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Fig 1. Self-sealing penetrator for permanent disposal of long-lived fission waste 
 
 

Abstract 
 Nuclear fission is capable of meeting global needs for carbon-free energy for 

millennia. However, the siting and implementation of waste repositories for spent fuel 
is becoming increasingly problematic from a financial and political perspective. We 
have performed initial studies of a novel concept for the permanent disposal of long-
lived fission waste, where “permanent” is defined as being on the billion-year time 
scale. The concept employs the heat from a compact, high-power-density fission reactor 
to melt a self-sealing channel, tens of kilometers down into the continental lithosphere. 
Partitioned long-lived fission waste is packaged at the rear of the device that melts its 
way through the rock at a descent rate set by the achievable reactor power density. The 
waste would be irretrievable and cannot return to the biosphere. Monitoring and long-
term integrity of waste containers would not be required and disposal costs should be 
<1% of the cost-of-electricity. Design concepts for the reactor and the principle of 
molten rock boring are based on existing experimental and operational data. 
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1. Introduction: The Need for Innovative Approaches to Fission Waste Disposal 
  

Nuclear fission can meet humanity’s disparate requirements for carbon-free energy 
throughout this century and for millennia to come – not only for electricity but also as a source of 
hydrogen for transportation fuels and a heat source for desalination [1]. However, most countries 
are not pursuing fission as an option for future energy and global climate needs. One paramount 
reason is diminished public acceptance over concerns of waste disposal. We would also add 
“fuel resources” as a major future concern, because fission is not sustainable in the long term 
with the present “once-through” fuel that utilizes less than 1% of the mined uranium and 
consigns its fertile potential to a permanent waste repository [2]. Accordingly, global scale 
fission will become attainable (i.e., doable) if and when an integrated solution to this overall 
“fuel-cycle” problem is realized. It is the back-end of the fuel cycle – i.e., the need for permanent 
storage of spent fuel and high-level waste – that has become the focus of much of the criticism. 
In particular, the construction and implementation of permanent waste repositories such as 
Yucca Mountain is becoming increasingly problematic from a financial and political perspective 
[3]  

 

The major shortcoming of these conventional repositories is that they must accommodate the 
whole spent fuel output from once-through fuel cycles. They are thus burdened with very large 
masses of material but where less than 1% is long-term, hazardous waste and where only a small 
fraction of the potential nuclear energy has been extracted [4]. Second, such facilities must 
ensure integrity of waste containment for tens of thousands of years. Given that anything more 
than a few hundred years hence is unknowable and wholly unpredictable as far as future 
civilizations are concerned, public perception is that such facilities cannot be guaranteed to be 
absolutely secure for their envisaged lifetimes of tens of millennia. 
 

2. Concept Overview 
 

In the 1960s, Los Alamos pioneered the principle of molten rock boring under their 
“Subterrene” program [5]. This utilized electrically-heated, refractory metal melt heads with 
temperatures up to 1500OC. Melted bore holes of ≤10cm diameter were experimentally 
demonstrated in short length samples (~1-2m) of hard rock while 5cm diameter holes were 
driven vertically in tuff down to a depth of 82feet, and horizontally to a length of 52feet. The 
concept was intended to compete with conventional rotary drills for various applications 
including oil exploration and geothermal prospecting in soft and hard rock environments. This 
technically successful program terminated in the mid 1970s, leaving a wealth of experimental 
data on the science of molten rock boring with high-temperature, electrical-heated penetrators. 
 

Meanwhile, in the 1950’s –1980’s, a variety of concepts were developed and tested for 
compact, high temperature, fission reactors operating at very high power density [6-9]. Many of 
these reactors were developed for the space program, either as high power, space-based power 
supplies in the range 10’s-of-kWth to 10’s-MWth, or for nuclear propulsion at thermal powers of 
100’s to 1000’s of WMth. Very high operating temperatures of 1500-25000C, together with power 
densities spanning 0.01-7MWth/liter were achieved in these reactors in steady-state operation. 
 

We propose that these technologies can be combined in a very deep, self-contained earth 
penetrator, capable of permanently disposing of separated, long-lived waste from advanced, 
fission fuel cycles. The principle of the device is shown in Fig.1. A small, high-power-density 
fission reactor supplies heat to a refractory metal “drill” head operating at a surface temperature 
selected for the rock type, typically ~850-1300OC depending on substrata and depth. Partitioned 



 

long-term fission waste – i.e., long-lived fission products (99Tc, 129I,…) and minor actinides (Np, 
Am, Cm) – is packaged in the rear of the device. A melt layer of rock slurry develops around the 
head, spreads along the length and the device then melts its way through the rock with a descent 
rate set by the achievable reactor power density. Molten rock cools behind the device and seals 
the descent channel. An appropriate analogy might be a hot ball bearing sinking through a pat of 
butter. We estimate that descent rates might be of the order of  ~several mm/s – that is, several-
100m/day – and are determined by the volumetric power density of the reactor core relative to 
the surface heat flux at the head and the rock strata type. The reactor and entrained waste 
package penetrates tens of km into the lithosphere over weeks and become locked up at depth.  
 

Permanent disposal sites employing this concept would be situated in the stable regions 
of the continental lithosphere away from the boundaries of the tectonic plates. Ideally, such sites 
would be central components of large scale, integrated fission energy parks – see Fig. 2. Note 
that the only commodity entering the site is raw fuel stock  – i.e., uranium for the U-239Pu fuel 
cycle or thorium for the Th-233U cycle – and the only products leaving are electricity and process 
heat products such as hydrogen fuel production and desalinated water. All operations are closed 
on site, including fuel fabrication, breeding, energy production, reprocessing, waste partitioning 
and waste disposal. No waste or fissionable material leaves the site security boundary, thus 
proliferation risks are minimized. A typical 1000MWe reactor produces only several tons of 
(partitioned) long-lived waste over a 30year lifetime (i.e., <1% of total discharge mass) and 
could be accommodated by just one penetrator of diameter ~1m. Consequently, the economics of 
the entire disposal system should be modest and should comprise less than 1% of the cost of 
electricity over the lifetime of a typical 1000MWe power plant. 

 
Fig2. This concept could be integrated in future fission reservations. All operations are closed 
on site, including fuel fabrication, breeding, energy production, reprocessing, waste partitioning 
and waste disposal. In this closed partitioned fuel cycle, the spent fuel is reprocessed to recycle 
the plutonium and unburnt uranium. Short-lived fission products (137Cs, 90Sr,..) are sent to 
temporary storage while long-lived fission products (99Tc,129I,...) and minor actinides (Np, Am, 
Cm) are sent to permanent disposal via the penetrator (one device per 1000We reactor lifetime) 
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The ages of the middle regions of the major continental tectonic plates are in vicinity of 
1-2 billion years [10]. So, whereas volcanoes and seismic activity occur in conjunction with the 
formation processes at the edges of the plates, the interior regions of much of the continents are 
quiescently stable on this timescale. Radioactive waste deposited at depth in these regions is, 
therefore, locked away for times longer than any scale of concern regarding the biological 
security of the waste. 
 

A question in the application of this technology concerns the consequence of radionuclide 
deposition at depth relative to the local environment. It turns out that approximately 75% of the 
geothermal heat in the earth arises from radioactive decay of naturally occurring long-lived 
nuclides, mainly 238U, 235U, 232Th and 40K, with the balance due to the earth’s primordial 
formation energy [11]. Moreover, this radiogenic heat is not produced uniformly through the 
bulk earth but is strongly peaked towards the upper regions because of the spatial concentration 
of elements. Accordingly, we can show that the equilibrium disposal of partitioned waste from a 
sustainable world fission economy for millennia would result in a negligible addition to this 
natural radionuclide content that has been resident for several billion years. 

 

Compared with conventional, near-surface mined repositories for once-through fuel cycles, 
we suggest this concept may offer the following potential advantages: 
 

• Stable on the billion-year time scale; impossible to return to the biosphere  
• Irretrievable – no need to guard forever (sink and forget) 
• Permanent disposal mass per MWth-year of fission energy generation is reduced by more 

than two orders of magnitude. 
 • Long-term integrity of waste containers at depth not required 
• Issues of short-term decay heat removal are decoupled from those of long-term disposal 
• Lower cost per MWth-year of generated fission energy.  
 • Can be integrated on-site with fission energy parks so that a separate central repository is 

not required, thus eliminating diversion risks during transport 
 
3. Relationship of this Concept to the Yucca Mountain Project 
 

The R&D for Yucca Mountain is technically mature and the facility is ready to proceed 
[4]. By contrast, the concept of this paper, even when demonstrated to be a practical technology, 
would have to await the arrival of full partitioned fuel cycle in the future. Thus these two 
disposal paradigms can be considered complementary. Conventional, near-surface repositories 
appear to be the best short-term solution and should proceed without delay. Then, as breeder 
fission systems come on line, disposal could switch to this concept. And, if desired in the future, 
the once-through spent fuel inventories could be retrieved from near-surface repositories, the 
waste partitioned, and long-lived nuclides ultimately disposed of by this technique. Very 
importantly, Yucca Mountain then only needs to be a short term (~100-year) facility. 
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