixture with specific shapes and masses
of fissile and other material is particularly complex.
However, standard limits below which criticality is
impossible do exist for homogenous mixtures of fissile
material with one or more other materials, and these
limits can provide guidance.

3.1.1 Uranium- and Plutonium-Water 
Mixtures

In describing the possibilities of mixtures of fissile
material in the literature, the behavior of fissile material
with water is most often presented as the fissile mass
versus the fissile concentration (Figure 15).  The typical
shape of the curve is explained as follows for a 235U/
H2O mixture.  Initially, mixing a small amount of water
with 93.2 %wt uranium dilutes the fissile material,
which allows more neutrons to escape and thus requires
more fissile material to achieve criticality (see Figure
15a, far right).  Eventually, however, as more water is
added, the ability of the water to moderate the neutrons
lowers the amount of fissile material required (see Fig-

Figure 15. Comparison of calculated and measured critical masses in a homogeneous, spherical shape as a func-
tion of fissile solid concentration when mixed and reflected with water.  Calculated results from MCNP™ (after
Sanchez et al., 1998, Figures E.3-X1, E.3-X2, and E.3-X3), (a) measured data for 93.2 %wt 235U  from Paxton et al.
(1964, Figure 8), and (b) measured data for 100 %wt 239Pu from Clayton and Reardon (1980, Figure 27.7) and Pax-
ton et al. (1964, Figure 27).
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ure 15a, midpoint) (i.e., when a compound slows down
the neutrons through collisions, for example, hydrogen
atoms in water, the probability is increased that the neu-
tron will be absorbed by the fissile material and fission).
With more dilution, the amount of neutrons the water
absorbs, rather than moderates, becomes so large that
the mass again increases until an asymptote is reached
in which to go critical the required mass (and volume) is
infinite (see Figure 15a, far left).  For criticality to occur,
the uranium mass must lie to the right and above the
curve.  For simplicity, the critical region can be
expressed as the region with total mass greater than
0.7 kg and a concentration greater than 10 kg/m3 of
93.2 %wt 235U.

The same basic shape is observed for a 100 %wt
239Pu/H2O mixture.  For criticality to occur, the amount
of 100 %wt 239Pu mass must be greater than a 0.5 kg
and the 239Pu mass in a unit volume of H 2O must be
greater than 7 kg/m3 when pure water is the primary
interactive (moderating) substance and the other sub-
stances are fairly transparent to neutrons (i.e., ideal con-
ditions for criticality) (Figure 15b).

The minimum critical mass (or minimum critical
volume) of 239Pu or 235U is a useful limit and is occa-
sionally used in this report.  However, the masses and
volumes of fissile material collected in a certain region
of geologic material can be dependent on time (e.g.,
flow rates) and thereby depend upon the regulatory
period, unless a geometrical constraint on the maximum
mass or volume exists.  Hence, the concentration limit is
applied to the potential solid concentration in or near the
repository, because concentration can often be more
readily compared to geologic processes such as dissolu-
tion, adsorption, and precipitation.

3.1.2 Computational Tool:  MCNP

Although numerous criticality experiments have
been performed in ideal material, criticality experiments
with common geologic material have not.  Conse-
quently, the work presented here is based on calcula-
tions made with MCNP™ (Monte Carlo code for
Neutron and Photon transport).  MCNP™ is a general
purpose, continuous energy, generalized geometry, time
dependent coupled neutron/photon transport code that
uses a Monte Carlo solution technique (Los Alamos
Version 4A, RS ICC version CCC- 200) (Briesmeister,
1986).  The Monte Carlo solution technique was devel-
oped 50 years ago to solve the problem of tracking an
individual neutron as it interacts with fissile and other
material in a specified region.  The distance between
interactions, the fissions that occur, the loss by capture
or leakage are characterized by parameters such as the

reaction cross-sections of the atoms in each material, the
mean free paths between interactions, the distribution
describing scattering, and the distribution of neutron
energy.  MCNP™ is currently considered state-of-the-
art in neutron and photon transport calculations because
it uses pointwise continuous-energy cross sections in
addition to the multigroup cross sections used by other
Monte Carlo neutronic codes (e.g., KENO-V and
MORSE [Straker et al., 1970]).

Although the ability to use pointwise continuous-
energy cross sections prompted its selection for analysis
in this report, MCNP™ cannot easily determine the
point of criticality, i.e., the point at which keff is exactly
equal to one.  Other codes, such as ONEDNT in the
DANTSYS code system, are able to accomplish this
fairly easily by performing a “buckling search” for sys-
tems containing fissile material (Alcouffe et al., 1995).
With MCNP™, however, the user must select parame-
ters with a trial-and-error process to discover when keff
equals one.  To aid in this process, a pre-processor for
MCNP™ was developed to easily generate input files of
mixtures of geologic material and a post-processor was
developed to estimate conditions for keff = 1 through
interpolation of results from previous MCNP™ simula-
tions.  Through the use of these pre- and post-proces-
sors, a user can more readily generate a criticality curve
such as is shown in Figure 15.  For 235U-H2O and 239Pu-
H2O mixtures, the calculated criticality curves (using
105 histories to evaluate keff) compare quite well with
results of experiments compiled by Paxton et al. (1964)
and Clayton and Reardon (1980) (Figure 15).  Sanchez
et al. (1998, pp. 1-14) describe this analysis system in
more detail.  An example calculation can be found in
Rechard et al. (1996b, Appendix A).

3.2 Criticality Limits Based on 
Homogeneous Spherical 
Shapes in Various Materials

In general, the addition of geologic media, such as
Culebra dolomite, to the fissile/water binary system sub-
stantially increases the mass and slightly decreases the
concentration necessary to go critical.  For a mixture of
239PuO2/Culebra dolomite (porosity[φ]=16%) and brine
(based on properties reported in Tables 1, 2, and 3), the
concentration limit for criticality is ~3 kg/m3

(1250 ppm) (Figure 16a) and the mass limit is 2.2 kg
(Rechard et al., 1996a).  The concentration limit
decreased about a factor of 2.3, and the mass limit
increased by a factor of 4.4 from those values shown for
a Pu/H2O binary system (Figure 15).  The concentration
limit for criticality increases to ~10 kg/m 3 when either
Salado or Castile brine is the fluid, because of the added
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chlorine and small increases in boron content, which are
very effective in absorbing neutrons (Figure 16b).  Fur-
thermore, the critical concentration for a 239Pu/halite/
brine mixture is ~53 kg/m 3 and the minimum critical
mass is 720 kg, because of the effects from the chlorine
in the salt (see Figure 16a).

For uranium as Rutherfordine (UO2CO3) (5%
235U); the limit concentration is ~10 kg/m 3 of 235U and
the minimum critical mass is 50 kg (Rechard et al.,
1996a) (Figure 17a).  For a system composed of three

components (e.g., uranium, water, Culebra dolomite),
the critical curve of fissile mass versus fissile concentra-
tion can have an asymptote at the right as well as the left
of the plot (which, in turn greatly reduces the critical
region) when the porosity of the geologic material limits
the possible mass of water and fissile material.  This
effect is also seen for uranium in sandstone with only
10% porosity (Figure 17b).  Here, the 235U enrichment
is 3.68 %wt, the same enrichment when the Oklo natural
reactors were intermittently operating starting at about
1.97 Ga, as described further in Section 4.1.3.

Figure 16. Calculated critical masses of 239Pu in a spherical shape as a function of 239Pu concentration when
mixed with various substances.  Results calculated with MCNP™ (Rechard et al., 1996a, Figure 1):  (a) Critical
mass of 100 %wt 239Pu or 239PuO2 and Culebra brine, and (b) critical mass of 239PuO2 for different brines.

Figure 17. Critical masses of 235U in a spherical shape as a function of 235U concentration when mixed with vari-
ous substances: (a) Culebra dolomite (Rechard et al., 1996a, Figure 1) and (b) Oklo sandstone.  Unless otherwise
noted, the 235U enrichment is 93.2 %wt and the material surrounding the spherical shape is the same as in the sphere
but without uranium.
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Comparison of the criticality limit (left asymptote)
for 3.68 %wt 235U and 93.2 %wt 235U shows that
although there is a large change in required fissile mass
to go critical (500 kg vs. 9 kg), there is only a small sen-
sitivity to fissile content (9 kg/m3 versus 5 kg/m3) (Fig-
ure 17a).  Furthermore, to go critical, the concentration
of uranium (~1000 ppm) must reach levels that are con-
sidered to be economically mineable ore bodies when
located near the surface.

3.3 Criticality Limits for 
Adsorption on Rust

Fissile material can adsorb onto corrosion products
of the drums and metals in the waste within the reposi-
tory, most notably rust.  In addition, adsorption on rust
represents a reasonable maximum bound for adsorption
on other materials within the repository and elsewhere.
The initial iron oxide formed is amorphous (such as fer-
rihydrite [am-Fe2O3 • H2O]) that progresses, through
dehydration, to more crystalline phases (first goethite
[α-FeOOH] over ~10 yr and then hematite [α-Fe2O3]
over 50,000 yr) (Hsi and Langmuir, 1985; Smith et al.,
1994).  Because goethite represents the most likely form
of rust over the 10,000-yr regulatory period, the critical
limits for homogeneous mixtures of metallic uranium
and plutonium with goethite were evaluated for hemi-
spherical shapes (Figure 18).  The critical concentration
in pure water is about 45 kg/m 3 and 20 kg/m3 for fissile
235U and 239Pu, respectively.11

3.4 Criticality Limits for Planar 
Shapes in Culebra

For a planar mixture of 239PuO2/Culebra dolomite
(φ = 16%) and brine, the concentration limit for critical-
ity is ~5 kg/m3 (Figure 19), which is very similar to that
for a spherical shape (i.e., 3 kg/m3, Figure 16).  Assum-
ing an advective (fracture) porosity of 0.001, the thick-
ness of the fissile material must exceed 0.45 m, where a
0.001 fracture porosity corresponds to the value evalu-
ated from tracer tests in the Culebra at H-3 and H-11
(WIPP Performance Assessment Division, Vol. 3, 1991);
the minimum thickness decreases only slightly to
~0.35 m for an order of magnitude increase in the
advective porosity of 0.04 measured at H-19 (Meigs et
al., 1997) (Figure 19).

3.5 Physical Constraints on 
Criticality

The following discussion primarily uses the limit
on homogenous, spherical mixtures because the results
are general; however, in the marker beds of the Salado
and in the Culebra, plate configurations can be used.

3.5.1 Compaction in Repository

The radioactive waste to be emplaced at the WIPP
contains very low concentrations of fissile material (pri-
marily 239Pu); thus, the possibility of criticality is
extremely remote prior to closure.  Just as important, the
possibility of criticality is also remote after closure
because criticality requires that this emplaced fissile
mass be substantially concentrated.  To elaborate, the
solid concentration below which an infinite volume of a
homogeneous mixture of pure 239PuO2, Culebra dolo-
mite, and Culebra brine will not go critical is taken con-
servatively as 3 kg/m3.  This limit is 30 times larger than
the average emplaced density of 0.12 kg/m3 (ρi) with an
initial porosity ( φi) of 0.848 based on a total Pu FGE
mass scheduled to be placed in the WIPP of 21 Mg
(Table 4) and a waste volume of 1.756 × 105 m3

(6.2 × 106 ft3).  This density could be increased some-
what through compaction; however, assuming compac-
tion to an average porosity of 0.08 (Figure 20; see also

11 Directly within the repository, the surrounding material would be halite, which greatly increases the required fissile mass and
somewhat increases the solid concentration (see Figure 15a).  Here, the analysis with rust was intended as a reasonable upper
bound on dolomite; however, silica-rich tuff was used so that the analysis could also be used elsewhere.

Figure 18. Calculated critical mass versus solid
concentration of homogenous solutions of fissile,
metallic 235U and 239Pu in hemispherical shape of
water and goethite at 20% porosity (after Sanchez et
al., 1998, Figure E.3-26).
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WIPP Performance Assessment Division, 1991, Figure
5-20; WIPP Performance Assessment Department,
1993, Vol. 4, Figure 4.2-6) without any salt creep into
the waste layer, the fissile mass bulk density ( ρf)
increases by only a factor of 6 to 0.72 kg/m 3, i.e.,

(1)

Note that for final porosity values below 0.10
(greater than the mean and median of the final room
porosities), the final room height is less than 0.45 m and
the repository cannot go critical (Figure 20).  Further-
more, salt creeping or precipitating into pores within the
waste as the MgO backfill is dissolved (Bredehoeft and
Hall, 1996) makes criticality even more difficult.
Finally, if the transportation limit of 0.2 kg of FGE
239Pu per container is considered, the original 2.68 m
height of the containers would have to be reduced to
0.18 m to reach the critical concentration—too thin to
go critical (Figure 19).

3.5.2 Criticality in Disturbed Rock Zone 
and Marker Beds

If movement of fissile material occurs from the
repository into the disturbed halite or marker beds, a
mechanism must exist for concentrating the solution.
Furthermore, the mass and diameter of a sphere needed
to produce criticality are both large and the concentra-

tion for plutonium must be about 53 kg/m 3 (Figure 16)
and at least as much for uranium.  In general, the feasi-
bility of concentrating the fissile material is not credible
for two simple reasons:  (1) the volume of disturbed
halite and marker bed is very large (e.g., the volume of
the disturbed rock zone is likely larger than the reposi-
tory) and (2) no plausible mechanism exists for selective
movement of fissile material into only a small portion of
the disturbed rock zone or a marker bed.  (These reasons
consider only physical constraints.  Geochemical con-
straints also exist and are discussed in Section 4.)  The
mass of plutonium FGEs required for criticality is 4
times greater than will be emplaced in any one room
(~21 MT FGE of 239Pu will be emplaced in the reposi-
tory, which has 118 equivalent rooms and thus ~178 kg
FGE of plutonium per room).  Also, spherical diameters
that are the same or greater than the original height of
the waste (2.76 m) are required for criticality in Salado
salt (calculated from Figure 16a).  These arguments do
not consider the 238U also present in the repository
(149 Mg), which lowers the possibility of criticality
because, when 238U is considered, the total fissile radio-
isotopes make up less than 14% of the total radioisotope
inventory.  (The average uranium enrichment is 5%
[5% 235U in uranium].)

Figure 19. Critical thickness of plates of plutonium
and uranium as a function of plutonium solid concen-
tration in the Culebra (Rechard et al., 1996a, Figure 2).
Measured data for Pu slabs from Paxton et al. (1964,
Figure 30).
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Figure 20. Volume-average porosity in room (waste,
any backfill, and empty space) for replication 1, sce-
nario S5 (Bean et al., 1996, Figure 7.2.1-15).



The average hckness of many of the anhydrite 
(CaSOJ layers near the repository (anhydrite layers a 
and b) is much less than 0.35 m; hence criticality in 
these fractured beds is impossible (Figwe 19j. 

3.53 Geometric Constraint on 
Precipitation 

For those siruationsxbere the advective flow poms- 
i y  is small, most potential deposiuon through adsop- 
tlon, colloidal filterin& or precrecipitation will be along 
only the advective path, such as don@ rurfaces linlng a 
hdure .  Tlris situaum places an important constmint 
on the geometry of the ksi1e material and eliminates the 
posslbllity of criticalie in regions w~th flow predomi- 
nately in discrete fI'aCkur-3~ because of the thickness 
req& far the deposited fissile material. As described 
in Section 2.1.3.4, the adwctive porosity is 0.801 along 
the flew path in the Culebra near the repository, as inter- 
preted from tracer tests at the H-3 and H-11 hydrapads 
(Kelley and Pickens, 1986) and 0.4 at H-I9 (Meigs et 
at., 1997). Idahzed criticality analysis of flat plates in 
dolomite show that the deposit& thickness of fissile 
material must exceed -0.45 m before cnhcdity is possi- 
ble, assuming a fracture porosity of 0.001 (Figure 19). 
Censsquently, any change in the water ehermghy or 
diluhon of the solution of contaminated brine reaching 
the Gulebra from the repository would occur over vol- 
umes larger than fhose that would permit critioality. 

3.5.4 Deposition Directly in Borehole 

Deposition within the borehole can be eliminated 
because the diameters used for boreholes are 0.413 rn 
(16-114 i ~ )  orR.444 m (17-112 iu) for oil itnd gas wells 
~nto the Culebra and 0.31 I m (12-iJ4 in.) and 0.356 m 
(14 in.) into the salt (WIPP Performance Assesanent 
Division, 1991. p. 4-45), An these d i i s i o a s  we less 
than the 0.45-m plate thickness required for criticality. 
(Here the plate is assumed to he oriented vertically.) 

3.5,s Maximnm Fissile Materia1 Reaching 
Various Strata 

In the 1996 performane assessment. the Ii8sile 
marenal reaching the Culebra, using the calculated flow 
ram (F~gure 14) and conceWons of fts%lle mafeniil 
Figure 21) are genemlly quite lov (Figure 22). The 
mass ~f brought to the Culebfa o w  10,000 yr 
remans below the 50-kg mass limit. Only vectors 23 

I' The pushihly large reduct~on in sol~lb~lity for PU'" is suftici 
renchlng the Culebra in the firs1 10,000 yr 

Figure 21. Liguid concentratiom of plutonium in 
b~ine reaehiw Cubbra in RlSS (Rechard et al., 1996a, 
Figure 71. 

Figurn 22. CumuLstive mass of 2 3 s ~ ~  w c h i ~  the 
Culebra through inmion borehole over 10,000 yrfor 
RIS2, NS3, RIM, R1S5, ardlUS6. Vectors 23 cmd 2> 
shew cmIative masses of 110 and 2.4 kg, respec- 
fbeh, r~aching the Cmlebm (Rechard et ul., 19964 
Figure 8). 

and 25 exceed the very consemative 22-kg mass limu 
for n9i?u ( F ~ g m  16) using the mamum flow rate in 
replication 1, only vgetor 23 exceeds the 8-kg mass limit 
using Cartile and S;i& brinau 

In the 1996 perfomlance assessment, the Culcbra is 
h e  most llkely path for movcment of radlo~sotopes from 
the borehole to the accessible envvomwnt because af  

enr to canpiereIy eliminate the posibilny of enough plutonium 
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its higher permeability relative to other strata in the area.
Hence, practically all of the dissolved radioisotopes
migrate through this strata with only a maximum of
~5.2 m3 (vector 50, replicate 1) of brine going above the
Rustler.  Not enough fissile material moves into other
strata to exceed the criticality mass limit of 2.2 kg of
239Pu or 50 kg of 235U.

For Marker Bed 139, the maximum flow is 2225 m3

flowing to the south and 1800 m 3 flowing to the north in
vector 50, replicate 1.  The maximum flow of 2225 m3 is
not sufficient to move even 2.2 kg of 239Pu (Figure 16)
at the current maximum solubility of 3  × 10-3 mM
[(3 × 10-3 mole/m3) (2225 m3) (0.239 kg/mole =
0.16 kg < 2.2 kg)].
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4.  Low Probability of Criticality in Culebra 
Based on Information from Ore Deposits

Because the critical concentration of fissile material
is similar to that found in ore deposits (see Section 3), an
examination of uranium ore deposits and their genesis
provides some insight into the probability of an ore-like
concentration of fissile material forming at the WIPP.
Another advantage to this approach is that such a com-
parison is comprehended by a fairly wide scientific
audience.  In this section, several characteristics of ura-
nium ore deposits (such as indigenous oxidants) are first
described, along with the observation that such charac-
teristics are generally absent from the WIPP disposal
system.  Then the average minimum mass (or the mini-
mum total concentration, given the calculated flow at the
WIPP) that would be necessary to exceed a probability
of 10-8/yr for an ore-like concentration to be deposited is
evaluated; the probability is based on a hypothetical
introduction of some agent (such as a strong oxidant)
along the contaminant path that would change the brine
chemistry in the Culebra.

4.1 Uranium Ore Deposits

During the late 1960s, when power utilities were
rapidly ordering nuclear power plants, the AEC (in
cooperation with the IAEA) seriously explored for ura-
nium ore deposits to meet anticipated demand.  In con-
junction with this exploration, characteristics of
uranium ore deposits were compiled, along with
research to explain why the deposits had formed.  This
section draws upon this literature.

4.1.1 Uranium Ore Deposits in United 
States

Uranium ore typically is formed after oxygenated
water leaches uranium from source rocks, such as volca-
nic tuff, and then deposits it because of favorable water
chemistry.  Most uranium ore deposits worldwide are in
sedimentary rock, with nearly one-third in sandstone. As
reported by Adler (1974), more than 95% of the uranium
deposits in the United States that are potentially exploit-
able reserves are in sandstone.  Furthermore, these sand-
stone deposits, which are found primarily in Wyoming
and the Colorado Plateau, represent ~30% of the world
uranium reserves (Brinck, 1974).  The more concen-

trated portions of these ore deposits in the United States
vary between 1 and 5 kg/m3 (1000 to 2000 ppm).  While
deposition of uranium ore has occurred simultaneously
with sediments (placer type or syngenetic ore deposits)
in the United States, e.g., Ambrosia Lake near Grants,
New Mexico (Saucier, 1980, p. 116), and in Canada and
South Africa, the uranium ore deposits in the United
States were mostly deposited after the formation of the
sandstone, i.e., epigenetic ore deposits.  The sandstone
and other sedimentary rocks usually served as an aquifer
that transported soluble UVI species to a location, within
or adjacent to the aquifer, that contained a chemical
environment causing deposition.

Occasionally, a complexing agent such as vanadium
is present in the sedimentary rock that produces an
insoluble uranium species, such as carnotite and tyuya-
munite, which occur in uranium ore deposits in the Col-
orado Plateau (Shawe, 1956; Langmuir, 1978).  More
often, the deposition of uranium occurs when soluble
UVI (e.g., uranium as a uranyl carbonate) is reduced by
organic material, pyrite, or H2S.  This process is readily
visualized on an Eh-pH diagram that defines the chemis-
try of solution, where Eh measures the oxidizing poten-
tial of the solution 13 and pH the hydronium ion (H+)
concentration.  The diagram shows the predominant
location of ore bodies in the reducing environment
where the uranium species is UIV (Figure 23).  However,
the uraninite ore (UO2) can form and be stable through-
out the much larger area where UIV dominates, as dem-
onstrated by Langmuir (1978).  A similar Eh-pH
diagram can be estimated for plutonium (Figure 24);
however, it reflects much more speculation because
detection and analysis of the low-soluble plutonium spe-
cies are difficult.

Uranium ore deposits are categorized as either a
roll-type or lenticular-type uranium ore deposit.  Each of
these categories can be classified further with regard to
the source of the change in water chemistry, e.g., a
reductant is either indigenous to or introduced into the
sedimentary aquifer.

The indigenous reducing agent is often derived
directly from organic material such as peat bogs and
swamps, coal, or oil (Adler, 1974; Granger and Warren,
1974).  Yet the indigenous reducing can also be derived
indirectly from organic material.  For example, sulfate-

13 The oxidizing potential (Eh) of the solution is measured in volts.  Eh is formally defined by the Nernst equation (Snoeyink
and Jenkins, 1980, pp. 331-332).
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reducing bacteria can feed on the organic debris, gener-
ating H 2S that then diffuses into the sand.  If the sand
contains some iron minerals, pyrite can form.  This
pyrite then becomes a means to reduce uranium in solu-
tion in groundwater, when the water moves through the
channel sand aquifers at a much later time.  This phe-
nomenon has been observed in some lenticular uranium
ore deposits in ancient fluvial channels in the Colorado
Plateau (Adler, 1974).

The introduced reductant can be either a water that
carries residues from decaying plant (humic) material,

such as occurs in the lenticular deposits near Grants,
New Mexico (Adler, 1974; Granger, 1968; Moench and
Schlee, 1967), or an inorganic material, such as H 2S,
which is introduced through fault zones and is derived
from other organic material or volcanic sources, such as
occurs in the coastal uranium ore deposits in Texas.

4.1.2 Uranium Deposits Adjacent to WIPP

4.1.2.1 Uranium Deposits from Same Period

In Oklahoma, radioactive anomalies are present
throughout several sedimentary sandstone formations
deposited during the late Permian Period.  (The forma-
tions surrounding the WIPP repository are also of the
Permian Period, see Section 2.1.)  In the 1950s, about 13
tons of uranium ore was mined from the Rush Springs
Sandstone of Guadalupian series, which corresponds to
Bell Canyon and older formations (Johnson, 1978)14.  A
Doxey shale of Ochoan age, which roughly corresponds
to the Dewey Lake Red Beds Formation (Johnson,

Figure 23. General Eh-pH diagram of uranium
formed by superimposing Eh-pH diagrams from several
systems (U-C-O-H, U-O-H, U-Si-C-O-H, U-Si-O-H)
(after Brookins, 1988, Figures 1, 87, 88, 89, 90, and 91;
see also Langmuir, 1997, Figures 13.8, 13.9, and 13.10;
WIPP Performance Assessment Division, 1991, Figure
3.3-9).  This diagram is only a rough approximation
because actually coupling the systems would change
the results somewhat.  Uranium ore deposits typically
form when massive amounts of waters with small
amounts of dissolved UVI species encounter a reducing
environment (e.g., hydrocarbons) that reduces the ura-
nium to UIV and precipitates uraninite (UO2).

14 Al-Shaieb et al. (1977) correlate the Rush Springs to the older Leonardian series (see Figure 3).

Figure 24. Speculative Eh-pH diagram of plutonium
formed by superimposing Eh-pH diagrams from several
systems (Pu-O-H and Pu-O-H-C system) (after Lang-
muir, 1997, Figure 13.30; see also Brookins, 1988, Fig-
ures 82 and 83; WIPP Performance Assessment
Division, 1991, Figure 3.3-9).
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1978) has anomalous carnotite and tyuyamunite ura-
nium minerals, which formed in the presence of vana-
dium, in thin interbeds of sandstone and siltstone of the
shale.  The ore consisted of small lens of carnotite and
tyuyamunite deposited a distance of 46 m (150 ft) along
a fracture.

4.1.2.2 Uranium Ore Deposit in Similar Media

As mentioned earlier, uranium ores in sedimentary
rocks other than sandstone are uncommon (<5%) in the
United States.  In addition, conditions for the deposition
of uranium in carbonate rocks, such as limestone or
dolomite, are especially unfavorable because uranyl car-
bonate complexes are highly soluble; carbonate rocks
typically contain no more than 1 ppm uranium (Bell,
1963).  However, one small uranium ore deposit of the
Jurassic Period occurs near Grants, New Mexico, where
the Entrada Sandstone aquifer is overlain by the Todilto
Limestone formation (similar to dolomite but lacking
magnesium) that produced some oil.  Highly fractured
areas of the limestone formation allowed water carrying
uranium to move into the limestone and deposit local
accumulations of uranium in the presence of H2S.  Con-
versely, movement of some H2S from the limestone
caused pockets of uranium deposition in the sandstone
(Bell, 1963; Adler, 1974; Anderson and Kirkland, 1960).

4.1.3 Oklo Natural Reactors

The formation of the Oklo uranium ore deposit in
Gabon, Africa, began when oxygenated water dissolved
uranium in conglomeritic sandstone that had been
deposited ~2.06 Ga (summarized in Rechard et al.,
1996b; 1997).  The dissolved UVI was reduced to UIV

through the presence of reducing hydrocarbons in an
overlying black shale and sandstone formation.  The
Oklo ore, which contains ~17,300 Mg (17,300 metric
tonnes as U2O3), consists mostly of a low grade ore (0.2
to 1 %wt uranium); however, a high grade ore (>20
%wt) is located at faults in the sandstone where greater
amounts of hydrocarbons were structurally trapped.
The Oklo ore deposit is unique in that about 16 lenticu-
lar regions have been identified within the high grade
that operated as natural reactors starting about 1.97 Ga,
when natural uranium had a 235U content of ~3.68 %wt.
The reactors operated intermittently for about 2 × 105 to
8 × 105 yr (Cowan et al., 1975; Gauthier-Lafaye et al.,
1989).  The first six natural reactors are typically 10 to
20 m in length and width, and less than 1 m thick
(Gauthier-Lafaye et al., 1989).  Some of the natural
reactors are concentrated up to 55 %wt, possibly
because of added convective circulation of water heated
by each natural reactor, which supplied more uranium
solution and dissolved silica in the sandstone to provide
more depositional space.  The original porosity of the

faulted zones is unknown but to provide adequate depo-
sitional space and water moderation for criticality, the
porosity must have been at least 10% (see Figure 17b)
and was likely between 20% and 30%.

4.1.4 Lack of Favorable Depositional 
Features in WIPP Disposal System 

Several favorable features and conditions prompted
the formation of the ore deposits in Gabon, Africa, and
in the United States.  In general, the deposits were in
sandstone that had (1) moderately high porosity for ade-
quate depositional space, (2) high advective porosity to
provide high permeability and allow sufficient water cir-
culation, (3) oxygenated water to transport the soluble
UVI, (4) an essentially infinite source of uranium in vol-
canic tuff or granitic source rocks, and (5) either
(a) readily introduced/indigenous reducing material to
chemically reduce the uranium to insoluble UIV or
(b) introduced/indigenous vanadium to form uranyl van-
adate minerals, such as carnotite or tyuyamunite.

These favorable features are absent in the WIPP
disposal system.  First, the pathways to the accessible
environment at the WIPP do not pass through sandstone;
the Bell Canyon sandstone lies ~590 m below the repos-
itory and the Dewey Lake Red Beds sandstone has a
transmissivity too low to measure and possibly is not
saturated above the repository (Mercer, 1983).  Instead,
any potential pathway to the accessible environment
must pass through evaporites.  Furthermore, no evidence
exists to suggest that either vanadium or strong indige-
nous reductants/oxidants can be found in the evaporites
near the WIPP, especially in the Culebra dolomite.
More importantly, the ability of fluids to mobilize the
uranium and plutonium through oxidation and then con-
centrate the uranium and plutonium through reduction is
not present (Figures 23 and 24).  Therefore, we can only
speculate about less likely mechanisms for deposition of
plutonium and uranium; these hypotheses are discussed
in Section 5.

4.2 Natural Concentration
Efficiency Based on Oklo

Besides demonstrating that the WIPP lacks favor-
able depositional features, Oklo can also be used to
explore the implications of nature’s efficiency on what
solubility value for 239Pu would be required to collect
enough fissile material within 10,000 yr, with a proba-
bility greater than 10 -4 over that same 10,000-yr period,
to cause criticality.  The answer is conditional on the
presence of proper geochemical conditions (such as an
introduced strong oxidant in the repository and strong
reductants at some other location along the flow path;
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few other radioisotopes being coprecipitated with the
fissile material), and proper physical conditions (i.e.,
P(C| h ∩ p ∩ c) • P{h}).

Below is an argument similar to Rechard et al.
(1996b, 1997) for evaluating maximum total concentra-
tions for the fissile material assuming the probability of
P{C| h ∩  p ∩ c} • P{h} is 10-8/yr such that P{C|}
£  10-8/yr when fissile material is transported to the Cule-
bra.

4.2.1 Required Actinide Concentration 
Based on Maximum Flow

Of the 16 natural reactors, data are readily available
in the literature for the first six (primarily “reactor 2”).
Based on these data, researchers have estimated that
6 Mg (6 MTHM or 6.6 short tons) of 235U were con-
sumed out of ~800 Mg (880 short tons) of high grade
uranium associated with the six natural reactors.  Con-
sumption of 6 Mg corresponds to ~1028 fissions or
~15,000 MW-yr (Gauthier-Lafaye et al., 1989; Cowan
and Norris, 1978).  Thus, the Oklo natural reactors pro-
vide a basis for determining a rate and probability of
forming a criticality.  Basically, six criticalities occurred
per 800 Mg of uranium, assuming that conditions exist
for concentrating fissile material.  This rate, in essence,
factors in inefficiencies found in nature.

To be consistent with 40 CFR 191, the probability
of criticality in the first 10,000 yr must be evaluated, or
as done here, the plutonium solubility evaluated such
that the probability of a criticality in the first 10,000 yr
is less than 10 -4.  The probability model is based on the
failure-rate function defined by r(t) = -d ln[1-F(t)]/dt
where t is the time elapsed since the disposal system
was closed and F(t) denotes the cumulative distribution
function for the first time, T, when failure occurs (i.e.,
F(t) = {T£ t}).  This expression can be integrated to give

(2)

Over a period of a year, F(t) must be less than 10 -8

(i.e.,  P{c | h ∩ p ∩ c} • P{h} < 10-8).  This fact, in turn,
implies r(t) ≅ 108/yr.  Yet the value of r(t) is bound by
the product of the “efficiency” of natural concentration
processes as estimated from the Oklo natural reactors,
(c = 6 events/800 Mg), unknown plutonium concentra-
tion (here assumed to be an unknown total concentration
[s]), the maximum cumulative flow rate over 10,000 yr
through the repository (qmax = 3.6 × 104 m3/104 yr from
Figure 14), and the 10,000-yr regulatory time period (T)
(i.e., r(t) £ csqmaxT).  Solving for the apparent plutonium

solubility (s) yields a value of 1.55 × 10-21 mM, i.e., r(t)
= 10-8 events/yr = 6 events/800 Mg • s • 3.6 × 104 m3.

4.2.2 Required Actinide Concentration 
Based on Range of Flows

The above arguments can be refined because the
probability of the high flow rate (qmax) of 3.6 × 104

m3/104 yr is no more than 0.01 based on the 100 samples
(Figure 14).

In the above arguments, the cumulative distribution
function is actually conditional on the discharge (q)
through the repository, that is,

(3)
then

(4)

where, as before

c = 6 events/800 mg
s = total concentration
q = discharge at time t
T = 10,000 yr

and, if p(q) is represented by its empirical cumulative
distribution function,

. (5)

In Section 4.2.1, this sum was bound by

, (6)

yet because the individual qi and pi (frequencies) are
available from the 1996 performance assessment calcu-
lations (Figure 14), a better estimate is possible.  The
distribution of individual qi and pi based on the cumula-
tive discharges at 10,000 yr is shown in Figure 14.
Using this distribution, the maximum solubility is
~0.2 mM = 10-0.7.  This maximum solubility bounds the
uranium range; it also bounds all but the upper portion
of the tail of the distribution for plutonium solubility.
Hence, P{c | h ∩ p ∩ c} • P{h} < 10 -4 for the entire
range of estimated uranium concentrations, and most of
the range of plutonium concentrations.15

F t( ) =1 - exp - r(t) dtÚ[ ] .

15 The maximum solubility completely bounds the new solubility values for plutonium (see Section 2.3.7).

F t | q( ) =1 - exp - r(t ) dtÚ[ ]
= 1 - exp - csqT( )

F t( ) = F t | q( ) p q( ) dq∫
= 1− exp −csqT( )( ) p q( ) dq

o

qmax∫

F t( )@ 1 - exp - csqiT( )( )Â pi

F t( )<1 - exp - csqmaxT( )
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5.  Low Probability Based on Geochemical
Constraints on Concentration Mechanisms

Four geochemical mechanisms could cause a con-
centration of fissile material in one location:  highly
concentrated aqueous solution, adsorption on mineral
surfaces (e.g., ion exchange or surface complexation),
filtration of colloid material, and precipitation.  How-
ever, in the WIPP repository, no special features exist to
make these mechanisms feasible, as discussed below.
Furthermore, once the fissile mass leaves the repository,
the general tendency is for the radioisotopes to disperse
rather than concentrate.  In this section, situations are
explored where P{c} is clearly less than 10 -4 over
10,000 yr such that the probability of criticality, P{C}, is
also less than 10 -4 over 10,000 yr.

5.1 Constraints Posed by Solubility

5.1.1 Solubility Constraint on 
Radioisotope Concentration

A solution of pure 239PuO2 at a concentration of
3 kg/m3 (Figure 16) corresponds to 12 mM, a concentra-
tion 30 times greater than the maximum total concentra-
tion of 0.4 mM of Pu IV predicted in the 1996
performance assessment (Section 2.3.5).  Similarly, a
solution of pure 235UO2 at a concentration of 10 kg/m3

(Figure 17) corresponds to 37 mM.  Consequently, a
solution of either dissolved plutonium (0.4 mM, maxi-
mum total concentration) or dissolved uranium
(0.23 mM, maximum total concentration) (Figure 10)
cannot go critical in the repository or elsewhere.  Even
maximum solubilities of plutonium and uranium used in
other studies (Figure 11) are not critical.

The Individual Protection Requirement in 40 CFR
191 at the accessible environment (15 μSv/yr) is
~680 pCi/l for 235U or ~55 pCi/l for 239Pu.  The Ground
Water Requirement in 40 CFR 191 at the accessible
environment is even more stringent—15 pCi/l (see Sec-
tion 1.2.3).  The equivalent radioisotope concentrations
of 15 pCi/l for 235U and 239Pu are 3.0 × 10-5 mM and
1.0 × 10-9 mM, respectively.  Hence the Individual Pro-
tection Requirement and Ground Water Requirement for
human health adequately protect against criticality at the

boundary of the accessible environment (even with iron-
oxide adsorption as described later in Section 5.2.3).

5.1.2 Solubility Constraint on Maximum 
Radioisotope Release

The solubility of the fissile material places a strict
limit on the maximum radioisotope release over
10,000 yr.  Although releases above this limit do not
necessarily imply a criticality is possible (because the
fissile material must be concentrated, as described in the
previous section), the maximum release of fissile ura-
nium is very near this limit as seen by comparing the
maximum permissible solubility with the upper value
for the uranium solubility range.  For uranium, the max-
imum permissible solubility that precludes releasing
50 kg of fissile uranium in 10,000 yr is 10-0.5 mM (i.e.,
50 kg • 5.1% • [mole/0.235 kg]/[3.6 × 104 m3 • m3/
103 l]).  This limit is above the upper range on the ura-
nium concentration of 10-1.2 for UIV and the upper range
of 10-0.6 for UVI.16

5.2 Adsorption of Plutonium and 
Uranium

Because of limitations in surface area in natural
geologic systems, adsorption17 is an unlikely mecha-
nism for concentrating massive amounts of fissile mate-
rial to obtain a critical solid concentration, as
demonstrated below.  As a precursor or catalyst, adsorp-
tion, however, can potentially lead to the formation of
ore deposits (e.g., Langmuir, 1978; Samama, 1986,
pp. 244-249) and is considered in the discussion of pre-
cipitation (Section 5.4).

5.2.1 Adsorption of Fissile Material on 
Mineral Surfaces in Repository

Within the repository, conditions that might lead to
potential adsorption of plutonium or uranium in a local-

16 The maximum solubility limit for plutonium is below the upper range of the plutonium concentration used in the 1996 perfor-
mance assessment, but above the currently assumed value discussed in Section 2.3.7.

17 Herein, adsorption refers to the accumulation of material at the interface of another material.  Adsorption subsumes several
different mechanisms, e.g., surface complexation and ion exchange.  Because geochemical adsorption is not strictly a surface
phenomenon and because adsorption was attributed initially to only one or a few possible mechanisms—rather than all—
geochemists prefer to use the more inclusive term, “sorption.”  However, the audience of this report includes nuclear engi-
neers who discuss criticality from neutron absorption by the nucleus of an atom.  Thus, this report uses the more traditional
terms, adsorption and absorption.
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ized area do not exist.  Granted, the waste from each
storage/generation site contains a wide variety of poten-
tially adsorptive material, such as minerals in soils,
glass, waste solidifiers (e.g., bentonite), metals, and cor-
roded surfaces from the steel drums (see Section 2.3);
however, from a macroscopic perspective, potentially
adsorptive waste material is not concentrated in a few
drums or from a particular storage or generation site.
Hence, adsorptive materials will be fairly uniformly dis-
tributed throughout the repository and preferential con-
centration of plutonium in one area is unlikely.
Although the formation of biofilms may result in some
fissile concentration, the distribution of substrates for
biofilm formation is also disseminated throughout the
waste in the repository.  In addition, growth-limiting or
enhancing factors, such as aqueous metal and radioiso-
tope concentrations and nutrients, will be uniformly dis-
tributed throughout the repository and will not spatially
concentrate the development of biofilms.  This assump-
tion of general uniform mixing is consistent with the
general conceptual model of the WIPP repository in the
1996 performance assessment.

Even if localized concentration of adsorptive mate-
rial did occur, separation of plutonium to the exclusion
of the large amounts of the other radioisotopes
(e.g.,238U) is not plausible.  If a facile technique through
adsorption were known, it would have been used in
place of the expensive PUREX method that separates
plutonium from other radioisotopes when purifying plu-
tonium for weapons. Likewise a difficulty in proposing
an adsorptive backfill as an engineered barrier in the
WIPP repository is that the adsorption on proposed
backfills is not usually specific and so large masses of
different types of material (e.g., nonfissile actinides,
iron, nickel, and lead) that are in the TRU waste also
adsorb.  This situation greatly decreases the likelihood
of criticality because these nonfissile actinides can
readily absorb neutrons and halt a critical excursion.
More specific information on adsorption on rust is pro-
vided below, along with several quantitative arguments
to support this general reasoned argument.

5.2.2 Isotherm Adsorption Model

For modeling, adsorption in geologic media is most
often expressed as the distribution of mobile material
(here, the mobile uranium and plutonium radioisotopes
in the brine) and the immobile rock (here, corrosion
products in the repository or dolomite in the Culebra).
The distribution coefficient (KD) in the Freundlich iso-
therm model (e.g., Jenne, 1998, p. 21; Morel and Her-

ing, 1993, p. 516; Freeze and Cherry, 1979, p. 403) is
defined as:

x/m = KDCe
n (7)

where x is mass of attached adsorbate on the solid, m is
the mass of immobile solid, n is nonlinear exponent, and
Ce is the equilibrium concentration of the adsorbate in
the solution.  The validity of the Freundlich isotherm
can be compromised because kinetics of the reaction are
not taken into account (i.e., equilibrium can take hun-
dreds of years) and the character of the minerals can
change spatially, i.e., different types of adsorption sites
are often available.  More importantly, the exponent n is
often set to one in the equation, thereby not taking into
account the potential to saturate the adsorption sites at
high concentrations of radioisotopes.18  This situation
can be particularly important for criticality calculations
where high concentrations are required to cause a criti-
cality event.  Hence, the linear form of the Freundlich
isotherm is used here only as a screening tool to evaluate
whether a problem might exist.

5.2.3 Nonlinear Isotherm for Iron Oxides 
in Repository

The initial iron corrosion products of the steel
within the WIPP repository will be an amorphous ferri-
hydrite (am-Fe2O3 • H2O) that will progress, through
dehydration, to more crystalline goethite (α-FeOOH)
and then hematite (α-Fe2O3).  The linear KD for ura-
nium at pH 7, where the maximum adsorption typically
occurs, varies from ~100 kg/m3 for the amorphous
phase (ρg ≅ 3570 kg/m3, φ ≅ 50%) to ~7 kg/m 3 for goet-
hite (ρg ≅ 4270 kg/m 3, φ ≅ 20%) to ~0.500 kg/m 3 for
hematite (ρg ≅ 5270 kg/m 3, φ ≅ 10%) (Hsi and Lang-
muir, 1985; Smith et al., 1994, Figure 2).  If the maxi-
mum UVI solution concentration of 0.23 mM is
combined with density of the various polymorphs of
iron oxide and their corresponding linear KD, only
adsorption on hematite is clearly less than the 45 kg/m3

solid concentration limit (Figure 18) for a half-sphere of
rust, assuming 5.1% 235U enrichment.  However, the lin-
ear KD values are applicable only at very low solution
concentrations.

Payne et al. (1998, Figure 3) experimentally evalu-
ated the adsorption of UVI on ferrihydrite (suspended in
a solution at 89 mg/ l) over a range of pH and at three
initial uranium solution concentrations: 10 -3 mM,
10-2 mM, and 10-1 mM.  (The latter concentration is
very close to the maximum uranium solution concentra-

18 Although the nonlinear Freundlich model does not have an asymptote like the Langmuir model (Langmuir, 1997, p. 362;
Jenne, 1998, p. 21), it does allow for greatly reduced adsorption at higher concentrations for n < 1.
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tion anticipated at the WIPP.)  Because of the saturation
of the adsorption sites, the extrapolated concentration in
the ferrihydrite colloidal suspension is only 0.05 kg/m 3

at the maximum U VI solubility of 10 -0.6 mM (i.e., 2.0
mole/kg • Mw • 0.089 kg/m3) (Figure 25); this value is
far below the 50 kg/m 3 critical concentration.  The 235U
concentration on any one ferrihydrite particle could be
high—43 kg/m 3 assuming 5.1% 235U enrichment (i.e.,
2.0 mole/kg • Mw • ρg(1 - φ) • 5.1%) but still not above
the critical limit.  Furthermore, a critical concentration
would require exclusive adsorption of uranium from the
contaminated brine in the repository—an unlikely
occurrence.  Finally, transformation of ferrihydrite to the
goethite might be fairly rapid (~10 yr) (Smith et al.,
1994) such that pure ferrihydrite might not be present
within the repository in large amounts (at least 20 kg) in
a small area.

Although isotherms of Pu IV adsorption on iron
oxides at high solution concentrations of plutonium are
not available, an extrapolation based on two points at
low concentrations (Sanchez et al., 1985, Figure 1a)
shows that a similar situation occurs for plutonium
whereby the estimated solid concentration on goethite
cannot reach the critical limit assuming a 239Pu FGE of
14% (i.e., 4 × 10-2 mole/kg • Mw • ρg (1 - φ) • 14% =
5 kg/m3) (Figure 25).  Although this extrapolation has
large uncertainty, it is reassuring that the values for Pu V

adsorption on goethite lie near this same line (Triay et
al., 1997, Figure 84) since Pu V is thought to be reduced
to Pu IV when adsorbed on goethite.  While use of addi-
tional data reported by Sanchez et al. (1985, Figures 1b
and 1c) for PuV results in a new line that predicts a solid
concentration on goethite of 26 kg/m3, it is only slightly
above the 20 kg/m3 limit for rust surrounded by silica
rich material19 (i.e., 2.3 × 10-1 mole/kg • Mw  • ρg (1 - φ)
• 14% = 26 kg/m3) (Figure 25).

5.2.4 Adsorption Sites Available on 
Dolomite

The adsorption on goethite, as described in the pre-
vious section, provides a reasonable upper bound for
adsorption on dolomite, where criticality is unlikely for
an average 14% plutonium equivalent enrichment.
However, the critical limit for dolomite is much less
than for rust;  thus, additional arguments based directly
on properties of dolomite are presented below to bolster
this argument.

If the maximum solution concentration (Figure 10)
is combined with the density of dolomite and maximum
KD (Figure 6) for UVI,20 all solid concentrations remain
below 10 kg/m3 because the uranium consists of only
5.1% fissile 235U.  For Pu IV, however, the adsorbed plu-
tonium concentration is greater than 3 kg/m3;20  the

19 If the current estimated maximum solubility for PuIV is used (3 x 10-4 mM), the adsorbed plutonium concentration remains
below 20 kg/m3 even when 100% 239Pu.

20 Even at the maximum solubility, not enough UIV can reach the Culebra in 10,000 yr to go critical.

Figure 25. Variation of adsorbed radioisotopes on
iron oxides as function of solution concentration at neu-
tral pH (a) UVI in pure H2O on ferrihydrite (Payne et
al., 1998, Figure 3) and hematite (Sanchez et al., 1985,
Figure 1), (b) PuIV in pure H2O (Sanchez et al., 1985,
Figure 1), and PuV in J-13 well water from Yucca
Mountain (Triay et al., 1997, Figure 93) on goethite.
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same is true for PuIII but only by a factor of 2.  Yet, when
the calculated mobile concentrations of plutonium are
combined with the sampled KD, the potentially adsorbed
plutonium concentrations are less than 3 kg/m 3 in all but
two cases (Figure 26).

The two cases showing a potential for criticality
with plutonium in the Culebra can be eliminated for
three reasons based on geochemical and physical con-
straints of the system:  the density of adsorption sites on
dolomite would have to be very large, surface complex-
ation at adsorption sites would not be limited to only
239Pu, and the deposition of fissile radioisotopes and
thus the geometry of the critical mass must be at the
borehole (discussed in Section 5.4, “Precipitation of Fis-
sile Material”).

Although for rust, experiments have been con-
ducted up to the adsorption capacity such that the
reduced adsorption at high concentrations can be
observed, adsorption experiments for radioisotopes at
high concentrations are difficult for evaporates and have
not been done for dolomite.  Hence, a bounding estimate
of the required adsorption sites, and thus the maximum
amount of fissile material that can adsorb onto a small
volume, was made for dolomite and compared to other
highly adsorptive natural materials.

The measured mass-specific surface area on care-
fully crushed and lightly acid-washed samples of dolo-
mite from the Air Intake Shaft, as evaluated by BET
surface area analysis (Brunauer et al., 1938), vary from
500 m3/kg for indurated dolomite to 2600 m3/kg for
silty dolomite (Kelly, 1996); these values correspond to
between 1 × 106 and 6 × 106 m2 of surface area per m3

of dolomite (assuming a porosity of 16% and dolomite
grain density of 2850 kg/m3).  Dividing the adsorbed
plutonium concentration of 3 kg/m 3 (which corresponds
to 7.6 × 1024 atoms/m2 of dolomite) by volume-specific
surface area gives a site density of between 1 and
7 atoms/nm2.  This range is similar to the observed site
density for many highly adsorptive minerals (about
2 sites/nm 2) (Davis and Kent, 1990).

Thus, obtaining a critical concentration requires the
entire capacity of a highly adsorptive natural material
(of which dolomite in the Culebra is reasonably bound).
However, the 239PuIV would be competing with other
plutonium isotopes and other radioisotopes, e.g., Th IV

and UIV, which are assumed to behave identically to
PuIV, for the limited number of sorption sites, thus
increasing the required solid concentration limit
(Figure 16).  More importantly, plutonium would be
competing with other metal cations (and even Ca and
Mg, in solution) that are several orders of magnitude
more abundant than 239PuIV (Figure 10 and Table 5).
Hence, the plutonium would need to dislodge already
adsorbed material present on the dolomite.

The probability of criticality from adsorption of
plutonium becomes unlikely near the intrusion borehole,
because the critical concentration increases from
3 kg/m3 to ~10 kg/m3 (Figure 16b) or ~17 sites/nm 2 as
the result of domination of the fluid by the Castile or
Salado brine chemistry.  (For Salado brine chemistry, it
is ~19 kg/m 3 or ~32 sites/nm 3.)21

For uranium, the number of sorption sites is clearly
too small.  A concentration of 10 kg/m 3 of 235U corre-
sponds to 2.5 × 107 atoms/nm3, which in turn corre-
sponds to 17 atoms/nm2.  However, the uranium is only
~5% enriched (initially) and so the available adsorptive
sites are much more likely to be filled with 238U than
235U.  To get 10 kg/m 3 of 235U at 5.1% enrichment
would require 333 sites/nm2.

Figure 26. Solid concentration of plutonium from
adsorption for R1S5 (replication 1, scenario 5), based
on concentrations in Figure 21 (i.e., CT • KD • ρg
[1 - φ]).

21 Synthetically prepared goethite (α-FeOOH), a very effective adsorbent, has a site density of ~17 sites/nm2 (Kent et al., 1988,
Table 3-1).  Although Brady et al. (1999) report that if all the Mg and Ca ions present in an altered layer of dolomite were
available for ion exchange, the maximum site density would be 30 sites/nm2, not all Mg and Ca ions are available for ion
exchange and so the density is better represented by ~2 sites/nm2 of many highly adsorptive minerals.
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5.3 Concentration of Colloid 
Material in the WIPP Disposal 
System

5.3.1 Colloidal Concentration in 
Repository

Similar to adsorption, the uptake of fissile actinides
by the various types of colloidal particles is governed by
a complex equilibrium among dissolved fissile
actinides, solid phases, and the colloidal particles.  The
behavior of the colloidal particles themselves, however,
is best described as a steady-state process, in which new
particles are continuously generated and dispersed in the
liquid phase but are gradually destabilized through a
variety of processes.  The concern in terms of nuclear
criticality is whether the concentration of colloids is
critical or whether there is a mechanism by which
actinide-bearing colloidal particles can be locally con-
centrated either while they are dispersed in the fluid or
as a result of destabilization.

5.3.1.1 Limits on Colloidal Concentration

The concentration of mobile (i.e., dispersed) colloi-
dal actinides (mineral fragment colloids, actinide intrin-
sic colloids, humic substances, and microbes) is limited
by themodynamic equilibria.  Results from experiments
with WIPP-relevant microbes (Papenguth, 1996a,b,c;
Papenguth and Aguilar, 1996; Papenguth and Behl,
1996b; Papenguth and Moore, 1996) suggest that
microbes do not actively bioaccumulate actinides (i.e.,
move actinides through the cell membrane), but instead
passively bioaccumulate actinides extracellularly, a pro-
cess that is similar to adsorption.  Similarly, humic sub-
stances, some mineral fragment particles, and microbes
act as substrates for adsorption of actinides.  PuIV-poly-
mer, the only form of actinide intrinsic colloid present in
the WIPP disposal system, and colloidal-sized actinide
coprecipitates (i.e., mineral fragment type colloidal par-
ticles) have actinides incorporated into the structure of
the colloid itself.  However, the link between intrinsic
colloidal actinide concentration and equilibrium ther-
modynamics produces a limit on the concentration of
colloidal actinides that cannot reasonably exceed by 30
times the dissolved concentration of fissile actinides and
thereby go critical.  For example, the total uranium and
plutonium concentration of the adsorption experiments
discussed in Section 5.2.3 and plotted in Figure 25
includes the colloidal suspension and is not critical.  For
example, the colloidal suspension of uranium and ferri-
hydrite was only 0.05 km/m 3.

5.3.1.2 Fate of Colloids prior to Intrusion

Destabilization of mobile colloidal fissile actinides,
followed primarily by gravitational settling, could con-
ceivably concentrate fissile material, but the mechanism
is limited to local microenvironments that are likely to
be centimeter-sized or even smaller within the reposi-
tory.  After closure of the WIPP repository, salt creep
will crush the waste containers and compact waste mate-
rial (Figure 13).  After closure and salt creep, one can
envision complex geometries of pores within the waste.
Colloidal particles could form throughout the waste
matrix; however, the fluid columns in which agglomer-
ated colloidal particles will settle are likely to be short
and poorly connected.  Consequently, the local concen-
trations of colloidal agglomerates that develop in the
WIPP will remain uniformly distributed in the waste
throughout the repository and will not concentrate in a
single location.  By analogy, in a closed house, dust (i.e.,
aerosols) settles on the horizontal surfaces in the house.
The dust does not, however, concentrate at any single
location.

5.3.1.3 Fate of Colloids after Intrusion

In a disturbed repository, turbulence created by
flowing brine could result in filtration of any dispersed
colloidal actinides, but concentration of colloidal
actinides will again be localized in small microenviron-
ments.  As described above, the waste will contain many
centimeter-sized microenvironments of small poorly
connected pores.  Filtration will take place in crevices
and interstices at the boundaries of those small pores,
resulting in small concentrations of colloidal actinides
in those localized small areas.

Again, considering the dusty house, an air stream
flowing through an open house is similar in concept to
brine flowing through the repository.  In the dusty house,
dust that has settled on horizontal surfaces is stirred up
and concentrated in local environments, such as corners
or other areas where turbulence is less.  In the reposi-
tory, local accumulations will develop in a similar
fashion.  However, the tight packing of the waste will
provide local filtration of colloidal particles.  Hence, the
fissile actinides associated with colloidal particles will
remain fairly uniformly distributed within the repository
on a macroscopic scale.  More importantly, the perfect
filtration of iron oxides with adsorbed uranium cannot
go critical and iron oxides with adsorbed plutonium
probably will not go critical, as discussed in Section
5.2.3.
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5.3.2 Colloidal Concentration in Culebra

Because the total mobile concentration of PuIV is
due partially to association with microbes and mineral
colloids, filtering of colloids could lead to a possible
means of plutonium deposition in the Culebra.  As
argued above, it is probable that colloids susceptible to
filtering would be filtered during transit through waste
within the repository (as described above in Section
5.3.1) or in the borehole backfill material (Section
3.5.4); however, to be consistent with the assumptions
for the 1996 performance assessment, colloids were
assumed to have escaped the repository and borehole
and then be filtered in the Culebra.  For the cases in
which large releases of plutonium are calculated, high
PuIV total concentrations in Salado brine were used.  In
these cases, plutonium associated with mineral colloids
and microbes accounts for only 7% of the total concen-
tration (Table 5).  Perfect filtering of 7% of the maxi-
mum 110 kg released in simulation 23 results in 7.7 kg
that must be filtered in less than 0.46 m3 from the bore-
hole (e.g., sphere of radius 0.46 m) to obtain a minimum
concentration of 19 kg/m 3 for Salado brine (Figure 16).
More importantly, the 7.7 kg is for spheres and is
smaller than the 8-kg to 10-kg minimum required (see
Figure 16) and is smaller than the 13.4-kg limit sug-
gested by the arguments based on Oklo reactors, as pre-
sented in Section 4.1.3.  Therefore, colloidal filtering of
plutonium cannot cause criticality by itself.

The total concentration of UIV in Salado brine is
partially due to filterable colloids (37%) (Table 5) but
the mass of UIV brought to the Culebra in the 1996 per-
formance assessment is insufficient material to cause
criticality.  While the mass of U VI brought to the Culebra
is higher, no portion of the solubility is due to colloids.

5.4 Precipitation of Fissile Material

A necessary condition for precipitation of fissile
material and other major components of the brine is a
change in the brine chemistry (i.e., the redox state and
buffer capacity, pH, ionic strength, or solute concentra-
tions) such that the solubility of a component is reduced.
As previously described, the deposition of uranium gen-
erally occurs when soluble fissile material, e.g., U VI as a
uranyl carbonate, is reduced by organic material, pyrite,
or H2S (Figure 22).  Because this particular mechanism
is not feasible in the WIPP disposal system, as described
below, several other speculative mechanisms are pro-
posed in the following discussion but were found to be
improbable.

5.4.1 Precipitation in Repository

The effective redox state of the repository will be
reducing to extremely reducing, depending on the kinet-
ics of the redox reactions within the repository (i.e., the
brine redox state will lie near the lower diagonal line
defining the stability of water in Figure 23).  The main
determinant of oxidation states within the repository
will be the rate of interaction with elemental iron, Fe 0,
and the rate of microbe-facilitated reduction of oxidized
species, such as nitrate and sulfate.  The resulting repos-
itory waters are expected to have relatively high concen-
trations of reducing redox-active species such as Fe+II

and S-II.  Hence, the most likely oxidation states are the
insoluble PuIII and UIV; however, there is some possibil-
ity of more soluble Pu IV and UVI.  Because iron and
organic waste are present throughout the waste, there is
little chance of great variation in the redox state of the
brine from one place to another, and thus no driving
force for dissolution and precipitation to redistribute the
fissile materials.  Again, one of the main assumptions
used in the 1996 performance assessment is that
microenvironments within the repository are small or
short-lived enough that the macroscopic brine chemistry
within the repository can be treated as if it were uniform
(WIPP Performance Assessment Department, 1996).

5.4.2 Precipitation in Culebra

Provided some brine contaminated with radioiso-
topes reaches the Culebra, changes in the chemistry of
contaminated brine are likely as it mixes with brine
within the Culebra.  However, these changes in brine
chemistry will likely occur over a wide area, because the
amount of injected brine varies over time and would
eventually cease as the borehole creeps shut or precipi-
tates plug the porosity.  Hence, precipitation of fissile
material is not possible in a region small enough to
cause criticality as demonstrated by examining the influ-
ence of three factors—changes in ionic strength, in pH,
and in redox state—on the brine chemistry.

5.4.2.1 Simulation of Mixing Zone

The calculated flow fields for radioisotopes migrat-
ing through the Culebra over 10,000 yr do not show a
tendency to concentrate into a small area except at the
intrusion borehole.  Hence, similar to adsorption and
colloidal filtering, the most likely area to precipitate the
fissile material in sufficient concentration is at the bore-
hole.  A simulation was run to evaluate the size of the
zone in which dilution and potential precipitation might
occur because of changes in ionic strength, pH, or redox
state.
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Simulation (or “vector”) 23, replicate 1 was rerun
using SECOFL2D (version 3.01ZO) with a steady state
injection of 3.62 × 104 m3 of Castile brine over
10,000 yr.  This injection caused the regional flow direc-
tion to shift from the south to the southwest since a low
permeability zone lay to the east.  For transport calcula-
tions with SECOTP2D (version 1.41), a small local grid,
26 m × 26 m with 961 cells, was centered over a hypo-
thetical borehole penetrating the center of the repository.
Similar to the original CCA calculations, boundary con-
ditions for the hydraulic head (H) around the grid were
interpolated from the regional flow grid (Figure 27a).
Because the transport model lay directly over the reposi-
tory, it was modeled as a single porosity medium (see
Section 2.1.5.3).

For the sake of the following arguments, adsorption
in vector 23 was ignored, and deposition of fissile mate-
rial was assumed to occur in the mixing zone between
the injected brine and Culebra brine because of the
change in ionic strength, pH, or redox state.  However, it
is instructive to briefly describe the adsorption results.
The linear adsorption distribution coefficient for vector
23 was 6.8 m3/kg (less than the mean and median of
10 m3/kg for the sampled distribution), and the linear
Freundlich model predicted the entire 110 kg was
adsorbed within 0.5 m of the borehole, using the same
fluid flow conditions and plutonium concentration as in
vector 23 (Figure 27c).  The average fissile density was
greater than 9 kg/m3 (but by only a factor of 1.2 assum-
ing 14% FGE of 239Pu).  Furthermore, the average fissile
density was less than 9 kg/m 3 using the minimum linear
adsorption of 0.7 kg/m3.  More importantly, the same is
true of the nonlinear adsorption model for goethite.

5.4.2.2 Change in Ionic Strength

Although the repository brines are saturated with
NaCl, the ionic strength varies due to the amount of dis-
solved MgCl2.  As a repository brine enters and mixes
with Culebra brine, the ionic strength will drop.

Solubility may be ionic-strength dependent; for
example, most highly negatively charged species are sta-
bilized by high ionic strength so that any mineral whose
solubility is controlled by highly charged species in
solution will have a higher solubility in high ionic
strength brines.  However, as the brine is diluted and the
solubility decreased, the concentration is also reduced
by the dilution, so precipitation will occur only if the
change in solubility is greater than the change in con-
centration.  The model of IV actinide solubility used in
the 1996 performance assessment showed the minus six
charged pentacarbonate species dominating the solubil-
ity, and thus the solubility could be dependent on the

Figure 27. Calculated mixing of Castile (309 kg/m3)
minor discrepancy with Table 1) brine in Culebra with
liquid injected from intrusion borehole using discharge
and flow field from vector 23, replicate 1, shows that
mixing zone area is too large to cause solid concentra-
tion at critical limit.  (a) Numerical mesh (after Wal-
lace, 1999, Figure 1) and (b) concentration contours
assuming background concentration in Culebra of 42
kg/m3 brine at 100 yr (after Wallace, 1999, Figure 2),
and (c) distribution of mass and average density
around the intrusion borehole using various adsorp-
tion assumptions.
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ionic strength of the brine.  Similarly, the model of III
actinide solubility shows the plus 2 charged hydroxy
complex dominating the solubility and decreasing by an
order of magnitude as the ionic strength decreases from
7.4 in synthetic Salado brine to 6.66 in Castile brine.
Hence, if these models are accurate, they predict some
precipitation on dilution.22

Consequently, a possible situation is the dilution of
PuIV in a Salado-dominated brine to a Culebra-domi-
nated brine (Figure 10).  (Because insufficient PuIII

reaches the Culebra in 10,000 yr, it is not considered
here.)  The maximum calculated discharge of 239PuIV

over 10,000 yr as calculated in the 1996 performance
assessment is considered, which is about 110 kg (simu-
lation 23 in Figure 21).  To obtain a plutonium concen-
tration of 3 kg/m3 or greater (see Figure 16), assuming a
single porosity medium, the volume of deposition of all
the plutonium reaching the Culebra in 10,000 yr must be
less than 37 m3 (a sphere of about 2-m radius or a cylin-
der of 1.7-m radius, assuming deposition throughout the
4-m thickness of the Culebra dolomite).  When the Cul-
ebra is represented as a fractured medium, a similarly
small area is required because the fracture space avail-
able for precipitation of fissile radioisotopes in the Cule-
bra is limited near the WIPP repository.  Assuming a
fracture zone 0.45 m thick corresponding to the inter-
preted 0.001 fracture porosity, the area must be less than
24.4 m2 to obtain a plutonium concentration of 10 kg/m 3

or greater (Figure 19).

At 100 yr23, a simple estimate of the volume of the
dilution zone as the annulus between two concentric cyl-
inders (Figure 27) results in a solid concentration four
times lower than the 3 kg/m3 limit even for a total of
110 kg in vector 23 (which takes 10,000 yr to occur).

5.4.2.3 Changes in pH

The pH and CO2 concentration in the repository
will be controlled by the addition of excess MgO.  Con-
taminated brines entering the Culebra will carry signifi-
cant dissolved Mg(OH)2, but little solid Mg(OH) 2, so
the pH is expected to drop from alkaline to near neutral,
and the CO2 concentration is expected to rise, as the
Mg(OH)2 is consumed by the Culebra CO2.  The change
in pH and CO2 concentration could cause coprecipita-

tion of plutonium or uranium with MgCO 3 within the
Culebra pore space; however, changes in pH and avail-
ability of CO 2 will be dependent on sufficient mixing of
the two brines which, as shown in Figure 27, does not
occur in a small enough region to obtain a critical con-
centration.

5.4.2.4 Change in Redox State (Eh)

The Culebra brine has low concentrations of active
reduction or oxidation species (Brush, 1998).  Oxidized
Culebra solids such as sulfate are relatively redox inac-
tive without major microbial intervention, and the
reduced solids (2% FeII in the dolomite, and pyrite) are
relatively inaccessible or small in concentration.  Conse-
quently, the redox state of the deep brine as it moves
through the Culebra will change little, even up to 100-
fold dilution (Brush, 1998).  Therefore, reduction of the
UVI to UIV will not occur (i.e., the normal situation in
which a uranium deposit is formed by means of reduc-
tion of soluble species does not apply).  Likewise, the
reduction of PuIV to Pu III will not occur.

With oxidation, there are two possible precipitation
reactions that may deposit actinides:  the oxidation of
PuIII to Pu IV, and the oxidation of FeII to FeIII and copre-
cipitation with Pu IV.  Because PuIII is extremely reduced,
it requires the presence of Fe0, other reducing metals, or
applied voltage to persist for long periods in the labora-
tory.  As Pu III is removed from the Fe0 in the repository,
it may slowly oxidize to Pu IV.  In the 1996 performance
assessment, these conditions do not cause precipitation
because PuIV is more soluble than Pu III in Salado
brine.24

Concerning iron oxidation, FeIII is less soluble than
FeII, so any oxidation occurring at the borehole could
cause precipitation of amorphous iron oxyhydroxides.
Freshly precipitated iron oxyhydroxides have a very
high adsorption capacity, and actinides may be sorbed or
coprecipitated during their formation.  But the only
mechanism for major change in the redox state of the
brine directly at the borehole is oxidation by means of
an injection of oxygen down the borehole.  Because the
borehole is assumed to be plugged (or degraded to the
permeability of silty sand), the availability of sufficient
oxygen is unlikely.

22 Recent calculations concerning the solubility of PuIV show the neutral tetra hydroxide species dominates the solubility.  Thus
the solubility should be relatively independent of ionic strength and not affected by dilution of the injected brine (see Section
2.3.7).

23 It takes more than 130 yr to release more than 2.2 kg of 239PuIV in vector 23 for replication 1, with the solubility distribution
used in the 1996 performance assessment.

24 This precipitation mechanism is indeed possible with the more recent estimates of PuIV solubility because PuIII is now more
soluble.  However, the solubility of PuIII (for which the oxidation mechanism applies) is sufficiently low that a critical mass
never reaches the Culebra in 10,000 yr in any of the vectors in replicate 1 (Figure 22).



41

6.  Consequences of a Criticality

Criticality at the surface in a facility handling fissile
radioisotopes is normally prevented because of the
potential exposure of workers to radiation either directly
during criticality or later if decontamination of the facil-
ity is necessary.   However, it is of less importance after
closure of a repository, assuming that criticality could
occur, because criticality would have to either
(1) generate significant amounts of fission products
above those already present or being released from the
repository, or (2) degrade the ability of the disposal sys-
tem to contain nuclear waste, before criticality would
have even the potential to affect human health.  The
potential for an observable consequence from criticality
in these two categories is examined below.

6.1 Criticality Description

6.1.1 Categories of Criticality

When evaluating consequences, categorization of
the criticality event is helpful.  Rechard et al. (1996b;
1997) group the criticality event into six main types for
which a consequence can be estimated based on two
basic conditions: (a) moderation, i.e., whether there is
sufficient water to effectively moderate (slow down neu-
trons) and thereby promote fissions and (b) assembly,
i.e., whether the assembly is slow, fast, or explosive,
where slow refers to a process occurring over geologic
time, fast refers to events over seconds, and explosive
refers to processes over microseconds.  The six main
criticality types (Figure 28) then, are

1. high moderation, slow rate of assembly, e.g.,
Oklo natural thermal reactors

2. high moderation, fast rate of assembly, e.g.,
aqueous solution accidents

3. high moderation, explosive rate of assembly,
e.g., Bowman-Venneri hypothesis

4. low moderation, slow rate of assembly, e.g.,
fast breeder reactor

5. low moderation, fast rate of assembly, e.g.,
experiments/accidents with fissionable materi-
als (BetheTait bounding analysis) (Bethe and
Tait, 1956)

6. low moderation, explosive rate of assembly,
e.g., weapons.

Based on recent arguments (Canavan et al., 1995;
Van Konynenburg, 1996; Sanchez et al., 1995; Kimp-
land, 1996; Kastenberg et al., 1996; and Rechard et al.,

1996b; 1997), the Bowman-Venneri hypothesis (Cate-
gory 3) and weapon assembly (Category 6) can be given
a negligible probability.  In addition, the average enrich-
ment of fissile material is less than 14%, so theoretical
reasons also support the improbability of an explosion
(Murray, 1957, p. 182).  Fast rates of assembly are less
probable for the WIPP because of the diffuse distribu-
tion of fissile particles throughout TRU waste as
described in Section 2 (rather than as in fuel rods),
which gives Categories 2 and 5 a negligible probability.
Also in a natural setting, a credible method of slowly
assembling the fissile materials without water or human
intervention is unknown; thus Category 4’s probability
is near zero.  After assembly, the consequences for Cate-
gories 1, 2, 4, and 5 are similar (Rechard et al., 1996b;
1997).  Therefore, in determining probability and conse-
quences over the long term, Category 1, high modera-
tion and a slow rate of assembly, receives the most
emphasis below.

Figure 28. Six basic types of criticality events.  Simi-
larities with natural or engineered systems are noted
(Rechard et al., 1996b, Fig. 7).
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6.1.2 Character of the Criticality Event

In describing the consequences of a criticality in a
geologic repository, the event is analyzed as a series of
criticality excursions on a small time scale that occur
within a large time scale that can be described as steady
state.  Although a nuclear reactor routinely runs at
steady-state power levels, it is an engineered system in
which the coolant is maintained at constant temperature
and pressure conditions.  Even in this environment, con-
trolling the power level is a dynamic process; to achieve
this steady-state power level, the operating parameters,
such as removing or inserting neutron absorbers in the
control rods, are constantly changed.  Specifically, the
power is directly related to the neutron population in the
assembly; yet, in a critical assembly, the neutron popu-
lation is never truly steady-state because any small per-
turbation in the neutron population causes it to deviate
from a steady-state situation.  To elaborate, the neutron
population can be described as

dn/dt = ηDk/l (8)

where

η = neutron population
l = mean neutron lifetime
Dk = keff - 1 = excess multiplication factor
keff = multiplication factor (ratio of the popu-

lation of neutrons during one generation
to the previous population)

Assuming that Dk is constant, then

η = ηoe(Dkt)/l (9)

This solution indicates that neutron population
changes at an exponential rate, and thus the criticality
event is inherently unstable. Any small perturbations in
the system will cause it to experience a rapid power
decline or increase.  In the latter case, the power
increases until a negative feedback effect occurs.

6.2 Generation of Fission Products

6.2.1 Burnup of Plutonium

As previously argued in Rechard et al. (1997),
about 100 years after criticality, fissioning of 239Pu pro-
duces radioisotopes with fewer EPA units (and thus
fewer health hazards) than those present prior to critical-
ity, as described below.  The EPA unit performance mea-
sure (R) for a radioisotope is the quotient of the activity

(in curies) of that radioisotope divided by the regulatory
release limit (in curies) specified in 40 CFR 191, Appen-
dix A (Rechard, 1995).

(10)

where

fw = waste unit factor = 

Wi = activity in curies for α-emitting TRU
repository radioisotope i with half-life
(τ1/2)   20 years

Li = the EPA release limit for radioisotope i
(see EPA, 1993)

nR = number of radioisotopes contributing to
the release

Qi = cumulative release for radioisotope i
beyond a specified boundary,

=

qi = release rate into accessible environment
at time t for radioisotope i and scenario j
calculated from consequence model(s)

Since the EPA unit is a surrogate for health risk, it is
a metric for identifying the consequences of fissioning
239Pu within a geologic repository (should a nuclear
reaction occur).  For waste consisting only of 239Pu (and
assuming a unit value for the waste unit factor, i.e.,
fw = 1), we have an EPA release limit of
100 Ci = 4.0537 × 1024 atoms = 1.6091 kg.  To identify
the consequences of fissioning of 239Pu, at time = 0 yr
all 1.6091 kg of 239Pu was converted to its fission yield
products (Walker et al., 1989, pp. 21-49).  As a function
of time, each fission yield product was decayed and the
sum of its contribution to the EPA unit ( R) assessed
(Table 7).  One hundred ten years after fissioning, the
cumulative EPA unit contributions from all the fission
yield products are less than unity (i.e., the initial source
term).  Thus, if a subsurface criticality excursion of a
unit amount of 239Pu takes place in a repository and the
fission yield products are not released in quantities
greater than 239Pu, then the source term health hazard is
less than before criticality.  A similar benefit occurs
when using plutonium in nuclear reactors (or the pro-
posal to transmute by means of particle accelerators) but
the possibility of human exposure during the process or
during dismantlement of the facility is much greater.
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6.2.2 Fission Products Generated from 
Uranium Fission in the Repository

The reduction in potential health effects, as mea-
sured by the EPA units, from uranium fissioning are not
as dramatic as for plutonium, but neither are the effects
significantly detrimental.  As noted earlier, the place-
ment of CH- and RH-TRU waste in the WIPP has an ini-
tial (and maximum) heat power output of 136 kW
(Figure 9), of which about 3% or 4% is from decay of
fission products that have contaminated the RH-TRU
waste (Section 2.3.2).  This 5.4 kW (4% of 136 kW)
from fission product decay is quite small; to provide
perspective, it is equivalent to 0.4 container out of more
than 7679 containers of commercial spent fuel planned
for disposal at Yucca Mountain, Nevada, assuming that
each container holds 21 pressure water reactor (PWR)
spent fuel assemblies (~8.2 MTHM/container; ~10 kW/
container) (Rechard, ed., 1998, Table 3-3; Wilson et al.,
1994).

The 5.4 kW from fission products at the WIPP rep-
resents ~1026.6 fissions, assuming a burn-up of 40 GWd/
MTHM, is 3.6 × 1026 fissions.  In comparison, the max-
imum number of fissions possible from the 8 Mg of 235U
(Table 4) at the WIPP, also assuming a 40 GWd/MTHM

burnup (consumption of about 4% of the fissile mass)
with 2.8 × 1024 fissions/GWd, is 9 × 1026 (~1027)25 fis-
sions—less than one-half order of magnitude greater
than the already small number of fission products repre-
sented in the repository.26

6.3 Heat Potentially Generated

6.3.1 Heat Present in Repository

As noted earlier, the average estimated initial heat
power from radioactive decay of radioisotopes in the
CH-TRU waste is 136 kW (Figure 9).  In addition,
knowing that 239Pu produces heat at 2.4 W/kg, a maxi-
mum heat power of 197 kW from radioactive decay can
be estimated assuming (a) the maximum 0.2 kg of FGEs
of plutonium is placed in each 0.21-m3 drum and
0.35 kg is placed in each 1.8-m3 box and (b) the reposi-
tory contains 3.7 × 105 drums and 2.3 × 104 boxes.  The
original Environmental Impact Statement on the WIPP
(DOE, 1980) made a similar estimate, but because at
that time the repository was assumed to be larger
(3.7 × 105 m3 versus current 1.76 × 105 m3 volume)
(Rechard, 1999), the DOE assumed 9 × 105 drums and
105 boxes.  Thus, its calculation of total initial power
was 538 kW.  In a thermal analysis in which the latter
heat power was spread over 7.3 × 105 m2 (current area is
5.1 × 105 m 2), Thorne and Rudeen (1981) estimated the
maximum rise in temperature at the center of the reposi-
tory to be 1.6°C 80 years after emplacement.27

6.3.2 Criticality Heat in Repository

The indefinite geometry of criticality in the salt
after transport and precipitation of plutonium (or ura-
nium) makes estimating the potential steady-state power
of numerous critical excursions difficult without some
arbitrary but reasonable assumptions.  Here we assume a
point power source in a water-saturated geologic
medium.  For steady-state, the power is determined pri-
marily by the assumed operating temperature of the nat-
ural reactor and, secondarily, on the radial distance from
the source to where ambient temperatures are assumed.
If a distance to the ambient temperature of 10 m is
assumed (10 times the typical thickness of the lenticular
natural reactors at Oklo) with a critical zone temperature

Table 7. Summed EPA Units Versus Timea

(Rechard et al., 1997, Table II)

Time
(yr)

Summed EPA Units of 
Fission Productsb

0 1.000

0.003 11.1790

10 8.8538

100 1.1047

110 0.8794

1000 0.0004

10000 0.0003

a Based on release limits (surrogate of health
risk) in 40 CFR 191 for fission products of one
initial EPA unit of 239Pu

b Release limit is 100 Ci
Half-life is 7.594 × 1011 s
Mass is 1.60091 kg

25 The 9 × 1026 fissions are similar to a bound on the daily power from a critical excursion, which is ~1021 fissions/day or
3.6 × 1027 (1027.6) fissions over 10,000 yr, as argued in Section 6.3, based on heat generating constraints.

26 The comparison is more favorable when the entire heat power is assumed to be caused by the decay of fission products, rather
than just 4%.  The heat power represented by 136 kW in the WIPP is equivalent to 111 MTHM or 13.6 containers of spent
nuclear fuel in a commercial repository.  Again, assuming a current average of 40 GWd/MTHM of fuel for a pressurized
water reactor, the 13.6 containers represent ~1028 fissions.  Hence, the maximum fission products after average burnup of the
fissile material in the repository would be an order of magnitude less than those initially placed at the WIPP.

27 The 1.6°C temperature rise at the WIPP from radioactive decay is less than the 6°C temperature rise potentially caused by the
exothermic corrosion, over 2 yr, of aluminum waste should sufficient brine be present in the repository (Bennett et al., 1996).
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of ~700 K28, then the steady-state power is ~40 kW
(~1020 fissions/day) (Carslaw and Jaeger, 1959, p. 248):

(11)

where

Qa = power at source
r = radial distance to ambient temperature

(10 m)
a = diameter of critical sphere (0.75 m)
ΔT = change in temperature from surface of

0.75-m-diameter sphere to ambient tem-
perature (700 - 300 K)

α = thermal diffusivity = K/ρCp
K = thermal conductivity (5.4 W/m • K) for

salt at 300 K (Sweet and McCreight,
1980) and 4.3 W/(m • K) for dolomite/
water = 0.16(0.68) + 0.84(5.0) at 300 K
(Sabins, 1978, Table 5.2)

ρ = density
Cp = specific heat capacitance
t = time (104 yr)

The estimate of 40 kW for a 0.75-m-diameter
sphere (compaction of room from 84.8% porosity
to 16% porosity [Figure 19]) or 23 kW/m2 is 2.5 orders
of magnitude greater than the estimated power density
of ~0.1 kW/m2 at Oklo (Cowan and Norris, 1978) and
thus likely very conservative.  This conservative esti-
mate of heat power is much less than the 538 kW that
results in a 1.6°C rise in temperature at the center of the
repository and thus of no consequence.

6.3.3 Criticality Heat in Culebra

The maximum amount of plutonium carried to the
Culebra in the 1996 performance assessment is 110 kg
(Figure 22).  The volume occupied by 110 kg of pluto-
nium at a concentration of 3 kg/m 3 is ~37 m3. As noted
above, the amount of heat generated at Oklo has been
estimated as 0.1 kW/m3 in the natural reactors (Cowan
and Norris, 1978).  Consequently, the power produced

by a similar critical assembly in the Culebra would
amount to only 3.6 kW.

6.4 Potential Damage to Geologic 
Media

6.4.1 Disruption to Salt

In 1961, the AEC detonated a 3.1-kiloton nuclear
explosive 361 m below the surface in the Salado near
Carlsbad, New Mexico (Rawson et al., 1965) (for refer-
ence, the WIPP is located at 655 m).  An approximately
hemispherical cavity of 22.6-m radius was created and
increased the permeability in the salt about 100 m above
the cavity.  The explosion disrupted a tunnel plug such
that gaseous fission products and steam vented to the
atmosphere by means of the open shaft.  (Most solid fis-
sion products were trapped within 38 m of the detona-
tion in the melted salt.)  Such damage from criticality is
not likely at the WIPP, because of the nearly zero proba-
bility of a nuclear explosion being produced.  The aver-
age fissile material enrichment of WIPP TRU waste is
only 14%, far below the theoretical minimum of 35%
enrichment required for an explosion29 (Murray, 1957,
p. 182).

By analogy to criticality accidents, the potential
damage to the salt from a fast assembly of fissile mate-
rial is negligible.  Specifically, the maximum energy
release from prompt neutrons for accidents is £1020 fis-
sions (either moderated accidents from fissile solutions
[Table 8] or unmoderated accidents with fissile metal
[Table 9]).  This small amount of rapidly produced
energy release per event would be unlikely to cause any
significant damage to the immediate rock situated 655 m
(2100 ft) below the surface at the repository horizon.  In
rock of any type, the potential void created would have a
small radius.  The true radius of a potential spherical
void (or camouflet) formed beneath the surface (the
apparent void plus the debris) from an explosion is
roughly (Baker et al., 1980)

RT = 1.1053 (w)0.252 d0.135 (12)

where RT is the radius (ft), d is depth below surface (ft),
andw is weight of explosive (lbs).  The explosive weight
rather than the energy from the explosive is used in the

28 This temperature is similar to the temperature for fluids circulating through the Oklo natural reactors based on the study of
fluid inclusions showing temperatures between 650 to 695 K.  This assumption is also supported by the Lu and Gd isotope
analysis showing temperatures between 525 and 725 K, and by the mineral composition of clays, which indicates tempera-
tures between 575 to 625 K (Gauthier-Lafaye et al., 1989; Oversby, 1996).

ΔT = Ta − Tr ~ Qa
4πK

1

a
− 1

r
erfc

r − a

4αt( )1 / 2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Qa ~ 4πKΔT
ar

r − a
⎛ 
⎝ ⎜ ⎞ 

⎠ ⎟ ~ 40 kW

29 At enrichments below 35%, resonance band broadening (i.e., Doppler effects) from the heating of material provides negative
feedback to the system and automatically prevents an explosion.
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Table 8.  Criticality Accidents in Processing Plants

Date Plant
Total

Fissions
Prompt
Fissions

Doses
(Rads) Cause

3/15/53a Mayak Enterprises, 
the Urals

2.5 × 1017 N/A 100 and 1000 Radioactive solution leaked from 
vessel during transfer within con-
crete cell

4/21/57a Mayak Enterprises, 
the Urals

2 × 1017 N/A One fatal, five 
debilitating

Uranium solution leaked from cham-
ber

1/2/58a Mayak Enterprises, 
the Urals

2.3 × 1017 N/A Four fatal, one 
debilitating

HEUs ejected from holding tank

6/16/58b Y-12, TN 1.3 × 1018 7 × 1016 365, 339, 327, 270, 
236, 69, 69, and 23

235U solution washed into drum

12/30/58b LANL, NM 1.5 × 1017 1.5 × 1017 4400 (fatal), 135,
and 3

Plutonium concentrated in solvent 
layer

10/16/59b ICPP, ID 4 × 1017 1017 50 and 32 
(primarily beta)

235U solution siphoned into tank

12/5/60a Mayak Enterprises, 
the Urals

1019 N/A 5 Plutonium concentration too high in 
solution

1/25/61b ICPP, ID 6 × 1017 6 × 1017 None 235U solution forced into cylinder by 
air

8/14/61a Siberian Chemical 
Combine

5 × 1015,
1017

N/A 200 Increase in temperature and equip-
ment malfunction

4/7/62b Hanford
Recuplex, WA

8.2 × 1017 1016 87, 33, and 16 Plutonium solution in sump sucked 
into tank

9/7/62a Mayak Enterprises, 
the Urals

2 × 1017 N/A Insignificant Plutonium left undissolved

1/30/63a Siberian Chemical 
Combine

7.9 × 1017 N/A Four 6 to 17 HEU solution was divided and trans-
ferred to different vessels

12/13/63a Siberian Chemical 
Combine

2.7 × 1017 N/A Insignificant Vacuum valve to the trap was shut 
off

7/24/64b Wood River
Junction

1.3 × 1017 1017 10,000 (fatal), 
Two 60 to 100

235U solution poured into tank

11/13/65a Electrostal Fuel 
Fabrication Plant

1015 N/A 3.5 Power accumulation in water reser-
voir

12/16/65a Mayak Enterprises, 
the Urals

7 × 1017 N/A £  0.03 Uranium mass exceeded safety Mar-
gin

12/10/68a Mayak Enterprises, 
the Urals

5 × 1017 N/A One fatal, one 
debilitating

Plutonium concentration too high

8/24/70b Windscale, UK 1015 1015 Negligible Plutonium concentrated in trapped 
solution

10/17/78b ICPP, ID 3 × 1018 Unknown None 235U buildup due to diluted scrub 
solution

12/13/78a Siberian Chemical 
Combine

3 × 1018 N/A One 250 to 200, 
Seven 5 to 60

Plutonium mass in containers too 
high

a Taken from Frolov et al. (1995).
b Taken from Knief (1985, Chapter 3, pp. 17-28), original reference, Paxton (1983).  (Data values shown here agree with those in Stratton and

Smith, 1989.)
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empirical expression because the exponent is so small
(~1/4); the type of rock is not used for rough estimates
because it has a secondary effect.  At most, potential
voids (camouflets) of <1.3 m radius would occur in the
salt (Rechard et al., 1996b; 1997), assuming the average
accident energy release of 1018 fissions  (~4.5 kg TNT
[10 lbs])30.

The validity of the use of criticality accidents as an
analogy for energy release from a criticality in or near a
geologic repository was checked through two types of
calculations.  First, a BetheTait analysis of an unmoder-
ated accident suggests a bound of 6 × 1017 fissions or
18.7 MJ (Rechard et al., 1996b; 1997), which is approx-
imately equal to the maximum number of fissions seen
in accidents in processing plants and laboratories
throughout the world.  Second, a detailed nuclear
dynamics analysis of a criticality in geologic media
shows that the energy releases from a nuclear criticality
are minimized because the reaction is quickly stopped
by near instantaneous negative feedback (Sanchez et al.,
1998, Figures 4.3-1 and 4.3-2; Rechard, ed., 1995,
p. 10-41) (Figure 29).  The feedback is from the simple

heating of the fissile mass, which changes the resonance
band (i.e., Doppler effects) of the system; the negative
feedback is not dependent upon the slower, thermally
driven changes of the overall assembly, such as evapora-
tion of a water moderator.  The maximum number of
integrated fissions (E) varied between 1016 and
5.6 × 1019 during any one critical event and lasted
between 3.6 × 103 and 3.6 × 105 s (Sanchez et al., 1998,
p. 4-15).  The maximum number could be expressed by
the empirical equation (Sanchez et al., 1998, Figure
4.4-5):

E = 2.73 × 1017 ε1.003 (13)

where

ε = δom/|αT|
δo = initial reactivity
δ = (Δk)/k = (keff-1)/keff = reactivity (ratio of

excess multiplication factor to multipli-
cation factor)

m = fissile mass (kg)
αT = feedback coefficient (k-1)

30 The release of kinetic energy from rapid thermal heating would be slower than in a chemical explosion, and so the conversion
to TNT represents an upper bound.

Table 9. Criticality Accidents Involving Moderated Metal and Oxide Systems (after Stratton and Smith,
1989)

Date Plant
Total

Fissions
Prompt
Fissions

Doses
(Rads) Cause

6/06/45 Los Alamos 4 × 1016 3 × 1015 66, 66, and 7.4 Water leaked into assembly

1950 Chalk River Unknown NA NA Excess moderator added

6/02/52 Argonne National 
Lab

1.22 × 1017 NA 136, 127, 60, and 9 Control removed, water not 
removed

12/12/52 Chalk River 1.2 × 1020 NA low Positive void coefficient

7/22/54 Idaho National Lab 4.68 × 1018 NA NA Planned transient extended

10/15/58 Vinca,
Yugoslavia

2.6 × 1018 NA 205, 320, 410, 415, 
422, and 433

Faulty power monitoring

3/15/60 Saclay, France 3 × 1018 NA NA Removal of absorber rod

1/03/61 Idaho National Lab 4.4 × 1018 NA 3 fatalities Removal of control rod

11/05/62 Idaho National Lab 1 × 1018 NA NA Planned transient exceeded

12/30/65 Mol, Belgium 4.3 × 1017 NA NA Mis-operation plus not 
draining tank

9/23/83 Buenos Aires, 
Argentina

4 × 1017 NA low Failure to drain tank
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6.4.2 Disruption to Dolomite

If the average fissile content in the repository is less
than 14%, then in order for the percentage to approach
the theoretical minimum of 35% required for an explo-
sion, as discussed in the previous section, the fissile con-
tent must more than double between the repository and
its entry into the Culebra dolomite.  Consequently, a
nuclear explosion is not feasible in the Culebra either.
Furthermore, the potential damage to the dolomite from
a sudden assembly of fissile material is minor.  As noted
above, the maximum energy release from prompt neu-
trons for aqueous accidents, as calculated by BetheTait
analysis, is 6 × 1017 fissions or 18.7 MJ (Rechard et al.,
1996b).  Again, this small amount of rapidly produced
energy release per event would be unlikely to cause any
significant damage to the dolomite 300 m below the sur-
face in the Culebra.  For 4.5-kg TNT, the potential void
radius is only slightly larger (1.4 m [4.8 ft]) at the shal-
lower depth.

Figure 29. Typical result of nuclear excursion using
point reactor kinetics model (after Sanchez et al., 1998,
Figures 4.3-1 and 4.3-2).
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7.  Summary and Conclusions

Based on this evaluation of both probability and
consequences of criticality, a critical event (or processes
leading up to criticality) was omitted from direct consid-
eration in the 1996 performance assessment.  The argu-
ments concerning criticality have been organized
according to the two main aspects of risk (probability
and consequences).  Probability has been further catego-
rized by its components, based on pertinent phenomena
as follows:

Risk{C} = P{C} • C{C}

where

   P{C} = (P{C | p ∩ h ∩ c} • P{p} • P{h}• P{c})

These components were then grouped with regard
to disposal system location, i.e., within the repository
and in the far field.  This simple approach is useful pri-
marily because the scientific disciplines necessary to
examine the criticality issue are easily distinguished.
Note, however, that the distinction between physical,
hydrologic, and geochemical constraints is somewhat
arbitrary.  For example, once the geochemical mecha-
nism is understood, the process can be explained by
microscopic physical limits.  Thus, the division here is
on a macroscopic scale.

7.1 Use of Critical Concentration 
of Plutonium in Evaluating 
Probabilities

In this report, constraints on the physical and
geochemical conditions were evaluated by examining
fissile limits on criticality based on static neutronic cal-
culations.  Both critical mass limits of fissile material
and the critical concentration limits of plutonium or ura-
nium for various mixtures of geologic material, fissile
material, and fluid were calculated.  These limits were
then compared to solid concentrations possible through
natural phenomena such as dissolution, adsorption, and
precipitation.  Using critical concentration is an advan-
tage because the critical concentration (1) is more
clearly dependent on geochemical processes than the
absolute mass of fissile material and (2) is less sensitive
to variations in geologic properties than critical mass.

The criticality limits for a mixture of PuO 2, Culebra
dolomite with porosity of 16%, and Culebra brine is a
minimum mass of 2.2 kg and minimum concentration of

3 kg/m3 (Figure 16).  For Castile or Salado brine, the
limits increase to 7 kg mass and 10 kg/m3 concentration.
For PuO2, Salado salt with a porosity of 1.3%, and Sal-
ado brine, the minimum mass is 700 kg and minimum
concentration is 55 kg/m3.  For most arguments, the
3 kg/m3 concentration limit is used, as a conservative
value.

7.2 Probabilities of Criticality

In all cases that were examined, either a physical,
geochemical, or hydrologic constraint exists to reduce
the chance of criticality at the WIPP to a vanishingly
small probability.  Physical constraints include original
distribution of fissile material, mass of fissile material
transported, and physical processes such as compaction;
hydrologic constraints refer to zone of mixing; and
geochemical constraints refer to processes such as
adsorption and precipitation.

7.2.1 Physical Constraints

On a macroscopic scale, the fissile mass at the
WIPP is emplaced fairly uniformly (Figure 8) at a con-
centration far below critical.  In addition, the compac-
tion of the repository through salt creep is not sufficient
to reach the minimum critical concentration of 3 kg/m3

(compaction from an initial waste room porosity of 84%
to a final porosity of 10% corresponds to a concentration
of 0.3 kg/m3) (Table 10).

7.2.2 Hydrologic Constraints

Prior to intrusion, a hydrologic constraint exists in
that the resaturation of the WIPP repository is not suffi-
cient to move and assemble enough fissile material for
criticality.

After intrusion, two hydrologic constraints exist in
the Culebra.  First, the dispersion that normally occurs
while contaminants move through the Culebra aquifer
suggests that the small amount of material brought to
the aquifer can reach a critical concentration only near
the intrusion borehole.  (The fact that the amount of
material in the aquifer is small is the result of actinide
solubility, as described below.)  Second, the zone of
mixing fluid from the intrusion borehole and the Cule-
bra is such that at a minimum 1000 kg must reach the
Culebra to provide conditions for criticality.



49

Table 10. Summary of Geophysical Arguments Supporting Low Probability of Criticality from Plutonium at
WIPP

Scenario
Geophysical Mechanism
Location

Argument

No Intrusion (So)
Compaction
Repository

Dissolution

Concentration mechanisms

Physical constraint:  Compacted porosity (0 = 0.10 ⇒ 0.3 kg/m3)
gives solid concentration (0.3 kg/m3) much less than critical concen-
tration (3 kg/m3)

Geochemical constraint:  Required concentration (3 kg/m3 ≅ 12 mM) 
much greater than fissile solubility

Without intrusion, no long-term gradient for brine movement whereby 
fissile material can be moved and then concentrated.

Intrusion (Si)
Adsorption
Repository

Culebra

Geochemical constraint:  Adsorptive material such as rust well distrib-
uted through repository and any adsorption not exclusive to fissile 
material

Geochemical constraint:  Cannot occur throughout, must occur at 
borehole since insufficient material reaches Culebra in 104 yr because 
of solubility limit

Physical constraint:  Not enough PuIII reaches Culebra in 104 yr.

Precipitation
Repository

(Redox, ionic strength, 
and pH variation)

Culebra
(Redox, ionic strength, 
and pH variation)

Geochemical constraint:  Iron, brine, and MgO, which control brine 
chemistry, well distributed throughout repository

Physical constraint:  Questionable in locations with discrete fractures 
since deposition thickness must exceed 0.45 m; also, for advective 
fracture porosities of 0.001, 44% of all minerals deposited must be 
PuO2

Hydrologic constraints:  Zone of mixing too large, need >1100 kg 
which requires ~105 yr at high flow rate (> 104 yr) to get 3 kg/m3 solid 
concentration

Geochemical constraint:  (a) Fissile material already reduced, thus tra-
ditional mechanism not applicable, (b) no strong oxidant known in Cul-
ebra (O2 from surface unlikely through sand-filled borehole), and 
(c) precipitation with other materials fills pores and reduces porosity 
available for water and fissile material

Colloidal Filtering
Repository

Culebra

Geochemical constraint:  (a) Fissile concentration on colloidals con-
trolled by thermodynamics, (b) distribution of colloidal substrates uni-
formly distributed throughout repository, and (c) no bioaccumulation 
by microbes

Geochemical constraint:  Not enough PuIII reaches Culebra in 
10,000 yr, filterable colloids only 7% of PuIV, and thus insufficient fis-
sile mass
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7.2.3 Geochemical Constraints

Solubility of the fissile material is insufficient to
cause criticality.  The low solubility also implies that
vast amounts of brine are required to transport a suffi-
cient quantity of fissile material to cause criticality.  In
the simulation for the 1996 performance assessment of
the WIPP, only one case out of 100 showed enough
material reaching the Culebra that exceeded the mini-
mum fissile mass, and even then, the fissile material
must be concentrated.  The uniform distribution, on a
macroscopic scale, of material in the WIPP repository
implies that fissile material is not present in sufficient
amounts in any one location to reach critical concentra-
tions through adsorption on, for example, rust from cor-
rosion of steel drums.  Furthermore, the uniform
distribution of material such as organics and rust means
that the brine chemistry is also fairly uniform such that
changes in pH, ionic strength, or reduction-oxidation
potential do not vary, on a macroscopic scale, and thus
cannot promote preferential precipitation or colloidal
filtering at only one or a few locations.  Rather, these
changes in geochemical conditions, if they do occur,
would occur throughout the repository.

Several geochemical constraints exist to prevent
criticality within the disposal system at the WIPP
(though outside the repository itself).  First, adsorption
on dolomite or any other material must exceed the
adsorptive capacity of synthetically prepared goethite
(~17 sites/nm2) in order to provide sufficient adsorptive
capacity for plutonium and similar actinides such as tho-
rium and uranium.  This adsorptive capacity for a natu-
ral material is unlikely.  Second, the fissile material will
be highly reduced within the repository.  Hence, the tra-
ditional mechanism of forming uranium ore bodies
through precipitation by reduction of the more soluble
high-oxidation-state actinides cannot occur.  Precipita-
tion mechanisms such as oxidation of Pu III to Pu IV and
direct or coprecipitation of PuIV with Fe III would be
gradual and diffuse over an area too large to cause criti-
cality.  However, neither a strong reductant nor oxidant
in a localized area has been discovered within the Cule-
bra; thus, a sudden change in the reduction-oxidation
potential is unlikely.  Precipitation through changes in
ionic strength or pH could be brought about by a
Castile- or Salado-dominated brine mixing with the Cul-
ebra brine.  However, as discussed in the previous sec-
tion, the zone of mixing requires at least an order of
magnitude more plutonium than is calculated to reach
the Culebra over 10,000 yr.  Furthermore, the transport-

ing fluid (Salado or Castile brine) has many dissolved
solids and would contain other actinides; thus several
constituents other than fissile material will also be
deposited since a method to fractionalize the fissile
material is not evident.

In addition, the minimum solubility of fissile mate-
rial was evaluated based on requirements given the
rough natural inefficiencies observed for the natural
reactors at Oklo.  For sufficient material to move to the
Culebra in 10,000 yr, solubilities in excess of those
anticipated for uranium, and all but a small portion of
the tail of the distribution for plutonium, are required.
Specifically, the required plutonium solubility, assuming
a similar efficiency of nature at the WIPP that occurred
at Oklo, is quite high (i.e., 0.2 mM in the Culebra).

7.3 Consequences of Criticality

For criticality to be detrimental to a deep geologic
repository, criticality must either (1) generate significant
amounts of fission products above those already present
or being released from the repository or (2) degrade the
ability of the disposal system to contain nuclear waste.
Neither occurs should criticality be present in the WIPP
disposal system.  Criticality involving the most abun-
dant fissile material, 239Pu, decreases the health hazards
after 110 yr, based on the Containment Requirements
criterion of EPA’s standard, 40 CFR 191.  Although the
effects of criticality for 235U do not immediately reduce
health hazards, neither are they significantly increased.
The maximum number of fissions possible from ura-
nium disposed of at the WIPP, and thus fission products,
is ~1027 fissions.  This value is less than one-half of that
represented by one large container of spent nuclear fuel
and is less than one-half order of magnitude greater than
the small amount of fission products already present in
the repository.  Because of the small number of fissions
possible, the heat power from the fissions themselves is
not greater than the heat power already present.  Fur-
thermore, the amount of heat power generated by decay
of fission products from both plutonium and uranium
fissions is also less (by an order of magnitude) than the
heat power initially present in the repository.  Finally,
the physical damage to the salt or dolomite is negligible,
because the heat generation rates are so low.  Even if the
average power released in a day were to be converted to
an equivalent explosive release, the damage to geologic
media would not be significant.
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