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ABSTRACT

The method of self-burial of radioactive waste in geological formations using direct heating of
rocksby radiation is proposed in this paper. In the currently knownstudies, thermal conductivity is
considered as amain heat transfermechanism. Application of high penetrating gamma radiation
fordirectmeltingof surrounding rockswill reduce theenergyabsorption inside the sinkingdevice
and will lower maximum temperature and temperature gradients in the elements of the device.
In this paper, conditions of realization of the direct heating by radiationmechanismare presented
and requirements toheat-generating radionuclideshavebeenderived.Assessmentsof the spatial
distribution of energy release in the surrounding rocks for the point and plane sources with the
radionuclide 60Co have been performed. Based on these data, the temperature distributions in
the surrounding rocks and the expression for determining the descent velocity as a function of
60Co surface activity in the sinking device have been obtained. Estimations of energy absorption
fraction inside the spherical heat-generating elements filledwith 60Coand surface activity of 60Co,
necessary to achieve velocity of about 1 km per year, have been made. The results are given for
granite and salt rocks.

1. Introduction

A serious problem for radioactive waste (RW) manage-

ment in nuclear power engineering is the safe disposal

of long-lived transuranium elements, the half-life of

which reaches hundreds or more years. At present, the

generation rate of transuranium elements to be buried

is about 50 kg/GW·yr.
Considering the further increase in the number of

nuclear power plants in the world, amount of RW will

increase, which makes the problem of their withdrawal

from the biosphere relevant in the future.

For the final disposal of waste containing transura-

nium elements, it is required to use deep disposal in

geological formations [1]. Work on the development

of such storage facilities is carried out in the world;

there are known projects of Sweden (Oskarhamn, Aspo

laboratory), Finland (Olkiluoto, ONKALO laboratory),

USA (Nevada, Yucca Mountain), and others [2]. In

Russia, a project for disposal of RW in the Nizh-

nekansk granitoid massif is being developed, and an

underground research laboratory is planned in the near

future. However, justifying the safety of such storage

facilities for many years to come is a very difficult task

and involves considerable uncertainties in themodeling

of processes potentially leading to release of radionu-

clides into the environment.

Among other options for solving the problem of RW

isolation from the biosphere are: removal into space

orbit beyond the earth, transmutation in fast neutron
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reactors, burning of radioactive isotopes with fast neu-

trons in special installations and self-burial in geologi-

cal formations at great depths using heat generated by

radionuclides contained in RW.

The method of self-burial, in which the energy

released during radioactive decay is used to melt the

surrounding rocks, is actively discussed in scientific

works ([3–19], etc.). In addition, there are a number of

patents (for example, [20–22]) on radioisotope devices

and sinking methods based on the self-burial scheme.

The method seems promising as it potentially allows

disposal of RW at the depths (tens and hundreds of

kilometers) inaccessible by other known methods. The

method provides a multi-layered geological barrier that

separates RW from the biosphere. Due to the possibil-

ity of deep sinking into the earth’s interior layers, the

method is also of interest from the point of view of con-

ducting geological studies [11,13].

In this paper, we consider improved method of

RW self-burial based on the energy transfer mecha-

nism of direct heating of rocks by radiation. The pub-

lished works and patents present the devices for sink-

ing in rocks, where the thermal conductivity is themain

mechanism for transfer of heat to surrounding rock.

A disadvantage of this mechanism is the absorption

of a significant fraction of released energy inside the

device. The heating of rocks by radiationwith high pen-

etrating radiation, when the most part (>80%) of the

energy released by the radionuclides contained in the

device will be absorbed outside the device, will allow
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reducing the temperature loads on the elements of the

device and thereby improving reliability.

The article briefly characterizes the known meth-

ods and radioisotope devices for sinking in molten

rocks. The principal features of direct heating by radia-

tion mechanism, the conditions for its implementation,

and the choice of radionuclides that provide the neces-

sary energy release rate are considered. The estimations

of certain parameters of devices sinking by proposed

energy transfer mechanism are made. Calculations of

energy release rate in surrounding materials such as

granite and salt for gamma radiation of 60Co radionu-

clide are carried out. Using these data, temperature dis-

tributions and descent velocity dependence on the aver-

age surface activity of radionuclides for device sink-

ing in granite and salt have been obtained on the basis

of the system of heat conduction equations in a one-

dimensional quasi-stationary approximation. Evalua-

tions of energy self-absorption fraction in the sinking

device are also presented.

2. Sinking bymelting of surrounding rocks

A method of sinking of spherical or cylindrical cap-

sules melting the rocks due to heat release as a result of

radioactive decay of radionuclides contained in RW is

described in [3–19]. Sinking deep into the rock occurs

under gravity. The resulting melt of the rock is cooled

behind the capsule, providing isolation barrier from

the environment. A simplified diagram of the sink-

ing is shown in Figure 1. For wastes with different

characteristics, the authors of the papers provide

estimates of the sinking parameters, such as the thresh-

old value of capsule heat-generation rate, the descent

velocity, and the burial depth in the surrounding rocks:

granite, basalt, etc. The typical sizes of the capsules in

question are from 0.1 to 1 m. Energy from the capsule

to the rock is transferred by thermal conductivity, which

leads to high levels of maximum temperatures and tem-

perature gradients in the elements of the structure. So

the temperature in the center of the capsule can reach

2000–3000 °С [9].

To avoid high temperatures, the patents [21,22] pro-

pose design of the device in the form of a flat heat-

generating element, or a flat spatial heat-generating

structure withmechanically bound heat-generating ele-

ments of small size (about several centimeters) (see

Figure 2). It is assumed that RW to be disposed and

the radionuclides providing heat necessary for sinking

are located separately. The heat-generating elements are

filled with radionuclides with a high energy release rate

(for example, 137Cs, 90Sr, 60Co, 241Am). RW including

long-lived fission products and isotopes of transura-

nium elements are placed in separate containers fixed

to the device. If the device is used for research purposes,

the corresponding equipmentmay be placed in separate

Figure . Sinking of spherical capsule in rock.

containers fixed to the device from the side opposite to

movement.

The authors of [11,14–17] pay attention to investiga-

tion of the earth’s inner layers using radioisotope sink-

ing devices. In particular, it is mentioned that detection

and analysis of acoustic signals duringmelting and crys-

tallization of rocks can provide information on deep

layers of the earth that is not available through direct

sampling, aswell as supplement the data of other remote

geophysical monitoring methods.

At present, this method of sinking and disposal of

RW is at the stage of research, which is mainly of a the-

oretical nature. At the same time, there are a number

of problems associated with high temperatures inside

the capsule, as well as corrosion resistance of struc-

tural materials in rock melts. Nevertheless, the method

remains attractive for further study due to the geolog-

ical barrier created by the upper layers of rock and is

potentially safer in comparisonwith the developed deep

disposal sites.

3. Direct heating of surrounding rocks by

radiation

The authors of this article suggest using a mechanism

for direct heating of rocks by radiation to transfer

energy to surrounding rock. The sinking method based

on thismechanism is disclosed in the patent [22]. Direct

heating by radiation means the transfer of radiation

with its subsequent absorption in the material of sur-

rounding rock. This mechanism implies the absorption
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Figure . Sinking device in the form of spatial structure: ()
spherical heat-generating elements; () connecting elements.

of most of the radiation and energy outside the device,

which will help reduce the temperature load on the ele-

ments of the device and increase its reliability. This con-

dition can be ensured by a shape of the device close to

flat and using radionuclides having high specific energy

release due to radioactive decay and emitting high pen-

etrating radiation. Radionuclides with such characteris-

tics include gamma-emitters with high energy of radi-

ation and yield of photons. In addition, the half-life of

radionuclides should ensure high specific activity, and

consequently high energy release rate, but radionuclides

should have sufficient lifetime to maintain the required

level of energy release rate throughout the long period

of sinking.

4. Selection of heat-generating radionuclides

Among the radionuclides that meet the above condi-

tions, 137Cs and 60Co contained in RW and sources of

ionizing radiation used in industry and medicine can

be noted. These radionuclides are gamma-emitters with

intermediate half-life values in comparison with other

radionuclides: 137Cs – 30 years; 60Co – 5.2 years [23].

They also have high values of emitted energy and pho-

ton yield per one decay: during the decay of 137Cs, pho-

tons with an energy of 0.662 MeV and a yield of 0.85

photons per one decay are produced, the 60Co emits

photonswith an effective energy of 1.25MeVand a yield

of 2.0 [23]. Such characteristics provide sufficiently high

energy release rate per unit mass of the nuclide: 137Cs

Figure . The specific energy release rate in granite and salt gen-
erated by a  Bq of Co point source.

– 200 W/kg, 60Co – 16,800 W/kg. However, the total

energy release of the 60Co radionuclide is about 10 times

higher than the value for 137Cs. Monte Carlo estima-

tions performed in the framework of this paper for
137Cs as a heat source showed that more than 30% of

energy will be absorbed within the device. Calculations

for 60Co showed the possibility of energy absorption at

the level<20%, which can be considered acceptable for

the realization of direct heating by radiation. Thus, the

choice of 60Co as a heat-generating nuclide for direct

heating of rocks by radiation is more preferable. Assess-

ment therefore is given for 60Co in this paper.

5. Energy release in surrounding rocks due to

radiation absorption

Dependence of specific energy release in surround-

ing rocks on the distance from the 60Co point source

with isotropic angle distribution has been estimated.

The energy release rate q(r) per unit mass of rock at

a distance r from the source was obtained by calculat-

ing the energy distribution of the photon flux density

ϕ(r,E) usingMonte Carlomethod [24] and integrating

of ϕ(r,E) · E · μen(E) over the energy E, where μen(E)

is the photon mass energy absorption coefficient in a

given material (Figure 3).

Resulted q(r) curves were approximated by
1
r

∑2
i=1 ai

′ · e−bi
′
r function, where coefficients ai

′

and bi
′ for a given photon energy (1.25 MeV) and

various rocks were determined by the least square

technique.

Analysis of the volume integral dependences of

energy release in granite and salt on the distance from

the point source (Figure 4) showed that 90% of the

energy is absorbed within a volume bounded by a

sphere centered at the location of source with a radius of
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Figure. Volume integral energy release in granite and salt gen-
erated by one decay of Co in point source.

4 mean free path (mfp) of unscattered radiation. Values

of photons mfp for granite and salt materials are 0.27

and 0.33 m, respectively.

As a result of source surface integration of q(r)

dependences, estimates of the spatial distribution of

the specific energy release rate Q(z) from a plane infi-

nite source have been obtained in the form Q(z) =
AsQγ

∑2
i=1 aie

−biz , where z is the distance from the

source, As is the surface activity of the source (Bq/m
2),

Qγ is energy release rate per unit activity of a given

radionuclide (W/Bq). It was assumed that the activity

is distributed uniformly over the surface. The ai and

bi constants (1/m) for various absorbing materials and
60Co gamma radiation are: granite – a1 = 6.13, b1 =
14.67, a2 = 6.94, b2 = 84.17; salt – a1 = 4.97, b1 = 12.00,

a2 = 5.82, b2 = 67.58.

Figure 5 shows the dependences of Q(z) in granite

and salt on the distance fromaplane infinite sourcewith

a uniform distribution of 60Co over the surface. It was

supposed that the source is located in the z = 0 plane.

6. Energy self-absorption in heat-generating

elements

To estimate the self-absorption of gamma radiation

energy in the heat-generating elements of the device,

calculations of energy absorbed in the spherical sources

with uniform distribution of radionuclide over volume

were made using the Monte Carlo method [24]. The

dependence of self-absorption fraction δ, defined as the

ratio of the absorbed energy in the source to the total

released energy, on the radius of source is shown in

Figure 6. The radius is expressed in terms of the mfp

in source material for photons with an energy of 1.25

MeV (1 mfp = 2.1 cm).

Figure . The specific energy release rate ingranite and salt from
a plane infinite source with Co surface activity of  Bq/m.

Figure . The self-absorption fraction of gamma radiation
energy in spherical sources of different radii uniformly filledwith
the Co.

According to the estimates, the heat-generating ele-

ments of the device based on direct heating of rocks by

radiation with 60Co radionuclide can be made in the

form of spheres with a radius of about 1 cm [22]. Let us

consider a spherical heat-generating elementwith a cav-

ity of 0.7 cm radius filled with 60Co and molybdenum

shell 0.3 cm thick. According to Figure 4, the fraction of

energy self-absorption in 60Cowill be about 10%.About

5% of energy is absorbed in the shell. This value is based

on the Monte Carlo estimates [24] and assumption that

the absorbed energy fraction in the interval from 0.0 to

0.5 mfp increases linearly and is ∼15% at 0.5 mfp. As

a result, δ in the heat-generating element will be about

15%, which can be considered as acceptable value from

the point of view of the realization of direct heating by

radiation.
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It should be noted that for 137Cs radionuclide, the

curve δ(R), where R is expressed in terms of the mean

free paths of unscattered gamma radiation of 137Cs,

practically coincides with the curves for 60Co shown in

Figure 6. Due to the lower specific energy release rate,

much more 137Cs is required to achieve the same values

of descent velocity that leads to larger size of heat-

generating elements. Because of that, self-absorption

fraction in the spherical heat-generating elements for

the device based on 137Cs is significantly higher than for
60Co device. This circumstance makes it difficult to use

of 137Cs as a heat-generating nuclide, since the value of

δ is estimated more than 30%.

7. Assessments of parameters of sinking

The approaches given in [25] were used to describe the

motion of the device and to determine the tempera-

ture fields in the surrounding rocks. It was assumed that

the plane device with 60Co radionuclide uniformly dis-

tributed over the surfacemoves downward at a constant

velocity. The device is sinking as a result of heating and

melting of surrounding material, followed by displace-

ment of melt by the heavier device. It was assumed that

the motion is one-dimensional.

The following conditionswere used as criteria for the

application of the one-dimensional approximation:

tm ≪ tb
th ≪ tb

(1)

where tm – time required to reach the melting point on

the boundary of sinking device with rock to be melted,

tb – time required to transfer heat to the boundary of

sinking device in horizontal direction by thermal con-

duction, th – time required for sinking to the depth h,

where h is the thickness of the sinking device.

One can find tm solving transient thermal conduc-

tion equation for infinite slab [26]:

tm =
(√

π

2

λTm

q0
√

χ

)2

(2)

whereTm –melting point of surrounding rock, λ – ther-

mal conductivity of the rock, χ – thermal diffusivity of

the rock, q0 – heat flux from unit area of the source.

Time required for thermal conduction to transfer

heat to the sinking device boundary in horizontal direc-

tion is [25]:

tb =
R2
b

χ
(3)

гдеRb – half-size of the sinking device in horizontal

direction (for example, radius).

th can be estimated using descent velocity V:

th =
h

V
(4)

Figure . Diagram of sinking of the device based on direct heat-
ing of rocks by radiation.

Assuming that Rb = 1 m, descent velocity V =
1 km/year, heat flux required for sinking at a given

velocity q0 = 2·105 W/m2; tm, tb, and th values were

obtained: for granite rock – tb = 1.4·106 s, tm = 104 s,

th = 7·103 s; for salt rock – tb = 8·105 s, tm = 70 s, th =
1·104 s. Conditions (1) are satisfied, that allows to use

the one-dimensional approximation in solving the ther-

mophysical problem for determining the descent veloc-

ity and the temperature fields in surrounding rocks.

Let us assume that the device containing 60Co is

located in z = 0 plane, z < 0 region is the zone of sur-

rounding rock to be melted, z � 0 region is the melt of

rock (see Figure 7).

To find the device descent velocity V, we use

the system of heat conduction equations in the one-

dimensional quasi-stationary approximation [25] writ-

ten in a coordinate system moving with the device:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

C1V
∂

∂z
T1(z) = λ1

∂2

∂z2
T1(z) + Q(z), z ≥ 0

C2V
∂

∂z
T2(z) = λ2

∂2

∂z2
T2(z) + Q(z), z < 0

(5)

with the boundary conditions: T 1(z)|z=0=T 2(z)|z=0 =

Tm;T 2(z)|z=−∞ = T0; λ1
∂
∂z
T 1(z)|z=0 = λ2

∂
∂z
T 2(z)|z=0

and with a source of volumetric heat release rate due to

absorption of gamma radiation in surrounding rocks:

Q(z) =
∑2

i=1 AsQγ aie
−bi|z|, −� < z< �. The follow-

ing notation is used in the system of Equation (5): Ti(z)

is the spatial temperature distribution in the ith zone,

Ci, λi is the volumetric heat capacity and the thermal

conductivity coefficient of the ith zone, i = 1 corre-

sponds to the zone of the rock to be melted, i = 2 is the
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Figure . Temperature distribution in granite and salt corre-
sponding to Co average surface activity of · Bq/m.

zone with melted rock; As is the activity of radionuclide

per unit surface of the device; Qγ is the energy release

rate per unit activity of this radionuclide;Tm is themelt-

ing point of the surrounding rock;T0 is the temperature

of the surrounding rock at z → −�.

The temperature distribution Ti(z), i = 1,2, which is

the solution of the system of Equation (5), is defined as

follows:
⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

T 1(z) = −
2

∑

i=1

AsQγ aie
−biz

λ1bi
2 +VC1bi

+
2

∑

i=1

AsQγ ai

λ1bi
2 +VC1bi

(

1 +
λ1bi

VC2

)

+
2

∑

i=1

AsQγ ai

λ2bi
2 −VC2bi

(

λ2bi

VC2

− 1

)

+ T0, z ≥ 0

T 2(z) =

[

2
∑

i=1

AsQγ ai

λ1bi
2 +VC1bi

(

λ1bi

VC2

)

+
2

∑

i=1

AsQγ ai

λ2bi
2 −VC2bi

(

λ2bi

VC2

)

]

e
C2V

λ2
z

−
2

∑

i=1

AsQγ aie
biz

λ2bi
2 −VC2bi

+ T0, z < 0

(6)

or by introducing the notations: θi = Ti (z)−T0
(Tm−T0 )

; �1i =
∑2

i=1
As×Qγ ×ai

λ1bi
2 ·(Tm−T0 )

; �2i =∑2
i=1

As×Qγ ×ai
λ2bi

2 ·(Tm−T0 )
; Zi = biz; X1i = VC1

λ1bi
;

X2i = VC2
λ2bi

; X ′
i = VC2

λ1bi
:

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

θ1(Zi) =
2

∑

i=1

�1i

1 + X1i

(

1 +
1

X ′
i

− e−Zi

)

+
2

∑

i=1

�2i

1 − X2i

(

1

X2i

− 1

)

, Zi ≥ 0

θ2(Zi) =

[

2
∑

i=1

�1i

1 + X1i

(

1

X ′
i

)

+
2

∑

i=1

�2i

1 − X2i

(

1

X2i

)

]

×eX2iZ

i
−

2
∑

i=1

�2ie
Zi

1 − X2i

, Zi < 0

(7)

The resulted T(z) distributions in granite and salts

are shown in the graphical form in Figure 8.

Figure . The descent velocity in granite and salt, depending
on the average surface activity of the Co in a device based on
direct heating of rocks by radiation.

A transcendental equation for determining of the

descent velocity V has been derived from the system of

Equation (5):

2
∑

i=1

AsQγ ai

λ1bi
2 +VC1bi

1

(Tm − T0)

(

λ1bi

VC2

)

+
2

∑

i=1

AsQγ ai

λ2bi
2−VC2bi

1

(Tm−T0)

(

λ2bi

VC2

−1

)

−1 = 0 (8)

and can be written in dimensionless form as follows:

2
∑

i=1

�i

1+X1i

·
(

1

X ′
i

)

+
2

∑

i=1

�i

1−X2i

(

1

X2i

−1

)

− 1 = 0

(9)

From Equation (9), one can derive a simplified

expression for descent velocity (exceeding 1 km/year):

V =
As × Qγ

2 ·C2 · (Tm − T0)
(10)

meaning that heat flux
As×Qγ

2
in the direction of sinking

is consumed to heat the surrounding rock materials to

the melting point.

Dependences of the descent velocity in granite and

salt on the average surface activity of 60Co radionuclide

in the device in accordancewith Equation (8) are shown

in Figure 9. As can be seen, to achieve descent velocity

of about several kilometers per year, the surface activ-

ity of 60Co ∼5·1017 Bq/m2 is required. Such value of

activity can be achieved in a device with spherical heat-

generating elements with a diameter of about 2 cm.

The following constants were used [27–29] to per-

form estimates given in this section: granite – C1 =
3.12·106 J/(m3·K), C2 = 2.86·106 J/(m3·K), λ1 =
1.6 W/(m·K), λ2 = 2.06 W/(m·K), χ = 7.2·10−7 m2/s,
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Tm = 950 °C; salt – C1 = 2.49·106 J/(m3·K),
C2 = 2.11·106 J/(m3·K), λ1 = 1.5 W/(m·K), λ2 =
2.5 W/(m·K), χ = 1.2·10−6 m2/s, Tm = 801 °C.

8. Conclusion

The energy transfer mechanism of direct heating of

rocks by radiation for devices based on RW self-burial

method has been considered. The currently known

methods of sinking by melting of rocks due to the

energy released during radioactive decay imply the heat

transfer through thermal conductivity. It leads to high

levels of maximum temperatures and temperature gra-

dients in the elements of the device due to absorption

of significant part of energy inside the device. When

implementing the proposed mechanism, the main part

of radiation emitted by the heat-generating radionu-

clides is absorbed outside the device directly in the

rocks to be melted, allowing reducing the temperatures

in the device elements.

Based on the defined conditions for realization of

direct heating by radiation, 60Co was selected as the

most suitable heat-generating radionuclide. Estimates

of spatial distribution of energy release rate in sur-

rounding rocks as a result of absorption of radia-

tion from point and infinite plane sources with 60Co

radionuclide are made. Approximate expressions are

derived for a source of volumetric heat in granite and

salt rocks. Using these data, the expressions for deter-

mining the descent velocity as a function of average sur-

face activity of radionuclide in the sinking device and

analytical expressions for temperature distributions in

the surrounding rocks were derived from the system of

heat conduction equations in one-dimensional quasi-

stationary approximation. Calculations made for gran-

ite and salt showed that an average surface 60Co activ-

ity of about 1017 Bq/m2 is required to achieve a descent

velocity of 1 km per year.

The proposed energy transfer mechanism expands

the prospects of using the known scheme of RW self-

burial, contributing to the increase of reliability. The

mass of RW that can be disposed in this way can reach

several tons per campaign, which is equivalent to the

annual generation of RW with transuranium elements

at 25 NPP units.
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