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Resolution of the Long-Term Performance Issues at the
Waste Isolation Pilot Plant

Matthew K. Silva,1 Dale F. Rucker,1 and Lokesh Chaturvedi1

The Waste Isolation Pilot Plant (WIPP) is a geological repository for disposal of U.S. defense
transuranic radioactive waste. Built and operated by the U.S. Department of Energy (DOE),
it is located in the Permian age salt beds in southeastern New Mexico at a depth of 655 m.
Performance assessment for the repository’s compliance with the 10,000-year containment
standards was completed in 1996 and the U.S. Environmental Protection Agency (EPA)
certified in 1998 that the repository meets compliance with the EPA standards 40 CFR
191 and 40 CFR 194. The Environmental Evaluation Group (EEG) review of the DOE’s
application for certification identified a number of issues. These related to the scenarios,
conceptual models, and values of the input parameters used in the calculations. It is expected
that these issues will be addressed and resolved during the first 5-year recertification process
that began with the first receipt of waste at WIPP on March 26, 1999, and scheduled to be
completed in March 2004.
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1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is a geo-
logical repository built by the U.S. Department of
Energy (DOE) for the disposal of defense transuranic
(TRU) waste in bedded salt, at a depth of 655 m,
about 40 km east of Carlsbad, New Mexico. The DOE
submitted its compliance certification application
(CCA)(1) to the U.S. Environmental Protection
Agency (EPA) on October 29, 1996. EPA certified
that the facility met the EPA Standards(2) and Crite-
ria(3) for the disposal of TRU waste on May 18, 1998.(4)

The waste bound for WIPP contains chemically haz-
ardous materials regulated by the Resource Conser-
vation and Recovery Act (RCRA) in addition to the
radioactive components. A RCRA permit from the
New Mexico Environment Department (NMED) is
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therefore required for WIPP in addition to certifica-
tion by the EPA. The NMED is expected to announce
its decision on the RCRA permit in October 1999.
The WIPP began receiving nonmixed TRU waste on
March 26, 1999.

The EPA certification required the DOE to pro-
vide a performance assessment (PA) of the reposi-
tory. Performance assessment is defined in the Stan-
dards(2) as an analysis that:

1. Identifies the processes and events that might
affect the disposal system.

2. Examines the effects of these processes and
events on the performance of the disposal
system.

3. Estimates the cumulative releases of radionu-
clides, considering the associated uncertain-
ties, caused by all significant processes and
events.

The EPA disposal standards contain four re-
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quirements: the containment requirements, assur-
ance requirements, individual protection require-
ments, and groundwater protection requirements.
Performance assessment is used to determine compli-
ance with each of these except for the assurance re-
quirements. The assurance requirements were in-
tended to compensate for the inherent uncertainty
in a 10,000-year projection of events.

The performance assessment requires the (1) de-
velopment of potential scenarios for release of radio-
nuclides to the environment, (2) screening of all fea-
tures, events, and processes, and the combination of
features, events, and processes that may affect the
disposal system, (3) identification and selection of the
most appropriate conceptual models, (4) selection
or development of appropriate computer codes, (5)
determination of the input parameters for the analy-
ses, and (6) calculation of the cumulative release in
the form of complementary cumulative distribution
functions.

The DOE has analyzed the probabilities and
quantities of radionuclide releases to the environ-
ment for the undisturbed repository and the reposi-
tory inadvertently disrupted by drilling. The outcome
of the performance assessment is controlled by the
conceptual models and the values for the input pa-
rameters used. These include gas pressurization, me-
chanics of human intrusion, characteristics of the
waste including actinide solubility, mechanics of rock
fracturing, and retardation processes in actinide
transport through the overlying aquifer. The numeri-
cal values of the parameters are ideally determined
by scientific investigations in the laboratory and/or
the field.

Various iterations of the WIPP performance as-
sessment were published from 1990 to 1992.(5–7) The
1996 PA may thus be viewed as an iteration in this
ongoing process. Recertification for compliance is
required at least every 5 years after first receipt of
waste. The first recertification is due in March 2004.
In addition to the 5-year recertification cycle, the
DOE must submit periodic reports on any activities
or conditions at the WIPP that differ significantly
from the information contained in the most recent
compliance application. The EPA may also, at any
time, request additional information to determine
whether the certification must be modified, sus-
pended, or revoked. Hence, the EPA certification
requires continued scientific investigation and techni-
cal review.

The Environmental Evaluation Group has re-
viewed(8) the scientific effort leading to certification.

This paper summarizes the major technical issues
identified by the certification process, the status of
each issue, and a course of action for resolution as
part of the recertification. Limited computations to
examine the impact of these issues were published
by EEG in 1998.(9)

2. THE ENVIRONMENTAL
EVALUATION GROUP

The Environmental Evaluation Group (EEG)
was created in 1978 to provide a full-time indepen-
dent technical review of the WIPP to ensure protec-
tion of the public health, safety and the environment
of New Mexico. The impact of EEG on previous PA
efforts can be seen in the following areas:

1. Continuation(10) of performance assessment
work after the disposal standards were va-
cated by the court in 1987, thus not losing
time when the standards were repromulgated
in 1993.

2. The DOE decision to abandon the in situ
experiments with TRU waste at WIPP and
redirect its efforts toward completing the per-
formance assessment calculations and ob-
taining EPA certification.(11)

3. DOE’s experimental programs to obtain data
for parameters such as actinide solubility
and retardation.

4. EPA’s Criteria and Guidance for the
WIPP.(12,13)

5. DOE’s PA analyses.(14,15)

6. Testing the sensitivity of the PA models to
various parameters including the borehole in-
trusion rate, actinide solubility, chemical re-
tardation, the presence of a brine reservoir,
and subsidence due to mining.(9)

3. GEOHYDROLOGICAL SETTING OF WIPP

The WIPP repository is located in the northern
part of the Delaware Basin that is well known for
its thick sequence of Permian age evaporites and
economic deposits of potash and hydrocarbons (oil
and gas). Figure 1 shows a geologic cross section at
the center of the WIPP site. The repository is located
at a depth of 653 m in the lower part of the approxi-
mately 610-m-thick Salado Formation, consisting of
bedded salt (halite) and interbeds of anhydrite and
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Fig. 1. Gereralized stratigraphy at the WIPP site.

clay. The upper part of the Salado Formation con-
tains a 122-m-thick zone rich in potash minerals
known as the McNutt Potash Member. The bottom
of this zone is approximately 122 m above the WIPP
repository. A 95-m-thick Rustler Formation overlies
the Salado and it contains two 8.6-m-thick fractured
dolomite water-bearing zones, the Magenta and the
Culebra. The more permeable Culebra is considered
to be a potential pathway for migration of radionu-
clides to the biosphere in case of a breach of the
repository. The Culebra aquifer is about 435 m above
the repository.

The Castile Formation underlies the Salado and
its upper unit consists of varved alternating layers of
anhydrite and calcite. At least 27 boreholes within
16 km of the WIPP site have encountered pressurized
brine in this unit, about 244 m below the repository
level (Fig. 2).

The 6.4 km 3 6.4 km WIPP site is situated in a

region rich in potash, oil, and gas. There were 163
producing oil and gas wells in a 3.2-km zone sur-
rounding the WIPP site at the end of 1998 (Fig. 3).
The nearest production of potash is currently about 2
km from the southwestern corner of the site, although
potash leases are held immediately surrounding the
WIPP site. Drilling for oil and gas through the potash
reserves is restricted until potash mining is com-
pleted.

4. ISSUES TO BE RESOLVED

The geohydrologic conceptual models for WIPP
and the issues associated with them have been de-
scribed by Chaturvedi and Anderson.(16) Many con-
ceptual models are presented in the CCA.(1) The EEG
raised issues with a number conceptual models during
the WIPP certification process. Similarly, several is-
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sues relate to the values of the input parameters used
in the CCA. The EEG looks forward to resolution
of these issues during the recertification process.

4.1. Conceptual Model of the Castile Pressurized
Brine Reservoir

Within a few miles of the WIPP site there are
at least 27 reported encounters of pressurized brine
in the upper anhydrite layer of the Castile Formation
(Fig. 2). Two of these encounters (ERDA-6 and
WIPP-12) were in the WIPP project boreholes and
the rest have been reported by oil and gas drilling
companies. When borehole WIPP-12, located within
the WIPP site, hit brine at a depth of 920 m, brine
started flowing out of the well at a rate of 22 liters/
sec and more than 8 million liters of brine were un-
avoidably produced during drilling, logging, and be-
tween testing.(17) Based on an extensive series of flow
tests, the brine reservoirs penetrated by the WIPP-
12 and ERDA-6 boreholes were estimated to contain
2.7 billion and 100 million liters of brine, respectively.
The different pressure potentials and geochemical
data from the two encounters suggested a lack of
communication between the ERDA-6 and WIPP-12
brine reservoirs. There was no consensus on the ori-
gin and the age of the brine reservoirs.

Fig. 2. Boreholes reported to have encountered pressurized brine in the upper
Castile Formation in the vicinity of WIPP.

The originally planned configuration of the
WIPP repository and the WIPP experimental areas
would have brought the waste within 140 m south
of the WIPP-12 borehole. The EEG recommended
moving the repository in 1982 and the DOE rotated
the repository configuration to relocate the nonwaste
experimental area to the north and the repository
itself 2 km south of WIPP-12. In 1983, EEG proposed
geophysical investigations to delineate the extent of
pressurized brine in the Castile Formation underlying
the WIPP site and particularly under the new location
of the repository. Time-domain electromagnetic
(TDEM) geophysical survey was conducted by the
DOE above the WIPP repository in 1987, and the
results gave a clear indication of the presence of brine
under the WIPP repository.(18)

There are two areas of clustered brine encoun-
ters, northeast and east of the WIPP site (Fig. 2).
The DOE used geostatistical modeling to ascertain
the probability of pressurized brine directly below
the repository. A correlation length of clustered brine
encounters represents the average size of a brine
reservoir in the Delaware Basin. Brine encounters
are defined by reports of intersection of pressurized
brine filed by the drillers to the State of New Mexico.
All wells without a report of pressurized brine were
considered to not have intercepted brine. The data
on brine encounters during commercial drilling for
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Fig. 3. Current interest in potash, oil, and gas resources surrounding the WIPP.

oil and gas contain no information on testing for
the size of the brine reservoir. The DOE used the
estimate of correlation length to determine the prob-
ability of the WIPP-12 brine reservoir extending be-
low the repository to be 8%.

The best interpretation of the pore volume of the
WIPP-12 brine reservoir is 2,700,000 m3.(17) Assuming
the maximum thickness of 24 m(19) for the anhydrite
layer containing the brine, a porosity of 0.008 (mean
value in the CCA), and a pore compressibility of
10210 Pa21, the radius of a circle representing the foot-
print of a cylinder of brine reservoir is 2 km (Fig. 4).
Constrained by several boreholes in which brine was

not encountered , such a circle easily envelopes the
entire repository.

Given the magnitude of the brine reservoir en-
countered by WIPP-12 and the results of the TDEM
survey,(18) it appears logical to assume that the reser-
voir intercepted by WIPP-12 extends under the WIPP
repository. The 8% probability of a future borehole
at the WIPP repository encountering brine in the
Castile Formation, assumed in the CCA,(1) therefore
remains unjustified.

The CCA proposed a brine encounter of 8%
based on the argument that the brine resides in sub-
vertical fractures that have an 8% probability of en-
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Fig. 4. Potential extent of WIPP-12 brine reservoir using WIPP-
12 pressure recovery data, rock compressibility of 1 3 10210 Pa21,
and reservoir thickness of 24 m.

counter by a vertical drill hole. The EEG recom-
mended a 100% probability on the basis that the
WIPP-12 brine reservoir was large enough to extend
underneath the repository, a conclusion also con-
firmed by geophysical testing directly above the re-
pository. The TDEM data may be interpreted to indi-
cate the brine to be under 60% of the repository.
The EPA agreed that 8% was not representative and
decided that the probability should be sampled from
a range of 1% to 60%. There is no technical basis
for the 1% value nor does it make sense to use the
probability of a probability. A fixed value of 60%
should be used in recertification calculations.

The CCA assumes a pore volume of the brine
reservoir underlying the repository to vary from
32,000 to 160,000 m3. The much lower volume is partly
based on the unjustified assumption that the parts of
the reservoir extending beyond the repository will
get depleted by multiple intrusions in the area outside
the repository. Thus, both the probability and the
volume of the potential brine reservoir underlying
the repository have been grossly underestimated in
the CCA.

The EPA Performance Assessment Validation
Test (PAVT) required the calculations to be repeated
assuming a brine volume of 17 million m3. The in-
creased volume had a noticeable effect on releases,
but compliance was still met. From this calculation,
the EPA suggested that the PAVT justified the origi-
nal CCA brine reservoir parameters as adequate for
use in PA. The calculation does not justify this conclu-
sion. There are many other parameter values and
conceptual and numerical models that may be
changed and these changes will affect the outcome
of future calculations. There is no rational basis for
finding an unjustified value to be acceptable unless
it is justified based on observations, experiments, or
widely known facts.

4.2. Radionuclide Transport Through the Culebra

Transport of radionuclides to the accessible en-
vironment through the Culebra dolomite aquifer
overlying the repository has been postulated to be
the major pathway for breach of the WIPP repository.
The EPA concluded that the very low contribution
to the total releases from this pathway, as calculated
in the CCA, was due to the assumed values for chemi-
cal retardation (Kd). In fact, the calculated low re-
leases from the groundwater pathway are due to a
number of assumptions made in the CCA. The
amount of radionuclides introduced in the Culebra
is low due to the assumptions of actinide solubility,
brine reservoir characteristics, and the intrusion
borehole characteristics. There are other factors in
calculating transport through the Culebra besides the
assumption of Kd values that result in low releases.
These factors are discussed below.

The National Academy of Sciences WIPP Com-
mittee (Chapter 6 and Appendix F of Ref. 20) raised
a number of issues regarding the conceptual model
and numerical model of transport through the Cule-
bra aquifer. These issues do not appear to have been
addressed by the EPA in the certification decision.
Neither the EPA’s ‘‘Technical Support Document
for 194.23: Ground Water Flow and Contaminant
Transport Modeling at WIPP’’ nor the ‘‘Compliance
Application Review Document (CARD) No. 23:
Models and Computer Codes’’ directly address these
issues. These issues are described in detail by EEG(9)

and are summarized below.



Resolution of Issues at the Waste Isolation Pilot Plant 1009

4.2.1. Heterogeneity and Model Discretization

Much recent hydrogeologic research has clari-
fied the importance of heterogeneity in controlling
solute transport. What constitutes an adequate scale
of definition of formation heterogeneity for a flow
model may be inadequate for solving the transport
equation in the same formation. Konikow(21) pre-
sented results of numerical experiments indicating
that the CCA consistently underpredicted the migra-
tion distance of a plume emanating from a human
intrusion borehole. In the CCA model of the Culebra,
it appears that errors arising from several sources
cause an artificial spreading of the calculated width
of the plume at the expense of its length. If the plume
spreads out laterally more than would actually occur,
for a given mass of contaminant released from a leaky
borehole, the wider plume will necessarily move
downgradient a shorter distance than the narrower
plume. The sources of these errors include numerical
dispersion and spatial truncation errors in the trans-
port code, poor resolution from using a grid that is
too coarse for the scale of the problem, and overesti-
mates of the size of the solute source area.

The solute-transport model used in the CCA is
based on a finite-difference grid having a minimum
spacing of 50 m. An alternative analyses was per-
formed using the MOC3D model(22) in which the
transmissivity variations are represented on a much
smaller scale, using a 2-m grid spacing rather than
the original 50-m grid spacing. This finer scale repre-
sentation of the heterogeneity and of the borehole
source area results in a much longer, but narrower,
plume that would have a significantly shorter travel
time to the regulatory boundary for equivalent con-
centration levels.

4.2.2. Heterogeneity of Other Transport Parameters
and Processes

The CCA model of the Culebra assumes that
most properties of the system, except the transmissiv-
ity, are homogeneous and uniform within each simu-
lation realization, but that these properties varied
from run to run. Field tests at WIPP, however, indi-
cate significant variability in many of these proper-
ties. For example, the effective porosity of the aquifer
varies by almost an order of magnitude, even over a
distance of only 50 m (the size of one cell of the
model grid). Porosity has a strong control on trans-
port velocities and times. Hence, the variability in

porosity induces variability in velocity, which means
that some parts of the plume may move faster than
the local average velocity. This effect cannot be cap-
tured by assuming that porosity is uniform in each
simulation. One would expect other properties, such
as Kd and fracture spacing, to similarly exhibit large
spatial variations. The PA procedure inherently as-
sumes that heterogeneity in these variables has no
significant impact on transport, or that its effects can
be adequately represented by varying uniform prop-
erties among all the realizations. Either way, the CCA
has not demonstrated that this is indeed the case and
that it is reasonable to ignore the spatial variability
in all of these critical parameters.

4.2.3. Sampling Procedures for Input Parameters

To generate the statistical distributions from
which the risks are calculated, many simulations of
hydrogeologic processes are performed to generate
an adequate sample size. The approach to varying
the values of the many parameters in the multiple
realizations can introduce errors into the final analy-
sis. In particular, if hydrogeologic variables that are
highly correlated are sampled independently and if
the correlations are ignored, then some of the realiza-
tions may be based on unreasonable or very unlikely
combinations of parameters. Such individual simula-
tions should not be incorporated into the final analy-
sis because they may skew the statistical results. For
example, the CCA separately sampled and indepen-
dently varied aquifer transmissivity, fracture spacing,
and porosity. Yet there is good reason to suspect that
these variables are interrelated. The concern is that
the net effect of independently sampling correlated
parameters could yield a biased risk assessment, as
described in more detail in Ref 8.

4.2.4. Consistency Between Performance Assessment
(PA) Models

The PA procedure uses one model to calculate
the fluid and solute flux up and out of a human intru-
sion (HI) borehole. This outflow flux should then be
equal to the input flux (source term) in the Culebra
model that is used to calculate transport distances
and times. However, the source term in the Culebra
flow model is apparently not represented as a speci-
fied fluid flux, so it is unclear that the flux out of the
borehole is equal to the flux into the Culebra for
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each set of realizations (or even for the mean of all
realizations). The PA models should compute mass
balances and budgets, to demonstrate that the two
boundary conditions are indeed equivalent. Specifi-
cally, the total mass of fluid and solute that the bore-
hole model computes to enter the Culebra over
10,000 years should equal the total mass of fluid and
solute that is added to the Culebra over 10,000 years
in the Culebra model. It appears possible that repre-
senting the HI borehole solute flux as an initial condi-
tion in the transport equation without an accompa-
nying fluid flux could lead to a consistent
underestimate of the solute spreading away from the
finite-difference cell where the HI borehole is as-
sumed to be located.

4.2.5. Other Concerns About the Culebra
Parameters and Processes

The NAS WIPP Committee report (Chapter 6
and Appendix F of Ref. 20) included a number of
criticisms of the conceptual models and numerical
models of the Culebra, many of which remain unre-
solved. The most critical issues relate to the use of
homogeneous and uniform Kd values in each realiza-
tion, and whether the very simple retardation factor
concept adequately represents all of the complex re-
action chemistry. This has certainly not been ade-
quately demonstrated at the field scale. A related
important issue is the accuracy of the definition of
matrix diffusion processes and parameters. Another
concern is the reliability of the regional transmissivity
estimates for the Culebra, which were determined
using inverse methods that assumed a nonleaky two-
dimensional aquifer. Three-dimensional analyses by
Sandia(23) clearly indicated that there is significant
leakage into the Culebra. A Climate Index has been
used as a multiplication factor in the CCA to enhance
the magnitude of flow of the Culebra flow field to
compensate for the lack of consideration of the addi-
tional flux through the system. However, we have
not seen any rigorous analysis and documentation of
the consequences of such errors, or the sufficiency
of corrections applied.

4.2.6. Current Efforts to Resolve the Culebra
Transport Issues

Many of the shortcomings listed above arise
from the fact that the models developed for the flow

and transport of radionuclides through the Culebra
are computationally expensive to perform, i.e., have
very long run times. Adding complexity from the
suggested comments would only further increase
these run times. To help combat the strain of addi-
tional development on transport calculations, a new
1D, semianalytical approach was taken on the latest
round of sensitivity analyses.(23) The calculations used
a particle tracking code to map out a series of curvilin-
ear paths from the steady-state flow velocities, on
which a 1D analytical transport calculation was per-
formed. The calculations experienced decreased run
times, with comparable results to the CCA. The re-
sults open the door for increased complexity and
more realistic model assumptions.

In addition to the increased modeling effort, ex-
tensive laboratory and field investigations are being
conducted to understand the diffusive nature of
transport in the fractured media. Field tracer experi-
ments suggest that breakthrough curves are best rep-
licated with a dual-porosity, multi-rate diffusion
model.

4.3. Chemical Retardation

The values for sorption coefficient Kd used in the
PA impact the postulated releases of radionuclides
through the Culebra pathway. Independent checks
of the CCA calculations by the EPA and the EEG
show that only a 3 ml/g value for Kd is sufficient for
showing compliance with the containment require-
ment of the EPA standards (40 CFR 191.13). This
conclusion relies on keeping all the other parameters
and assumptions in the CCA unchanged. It is difficult
to accept a particular value or a range of values for
any of the input parameters on the basis of partial
sensitivity analyses. To have confidence in the calcu-
lations, the values of all input parameters should be
independently verifiable to be robust and based on
valid experimental data. The EEG recommended(8)

resolution of the following issues to justify properly
the Kd values.

4.3.1. Limitations of Laboratory Data

The EEG has accepted the validity of using the
laboratory-determined Kd values to get an estimate
of the values to be used for modeling contaminant
transport in the field because groundwater diffusion
into the rock matrix will provide opportunities for
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chemical retardation to occur. This does not mean,
however, that a one-to-one correspondence may be
assumed between the laboratory and field values. The
Kd range determined from batch tests applies only
to the matrix porosity, and not to retardation in the
fracture system with advective porosity.

4.3.2. Limited Kd Database

The experimental database for the Kd values
used in the CCA remains insufficient. In the absence
of measured Kd values for plutonium at oxidation
states III and IV and inconclusive results for AmIII

the Kd values for these three most important actinides
in the WIPP inventory have had to be estimated.
These estimations are based on two questionable as-
sumptions. The first is that Kd values for actinide
cations of the same charge should roughly be the
same. The weakness of this assumption lies in not
considering the effect of the speciation behavior of
the cations on their adsorption properties. The sec-
ond assumption is that predictable trends exist for
the Kd values of actinide cations of different charge.
The DOE used this assumption to argue that PuV

data can be used for AmIII. This assumption is based
on questionable data and interpretations of the ex-
periments conducted with dilute groundwater from
the Yucca Mountain site, even though, fortuitously,
the same trend has been reported by some other
experimenters. Results of the intact core column tests
are probably of questionable value as well. The Am
and Pu input concentrations to the cores were so close
to saturation with solids that precipitation rather than
adsorption may have occurred.

The net result of these assumptions is the use of
unjustified Kd values for the three most dominant
radionuclides in the WIPP inventory. PuV data have
been used for PuIII through a two-step process, both of
which are questionable: first, through the predictable
trend argument for AmIII, and then through the oxi-
dation state analogy for PuIII. Similarly, ThIV data
have been used for PuIV.

The oxidation state analogy is most useful as a
starting point for designing an appropriate experi-
ment, but the answer is not known until the experi-
mental measurement is actually determined. As
stated in the NAS/NRC WIPP Committee report,
‘‘Although the oxidation state model (the assumption
that the chemistry of a given oxidation state is similar
for all of the actinides) is an appropriate beginning
to a difficult problem, deviation for the oxidation

state analogy are well known in natural and experi-
mental systems. Substantial experimental verification
will be needed to establish the limits of this
analogy.’’(20)

Besides the inherent limitations of the oxidation
state analogy, there is an additional problem of an
inapplicable brine (from ERDA-6 brine reservoir)
having been used for the ThIV experiments. The mean
Kd values measured in the ERDA-6 brine are greater
than the values determined using the WIPP reposi-
tory brines.

4.3.3. Use of Laboratory Data

The EEG expressed concern(8) with the CCA
values for the lower and upper bounds of the Kd

probability distribution and how these bounds are
defined relative to the type of brine used in the batch
experiments. The ranges for Kd relative to brine type
were selected based on the average value of the sam-
ple distribution. For example, the range for PuV (and
by extrapolation, for PuIII and AmIII) used in the CCA
calculations is 20–500 ml/g, which reflects values
from the batch tests using deep brines. The lowest
Kd value using the Culebra brine was 9.8. The as-
sumed range for PuV should have been 9.8–500 ml/g.

4.4. Solubility of Actinides

The solubility of actinides is very important in
calculating releases from the repository. The FMT
model used in the CCA predicts differences for actin-
ide sulfate solubilities that cannot be explained by
chemistry, thus raising questions about the reliability
of this model. DOE is considering replacement of the
FMT code with EQ3/6 for the first recertification.(25,26)

Rather than using an extensive plutonium data-
base, the FMT predictions relied on thermodynamic
data for other elements and an oxidation state analog
argument. EEG recommends that the calculations be
performed using thermodynamic data for plutonium.

The CCA discounts the role of organic ligands
on plutonium solubility. It argues that the entire re-
pository waste is a homogeneous blend and that the
chelating compound EDTA is the strongest complex-
ing agent and the amount of it present in the inven-
tory is not enough to make a difference. But citrate
forms stronger complexes with actinides in the 1IV
oxidation state than with other cations. The solubility
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of a stable plutonium–citrate complex in individual
waste containers needs to be determined.

Plutonium constitutes 82% of the radionuclide
inventory of the repository. The PA efforts of 1991
and 1992 attempted to capture the effects of oxida-
tion state on solubility throughout the full range of
the four possible oxidation states for plutonium in
the repository: III, IV, V, and VI. To the contrary,
the 1996 PA was based on calculations which as-
sumed that the iron in the repository would force a
reducing environment, thus allowing only PuIII or
PuIV; there would be no PuV or PuVI which can have
higher solubilities. However, some of the experimen-
tal results from the Source Term Test Program, with
liters and drums of TRU waste, show very high solu-
bilities, suggesting the existence of either PuV or PuVI

despite the presence of iron. The observation tends
to undermine the assumption that all plutonium will
be in either oxidation state III or IV. This issue needs
to be resolved.

4.5. Direct Release Through Human Intrusion

As one of the dominant modes of release, a valid
model for the spall of waste into an intrusive borehole
is needed. Spall is waste that has been introduced
into the drilling fluid due to radially channeled, highly
pressurized gas flow from within the repository to a
lower pressure borehole. The conceptual model peer
review(27) found the spall model initially proposed
by DOE to be conceptually inadequate. The DOE
schedule for submittal of the application left insuffi-
cient time for development of an appropriate model.
The DOE provided the panel with additional experi-
mental information and results from other modeling
efforts and asked the panel to consider whether the
spalling volumes predicted by the original inadequate
model was acceptable for use in the PA. It was argued
by the DOE that the inaccurate predictions were
acceptable because the predictions overestimated the
release during a spall event. The peer review group
accepted the inaccurate model based on that argu-
ment.(28) After DOE submitted additional informa-
tion, EPA also accepted the model results for the
purposes of PA.

The overestimated prediction stems from the de-
velopment of an additional model for release calcula-
tions. This new model predicted releases about 1/20
of the original calculations, thus leaving the impres-
sion that the original model made a conservative pre-
diction. However, both are inadequate and hence

it is unknown which model’s prediction is closer to
reality. Testing of the new model(8,9) revealed serious
instability problems outside a narrow range of waste
permeabilities as shown in Fig. 5. For the waste
strengths investigated there can be no confidence in
waste permeabilities outside the narrow range of 1.7
to 2.0 3 10213 m2.

The EPA maintains that the code behaves quite
reasonably under expected repository conditions. As-
suming ‘‘expected conditions’’ is suspect given the
uncertainty that arises from the geologic and hydro-
geologic response of the repository system, along
with the gas generation from the degrading waste.
The fundamental philosophy behind the PA is to
sample the input parameters from an expected range.
To state that one set of conditions, for which the
model is applicable, correctly captures all uncertainty
inherent in long-term modeling underestimates the
importance of accommodating such uncertainty. A
new approach is needed to develop a coherent and
straightforward model to address the important issue
of spall supported by a suite of appropriately de-
signed experiments by which to determine waste
strength.

As a part of the recertification effort by DOE,
work is in progress to capture adequately the physics
of spall in a new model. The new model will incorpo-
rate a modified wellbore hydraulics model with mix-
ing equations for solids and fluids, a drillbit damage

Fig. 5. Tensile failed volume from GASOUT predictions for
various waste strengths and waste permeabilities.
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model, and a solids transport up the borehole
annulus. Previous models assumed that all of the
material that failed in the bottom of the borehole
would be transported to the surface. However, by
actually modeling the phenomenon, the likely result
would be that only a fraction of the material would
reach the surface and reduce the overall effects of
spallings on the CCDFs.

4.6. Fluid Injection

Brine injection for saltwater disposal and en-
hanced oil recovery is already underway near the
WIPP and throughout the Delaware Basin.(29,30) The
history of water migrating away from leaking injec-
tion wells through the Salado Formation in southeast
New Mexico is well documented.(30–32) Nonetheless,
fluid injection for oil recovery within the designated
WIPP boundary was not included in the 1996 perfor-
mance assessment calculations. The DOE rejected
the scenario on the basis that the EPA regulations did
not require it. Only the drilling event was included.

The first step in a performance assessment is to
screen features, events, and processes (FEP). Two
grounds for rejecting a relevant scenario from consid-
eration in the PA calculations are low probability
or low consequence. Probability and consequence,
however, are not considered if a scenario has already
been eliminated on the basis of regulation. The regu-
lation states: ‘‘With respect to future drilling events,
performance assessments need not analyze the effects
of techniques used for resource recovery subsequent
to the drilling of the borehole.’’(3)

The regulation does not preclude DOE from
including the fluid injection scenario as part of the
recertification effort. In some instances, the EPA cer-
tification identifies the need to further evaluate a
scenario that was eliminated on the basis of regula-
tion. For example, the EPA determined that DOE
did not need to include air drilling in the PA because
it was not a current practice and thus it was ruled
out on the basis of regulation. Nonetheless, EPA
conducted further analysis ‘‘solely to allay the pub-
lic’s concern’’(4) on the issue. Given the presence of
oil reserves, the probability of future drilling, and
the reasonable expectation that the reserves will be
recovered by methods including fluid injection, it
would seem prudent for the recertification effort to
revisit the issue of fluid injection within the WIPP
site boundary.

The OECD/NEA–IAEA Joint International

Review Group also expressed reservations about re-
jecting a scenario solely on the basis of regulatory
considerations: ‘‘It would improve the confidence of
the reader if the DOE presented the logical or physi-
cal arguments for not considering these processes in
the assessment, in addition to noting that they are not
required in a compliance demonstration. Otherwise,
there is an impression that processes that might de-
serve consideration from a safety perspective have
been eliminated.’’(33)

Recertification can also incorporate new infor-
mation from the expanding fluid injection practices
surrounding the WIPP site. The effects of leaking
injection wells adjacent to the site were screened out
from the performance assessment calculations on the
basis of low consequence by the DOE(1) and low
probability by the EPA.(4) The DOE had chosen to
examine consequence rather than probability, recog-
nizing that certain petroleum practices are hard to
define in a probabilistic sense.(34)

The EPA Certification relies on the DOE’s low-
consequence argument as the basis for rejecting fluid
injection as a scenario.(4) However, the EPA acknowl-
edges that certain scenarios can be constructed that
inject large volumes of fluid into the repository. In
these cases, EPA relies on its own probability calcula-
tion to screen out certain combinations of natural
and human events (pp. 24–25 of Ref. 35).

The EPA multiplied the probability of each
event to determine the probability of an injection
well impacting the repository. Initially, EPA deter-
mined the probability of an injection well impacting
the repository as 1 in 667 million (Table Q of Ref.
36), a value which was widely cited by others (p. 111
of Ref. 8; p. 45 of Ref. 37; p. 27 of Ref. 38). The
final technical support document maintains that the
original value was 1 in 58,000.(39) Based on new esti-
mates of individual events, the probability of a leak-
ing well impacting on the repository was then esti-
mated to be 1 in 171,000.(4) Thus, the EPA analysis
advanced three different values of probability, span-
ning four orders of magnitude. The uncertainty lends
support to the DOE position that it would be difficult
to defend the probability argument because it would
be difficult to define the performance of individual
components in a probabilistic sense.(34)

In summary, recertification should consider the
effect of fluid injection just outside the site to accom-
modate the reasonable expectation that there will
be an effort to produce the crude oil reserves by
waterflooding and there will be saltwater disposal of
produced brines. The recertification also needs to
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examine developing information from the saltwater
disposal, oil field pressure maintenance, and oil field
waterflooding activities adjacent to the WIPP for in-
clusion into future PA calculations. Just as a scenario
can be screened out, a scenario can also be screened
in, based on new information or a reexamination of
existing information.

4.7. Solution Mining

The one impact of potash mining that has been
considered in the CCA is the alteration of the trans-
missivity of the overlying Culebra aquifer as a result
of subsidence due to conventional mining. The EPA
argues that near-future activities, such as solution
mining for potash, can be eliminated on the basis
that it is not now occurring in the Delaware Basin
and to assume its occurrence in the future would be
speculative. Nonetheless, solution mining is a proven
technology that has near-future potential. The EPA
criteria require consideration of near-future activi-
ties. The EPA guidance specifies that this includes
plans for new mines in the vicinity of WIPP.(40)

By delaying the development of oil and gas re-
serves surrounding the WIPP (Fig. 3), the U.S. Bu-
reau of Land Management has indicated its plans to
first allow the mining of the potash. Meanwhile, the
New Mexico Bureau of Mines and Mineral Re-
sources,(41) at the request of DOE, identified one fea-
sible future technique for potash recovery—solution
mining of the remaining sylvite reserves. The report
notes, ‘‘all mines have held open the option of using
solution mining once their sylvite deposits are fully
mined out.’’(41)

With the continued production of potash, PA
needs to screen plausible scenarios with each recerti-
fication. The actual impact on the transmissivity of
the overlying aquifers needs to be monitored. At this
time the PA calculations rely on estimating the range
of modification to the transmissivity of the Culebra
aquifer. Changes in the transmissivity are multiplied
by a factor sampled from a range of 1 to 1,000. As
potash mining continues, it would be worthwhile to
obtain a measurement of the change in the transmis-
sivity to determine if this range is appropriate. In
addition, other parameters, such as fracture density
and aperture, diffusion, and dispersion, should be
accommodated during a subsidence event.

4.8. Engineered Barrier

Like the spall model, the use of MgO backfill
was another late development in the performance
assessment that proved troublesome during the con-
ceptual model peer review(27) and later during the
EPA rule-making. Rather than decrease uncertainty
in the calculated performance of the repository, the
addition of MgO may increase uncertainty. First,
there is no consensus on the behavior of the system.
Experiments with MgO showed that various mineral
phases would form, but nesquehonite was the only
mineral phase that could be identified. It is also not
known how long the nesquehonite phase would per-
sist. For purposes of certification, the EPA accepted
the initial DOE argument that the nesquehonite
would be short-lived and the system would be domi-
nated by other mineral phases. To further complicate
the issue, the DOE later argued that the nesquehon-
ite would never form under repository conditions.(37)

The solubility model used in the 1996 PA calculated
a substantial increase in plutonium solubility due to
the presence of nesquehonite. EEG’s calculations
with the performance assessment model shows that
while such a solubility does not result in a violation
of the release limits, there is very little margin for
error.(9)

5. RECOMMENDATIONS

Future iterations of performance assessment, as
part of each recertification, need to consider the fol-
lowing recommendations.

1. The available data strongly suggests a 60%
probability of drilling into a high-pressure
brine and this value should be used for PA cal-
culations.

2. The use of grid refinement for transport
through the Culebra should be thoroughly
explored and rigorously tested. Moreover, the
effects of the heterogeneity of parameters,
such as porosity and retardation, should be
captured.

3. Chemical retardation values should be exper-
imentally determined for the actinides of in-
terest.

4. The actinide solubility of plutonium should be
based on thermodynamic data for plutonium.

5. The spalling model needs to reflect the results
of a carefully designed experimental program
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to determine waste strength and a workable
conceptual and numerical model.

6. Each recertification will need to consider new
information from resource recovery activities,
such as fluid injection and solution mining, as
part of the first step in PA scenario devel-
opment.

7. The behavior of the only engineered barrier,
magnesium oxide, needs to be experimen-
tally determined.
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