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Sociotechnical risks posed by the geologic disposal of weapons plutonium
Cameron L. Tracy

ABSTRACT
The United States possesses a large stockpile of excess weapons plutonium. Following a failed attempt 
to bilaterally dispose of this material under an arms control agreement with Russia, the United States 
now plans to bury it at the Waste Isolation Pilot Plant (WIPP), a geologic repository in southeastern New 
Mexico. This is a new mission for WIPP, which was originally designed to store radioactive wastes from 
nuclear weapons production, not excess weapons plutonium. It raises questions about whether this 
repository can safely contain weapons plutonium for the thousands of years it remains a threat to the 
environment, secure weapons plutonium from illicit extraction and weaponization, and do all of this in 
a cost-effective manner.
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The United States has a plutonium problem. This heavy 
metal, rarely found in nature but produced by nuclear 
reactors, is a primary ingredient of nuclear weaponry. 
A modern thermonuclear weapon, containing just a few 
kilograms of this material, could level much of 
a metropolitan area. During the Cold War, the United 
States and the Soviet Union produced enough plutonium 
to make tens of thousands of nuclear weapons (IPFM  
2015). Both the United States and Russia, which inherited 
the Soviet nuclear weapons enterprise, have since declared 
large portions of their stockpiles to be excess: unnecessary 
for purposes of national defense. But after decades of 
effort and billions of dollars spent trying to dispose of 
this material, their weapons plutonium stockpiles remain 
undiminished (von Hippel and Takubo 2020).

The United States currently plans to bury about one 
third of this stockpile in the Waste Isolation Pilot Plant 
(WIPP), a geologic repository mined 650 meters below 
the surface of southeastern New Mexico’s Delaware 
Basin (NASEM 2020). Preparation to dispose of this 
material is well underway, but key questions about this 
approach remain unresolved. Will the repository safely 
contain this radiotoxic material over the thousands of 
years for which it presents a threat to the environment? 
Can the repository be effectively secured against 
attempts to illicitly recover weaponizable material? 
Can all of this be accomplished on a realistic schedule 
and budget?

None of these questions have easy answers, in part 
because they are inherently sociotechnical, posing com-
plex challenges that are simultaneously scientific, tech-
nological, political, economic, and social in nature 
(Bijker and Law 1994). Given sufficient effort, funding, 

and good fortune, the United States may arrive at 
a workable solution to its plutonium problem. But 
until questions of safety, security, and cost are 
addressed, and the associated risks are weighed, agree-
ment on just what it means for a geological plutonium 
repository to “work” is likely to remain out of reach.

How did we get here?

After the fall of the Soviet Union in 1991, US and 
Russian concerns about the risks posed by large pluto-
nium stockpiles came to overshadow the prior focus on 
nuclear arms racing. US discourse emphasized the risk 
of nuclear proliferation if the newborn Russian state 
were to lose control over its stockpile, but also recog-
nized that the oversize US stockpile was costly to main-
tain and secure (Perkovich 1993). In addition, 
plutonium stockpiling limited the permanence of the 
bilateral nuclear arms reductions achieved by the US 
and Soviets in recent decades, as the removal of weapons 
from deployment could be quickly reversed so long as 
their plutonium remained available (Cliff, Elbahtimy, 
and Persbo 2011).

Recognizing these risks, the US National Academy of 
Science and its Russian counterpart met in 1992 to 
discuss the issue (NASEM 1994). This agenda eventually 
rose to the highest levels of government, serving as 
a centerpiece of discussion between Presidents Bill 
Clinton and Boris Yeltsin over the next few years. By 
2000, the United States and Russia had negotiated and 
signed the Plutonium Management and Disposition 
Agreement (PMDA), pledging to reciprocally dispose 
of 34 metric tons of excess weapons plutonium.
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Negotiation of this landmark agreement gave rise to 
one of the earliest sociotechnical controversies over 
plutonium disposal: disagreement on how it should be 
effectively disposed of. US analyses concluded that dilu-
tion of this metal by mixing with another, non- 
weaponizable material would do little, since “plutonium 
in weapons-useful quantities could be recovered from 
any of the forms in the disposition program,” requiring 
only modest expenditure and technical skill (Hinton 
et al. 1996). Disposing of plutonium underground 
could help to secure it from theft, but it would remain 
“recoverable by the state that emplaced it, providing 
a plutonium mine with substantially more plutonium 
in each ton of rock than there is gold in some mines that 
are profitably mined today” (NASEM 1994). 
Meanwhile, Russian negotiators insisted that any 
means of disposal that failed to change the isotopic 
composition of the material—that is, which did not 
involve exposure to irradiation that would induce 
nuclear reactions in the weapons plutonium—was 
“just another form of storage” (Bunn 2007). Facing 
these constraints, both sides agreed to a primary dispo-
sal method that was complex and difficult, but jointly 
seen as effective: conversion of weapons plutonium to 
nuclear fuel and irradiation in nuclear power plants.

Despite this diplomatic achievement, progress on 
bilateral plutonium stockpile reduction was short- 
lived. Construction began on the US facility that 
would convert this material to nuclear fuel in 2007, 
but in less than a decade, cost estimates grew from initial 
projections of a few billion dollars to over one-hundred 
billion (Hart et al. 2015). In 2016, the Obama adminis-
tration unilaterally pivoted from the irradiation 
approach mandated by the plutonium disposal agree-
ment with Russia to a new plan: burial in WIPP. Russia 
balked at this shift. In an April 2016 speech in 
St. Petersburg, Russia’s president, Vladimir Putin, 
accused the United States of seeking to “preserve what 
is known as the breakout potential,” disposing of pluto-
nium in name only while ensuring that it could be 
“retrieved, reprocessed, and converted into weapons- 
grade plutonium again.” Citing this, alongside a broad 
array of other grievances related to steadily worsening 
US-Russian relations amid the Russo-Ukrainian War, 
Russia suspended its commitment to the bilateral plu-
tonium disposal agreement later that year.

A new mission for WIPP

In one sense, the unraveling of the bilateral agree-
ment presented an opportunity for the plutonium 
disposal mission in the United States. No longer 
bound by international diplomacy and arms control 

processes, the disposal program could proceed as the 
United States saw fit. At the same time, this repre-
sented a setback, as the program lost the momentum 
and political leverage that came with carrying out 
what one congressional report had deemed “one of 
the most important nonproliferation initiatives 
undertaken between the United States and Russia” 
(US House of Representatives 2001). Regardless, 
sociotechnical challenges remained, though now lar-
gely localized to a patch of desert in southeastern 
New Mexico.

WIPP is mined into the underground salt forma-
tions left behind when the Delaware Sea—once cov-
ering portions of southern New Mexico and western 
Texas—drained hundreds of millions of years ago 
(Keller, Hills, and Djeddi 1980). Congress established 
the facility as a pilot project, a “research and devel-
opment facility to demonstrate the safe disposal of 
radioactive wastes resulting from the defense activ-
ities and programs” (US Congress 1979). WIPP was 
originally designed to store wastes made up of cloth-
ing, gloves, lab equipment, and other detritus con-
taminated with heavy, radioactive elements like 
plutonium, which was sitting at nuclear weapons 
production sites scattered across the United States. 
Following decades of site characterization, repository 
design, and construction—alongside $2.5 billion in 
funding—WIPP accepted its first shipment of this 
material in 1999 (Feder 1999).

WIPP’s mission now extends far beyond its origi-
nal role as a demonstration project. As the sole US 
site for the disposal of actinide wastes (referring to 
the class of heavy, radioactive elements including 
uranium and plutonium), it is now slated as the 
permanent disposal site for the 34 metric tons of 
excess weapons plutonium covered by the now 
defunct US-Russia plutonium disposal agreement. 
This is a major shift from WIPP’s original design 
basis, and has introduced new sociotechnical chal-
lenges to the safe, secure, and effective operation of 
the repository—and, therefore, to the plutonium 
stockpile reduction mission to which it is now inti-
mately tied. What started as a pilot program to aid in 
the clean-up of contaminated Cold War weapons 
production facilities is now both a potential solution 
to the long-standing problem of excess weapons plu-
tonium disposal, and a potential threat to both the 
environment and to global nuclear security. Whether 
this one-of-a-kind experiment on the long-term 
safety, security, and risk of the geologic disposal of 
nuclear materials is ultimately judged a success or 
failure will depend on its ability to meet several 
complex challenges.
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Challenge 1: isolating radioactive material from 
the biosphere

WIPP’s central role is to isolate potentially dangerous 
materials deep underground, preventing the leakage of 
radioactive material to the surface or to groundwater 
flows. Designed to store about 12 metric tons of pluto-
nium, it is now slated to contain nearly four times that 
inventory (Tracy, Dustin, and Ewing 2016). Of course, 
more radioactive material means greater potential for its 
release.

To forecast the risk of release, every five years the 
US Department of Energy, which operates WIPP, per-
forms a repository performance assessment and sub-
mits the results to the US Environmental Protection 
Agency (EPA 2022). This performance assessment 
uses computational models to estimate the likelihood 
and extent of releases of radioactive material from 
WIPP over a 10,000-year period. Federal law defines 
this performance assessment as “an analysis that iden-
tifies the processes and events that might affect the 
disposal system, examines the effects of these pro-
cesses and events on the performance of the disposal 
system, and estimates the cumulative releases of 
radionuclides . . . caused by all significant processes 
and events” (Code of Federal Regulations 1985). 
However, predicting the future is challenging, even 
when legally mandated.

Consider, for instance, one of the key repository fail-
ure modes: borehole intrusion. WIPP is located is the 
Permian Basin, which is currently the most prolific oil- 
producing region in the United States (EIA 2024). High 
levels of drilling in the area, including immediately 
adjacent to the repository site, present a significant 
risk that a borehole might one day pierce the repository, 
allowing groundwater to flow through it and transport 
radioactive material to the surface (Tracy, Dustin, and 
Ewing 2016). To estimate the magnitude of this risk over 
the next 10 millennia, the Department of Energy feeds 
into its performance assessment model a historical aver-
age drilling rate in the region over the last 100 years 
(EPA 2022). There is a clear problem with this metho-
dology: Drilling in the region was virtually nonexistent 
prior to 1960 and rose exponentially following a boom 
in the early 1990s. In its original performance assess-
ment from 1996, the Department of Energy extrapolated 
its 100-year average, predicting 46.8 boreholes per 
square kilometer in the vicinity of WIPP over the next 
10,000 years. Were it to now revise this prediction using 
a 10-year historical average the estimate would be 15 
times higher (DOE 2024). This is not to argue that 
a shorter time window is superior. Rather, since drilling 
rates do not vary regularly over decades, an attempt to 

forecast them over the next 10 millennia constitutes 
a poor basis for risk analysis.

Still, Department of Energy analysts have argued that 
the drilling rate they predict is, in fact, irrelevant: “as the 
drill rate per square kilometer increases, so do the fre-
quencies of boreholes intersecting the repository, but 
the net result is a continuing large margin in terms of 
demonstrating regulatory compliance” (Van Luik, 
Patterson, and Kirkes 2015). Assuming that regulatory 
compliance corresponds with repository safety, this 
speaks to a high level of confidence in the failsafe 
mechanisms designed to prevent radioactive material 
release even in the event of borehole intrusion into the 
repository. Chief among these is the addition of large 
sacks of magnesium oxide powder that sit atop the 
barrels of waste emplaced in WIPP. This powder is 
intended to chemically react with groundwater flows 
that might make their way into the repository, greatly 
reducing the environmental mobility of plutonium and 
other radioactive materials in those flows (Krumhansl 
et al. 1999).

To be sure, this chemical failsafe might work as 
intended. But adding complexity to nuclear systems, 
even in the name of safety, often has deleterious effects. 
Consider, for instance, the experimental Fermi 1 nuclear 
reactor built near Detroit in the 1950s. Late in the design 
process, concern that the reactor’s nuclear fuel could 
overheat and melt through the containment vessel 
prompted engineers to add to the design heat-resistant 
metal plates that would catch melted fuel before it could 
damage the reactor. Ironically, the reactor suffered 
a meltdown in 1966 after one of those plates detached, 
blocking the flow of coolant through the reactor and 
causing the exact type of accident they were meant to 
mitigate (Fuller 1975). Since then, a body of work on 
“normal accident theory” has developed in order to 
explain why the design of complex safety systems can 
in fact make accidents more likely: “We load our com-
plex systems with safety devices in the form of buffers, 
redundancies, circuit breakers, alarms, bells, and whis-
tles . . . In complex and tightly coupled systems, how-
ever, these redundant safety devices are not 
independent: The alarm rattles the bell; the bell shatters 
the whistle; the whistle explodes; and suddenly the 
whole system collapses” (Perrow 2011).

In fact, these dynamics have already been observed at 
WIPP. In 2014, one of the waste drums emplaced in the 
repository exploded, releasing radioactive material that 
made its way to the surface. It was later determined that 
this accident was caused by the addition of new materi-
als to the repository meant to enhance safety 
(DOE 2015). An earlier safety review process led to 
a directive that, when packaging certain liquid wastes 
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for disposal at WIPP, absorbent materials should be 
added to the drums to absorb that liquid. The subse-
quent mixing of plutonium-contaminated nitrate salts 
with a wheat-based kitty litter later resulted in 
a predictable (although, at the time, unpredicted) che-
mical reaction between the two, causing the drum in 
which they were packaged to burst. When considering 
the behavior of magnesium oxide in the complex geo-
chemical environment of a repository pierced by 
a borehole and infiltrated by groundwater, this should 
be taken as a cautionary tale.

None of this is to say that WIPP cannot operate 
safely. However, its ability to do so with the current 
plutonium inventory is uncertain, as uncertainties in 
long-term local drilling rates and repository chemistry 
demonstrate. A fourfold increase in WIPP’s plutonium 
inventory will only add to this safety challenge.

Challenge 2: ensuring that buried plutonium 
remains buried

Recall the Russian argument that plutonium burial is 
merely a temporary, easily reversible means of disposal. 
While Russian perspectives matter less following the 
downfall of the bilateral plutonium disposal agreement, 
ensuring the permanence of disposal remains of the 
utmost importance. To date, the acquisition of weapons 
plutonium has posed the most costly and technologi-
cally challenging barrier to nuclear weapons production 
(OTA 1993). A world in which weapons plutonium 
could be mined like any other geologic resource would 
be one in which nuclear weapons were more readily 
attainable. Given plutonium’s long half-life, this prolif-
eration risk would persist for many millennia.

Most prior work on this issue has concluded that 
mining a geologic repository to recover weapons-usable 
material would be slow and highly observable, leaving 
ample time to stop those attempting it (IAEA 1988; 
Lyman and Feiveson 1998; Mongiello, Finch, and 
Baldwin 2013). This analysis assumes the use of conven-
tional mining technique like quarrying, which requires 
the excavation of vast quantities of rock and produces 
large visual and seismic signatures. There is a problem 
with this assumption: this is not how salt (the geologic 
setting of WIPP) or actinides (the class of chemical ele-
ments that includes plutonium) are typically mined.

The use of two alternative techniques that were over-
looked in the prior literature, salt-solution mining and 
in situ leaching, would allow rapid access to buried 
plutonium with minimal excavation (Tracy and Ewing  
2022). Salt solution mining involves drilling of a single, 
narrow borehole into a salt deposit and pumping water 
down that borehole, then back to the surface, forming 

an underground cavern. This technique is currently the 
primary means of salt mining in the United States and is 
regularly performed at depths greater than that of WIPP 
(Warren 2016). In situ leaching involves pumping of 
a fluid designed to react with actinide elements into an 
underground ore body where it mobilizes those acti-
nides, then back to the surface where they can be 
extracted from the fluid. Developed in the 1950s, 
in situ leaching is now the primary method of uranium 
extraction worldwide, uranium being an actinide ele-
ment that is geochemically similar to plutonium 
(Seredkin, Zabolotsky, and Jeffress 2016).

Applied to WIPP, these techniques could provide 
access to large quantities of weapons plutonium via 
only a single borehole just tens of centimeters in dia-
meter (Tracy and Ewing 2022). Plutonium might then 
be extracted in a matter of days. Afterwards, plastic flow 
of salt would seal the borehole, removing evidence of the 
clandestine extraction.

As above, this is not to say that WIPP could not 
securely prevent any future use of the weapons pluto-
nium disposed of there. To date, however, the risks of 
recovery have been insufficiently studied, and WIPP’s 
design does little to mitigate these risks. Thus, confi-
dence in the security of weapons plutonium disposed of 
in WIPP is unwarranted. Most worryingly, much of the 
work on this issue has sought merely to dismiss the risk 
of plutonium recovery, rather than to establish a design 
basis for mitigating that risk.

Challenge 3: managing a complex and costly 
disposal program

Even if solutions were found for the safety and security 
challenges detailed above, there would still remain the 
monumental challenge of implementing those solutions 
alongside the unprecedented task of burying 34 metric 
tons of weapons plutonium over half-a-kilometer below 
ground. Two of the most serious obstacles to successful 
disposal are the cost and time required. As seen in the 
earlier US failure to construct a facility for converting 
this plutonium to nuclear reactor fuel, which presaged 
the failure of the US-Russia plutonium disposal agree-
ment, financial and management challenges can doom 
even a technically straightforward program.

These challenges are uniquely substantive for the 
Department of Energy. Analysis of past projects of 
similar scope overseen by the part of this agency that 
manages the weapons plutonium stockpile shows that 
many were canceled before completion and that “of the 
few major projects that were successfully completed, all 
experienced substantial cost growth and schedule slip-
page” (Hunter et al. 2019). The Government 
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Accountability Office, a congressional organization that 
audits and evaluates US government agency perfor-
mance, regularly cites management and budgetary fail-
ings in the Department of Energy’s plutonium stockpile 
programs (GAO 2017).

Comparison with similar weapons stockpile reduc-
tion programs managed by other agencies highlights the 
Department of Energy’s unique shortcomings in this 
area. Consider, for instance, the US Army’s destruction 
of its chemical weapons stockpile. Like the plutonium 
stockpile reduction mission, this effort targeted excess 
weapons material, required highly complex disposal 
methods, and ultimately cost roughly $40 billion. Yet 
unlike the Department of Energy, which abandoned its 
original plutonium irradiation plans in the face of 
expanding costs and timelines, the Army showed 
a remarkable ability to maintain the necessary funding 
and carry forward the arsenal destruction mission, ulti-
mately finishing in 2023 (Tracy 2023).

Given the Department of Energy’s track record, 
financial and management difficulties should be 
expected with a project of this size. As the effort grows 
in cost and complexity, so too does the likelihood that it, 
like earlier plutonium disposal efforts, could come to be 
seen as infeasible and a target for cancellation.

Working toward a repository that “works”

The literature on processes of sociotechnical change 
shows that what it means for a technology to effectively 
“work” can be subjective and contentious. This is 
because groups of stakeholders often differ in their 
interests, and therefore in their recognition of the pro-
blems a technology is meant to solve and in their judg-
ment of the proper means of doing so (Pinch and Bijker  
1984). For technologies like geologic plutonium reposi-
tories, problems of risk come to the forefront: What 
level of risk is expected, what level is acceptable, and 
even how risk should be measured. Plutonium disposal 
presents a means of reducing global nuclear risk by 
shrinking stockpiles of weapons material—a yet unrea-
lized dream of the post-Cold War world. At the same 
time, burial of this material at WIPP presents new risks 
of radioactive contamination of the environment, lower 
barriers to the production of nuclear weapons, and 
unsustainable cost overruns.

It remains to be seen how the United States will 
weigh, address, and perhaps mitigate these risks, as 
well as how analysts will judge its success. More 
immediate, however, is the risk to WIPP posed by 
ongoing mission creep. This one-of-a-kind experiment 
in radioactive waste isolation, originally designed as 
a small-scale demonstration project, has performed 

admirably over two-and-a-half decades. It could, over 
the years to come, provide much-needed data on the 
long-term behavior of nuclear waste in the geologic 
environment. The imposition of a dramatically 
expanded plutonium inventory and a fundamentally 
different mission, however, introduces new threats to 
its continuing success. These range from unanticipated 
chemical interactions and the geopolitical dynamics of 
nuclear arms control to the more mundane challenges 
faced by bureaucratic organizations trying to manage 
complex, capital-intensive projects.

Another relevant lesson from the literature on socio-
technical change is the process of “closure” by which 
technological controversies end (Pinch and Bijker 1984). 
Technologies are typically judged to succeed when rele-
vant communities—designers, consumers, users, and 
others—reach agreement on their understandings of 
what it means for a technology to “work.” Reaching 
closure often means doing one thing and doing it well, 
providing a basis for later refinement and differentiation 
of the technology. WIPP, with its recent mission creep, is 
being led in the opposite direction. If the goal is to 
establish a firm technical basis for nuclear waste disposal, 
now is the time to get WIPP back on course.
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