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ROCK MELT FROM AN UNDERGROUND
NUCLEAR EXPLQSION

Abstract

Knowledge of the deposition of energy
with distance around an underground
nuclear explosion has significance in
predicting chemical processes in the
multimineralic rock substance surround-
ing the explosion, When a nuclear explo-
sion is detonated, the shock wave that
emanates frcm the explosion center does
PdV work on the rock subatance and de-
posits energy. Energy deposition due to
the passage of the shock wave is deter-
mined from hydrodyramic code calculations
which keep track of internal energy with

distance and time. The energy distribution

with distance depends on the compressi-
bility of the rock. Rock of low density and
high porosity requires a larger increase
in internal energy to shock it to a given
pressure than an essentially pore-free
dense rock, Interpretation of hydrody-
namic code calculations shows that 1000
to 1200 metric tons ki of melt is produced
from dense granite and that two to three
times as much melt is produced from dry
porous ash-tall tuft, Radiochemical
analysis of melt samples recovered from
near the shot point tead to conflirm these

results,

Introduction

Krowledge of the deposition of energy
with distance around an underground
nuclear explosion has significance in pre-
dicting chemical processes in the multi-
mineralic rock substance surrounding the
explosion, For example, the amcunt of
noncondensable CO2 that is liberated from
the carbonates present in many rocks is a
function of the amount of carbcnate in the
rock structure and of the guantity of rock
heated above the decomposition temperature
of the carbonate, ther chemical proc-
esses in which CO2 is liberated can also
occur; howe. «r, knowledge of the energy
distribution is necessary to make rea-
sonable estimates of the amount of

CO2 evolved. The CO, acts as a

diluent to other gases and raises the
cavity pressure.

When a nuclear explosion is detonated,
the shock wave that emanates from the
explosion center is the primary means by
The shock

wave does Pd\ work on the rock substance

which energy is distributed.
and deposits some energy. Energy deposi-
tion due to the passage of the shock wave
can be found from hydrodynamic code
calculations which keep track of the specific
internal energy with distance and time.

One who is familiar with shock Hugoniots
for rock and attenuation of the shock wave
with distance might expect that the energy
distribution for low-density, high-porosity
rocks would be different from that for




Inw- compressibility, high-density,
The low-
density rock requires a much larger

egsentially pore-free rock,

increase in internal energy to shock
Alsa, the
shock wave is attenuated much more

it to a given pressure.

rapidly for a shot in a low-density
rock (Fig. 1),

be expected that more energy is de-

Consequently, it can
posited at higher temperatures in a
iow-density rock.

Previously reported calculations“
indicate that approximately /9 metric
tons/kt is dynamically shock vaporized
and an additionai 330 metric tons/kt is
dynamicaily shock melted. However, these
regions are at a temperature significantly
higher than :hat required to just melt the
rock., With a proper heat-transfer mech-
anism, much more rock could be melted,
One can speculate as to what heat-transfer
mechanistas are operating, Blow-oif of
the walls of the cavity during the later
part of the cavity expansion and mixing
with its high-temperature contents seems
likely. Ancther process is the transfer
of heat to the already warm wall through

radiation and convection, raising the
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Fig. 1, Typical Hugoniot equations of

state for high-deasity and low-
density rocks,

temperature to the melting point, with the
melt running or raining down under the
influence of gravity, exposing more mate-

rial to the hot cavity environment.

Technique

SOC code calculations for materials of
different densities were chosen from those
The shot-~

point materials were a 1.4~g/cm3-densi1y,

that had previously been made,

high-porosity rock; a 1,81~g/em”, medivm-
porosity rock; and a 2.61-g/cm3, low~
porosity rock. The Hugoniots fur these
The

calculations were analyzed at late times

three rocks are shown in Fig, 2.

after cavity growth was complete a2nd the

-2

energy all distributed, Heat content was
assumed to be the same for all three rocks;
the value used was that for granite given

by Birch2 and shown in Fig. 3.

From the energy-vs-scaled-distance
relationship obtained from the SOC cal-
culations and the heat-content relation-
ship, a temperature-vs-scaled-distance
curve wag obtained for each density;

these curves are shown in Fig. 4. The
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Fig. 2. Hugoniot equations of state used
in this study.

equation for the straight line on a log-
log plot is

B

AT=A(-—1R7—3-) \ (1)
w

where AT is the increase in temperature
above ambient in degrees centigrade
{ambient is assumed to be 30°C), R is the
distance before displaczment in meters,
and W is the explosion 2nergy in kilotons
(1012 cal). The constants A and B are
the intercept and slope, respectively, of
the line. It was also pcssible to plet the
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Fig. 3. Heat content of rock as a function

of temperature assumed in cal-
culations {taken from Ref. 2}.

intercepts of the equation against densit
and obtain a similar relativnship:

A= C(p)D,

where p is the shot-point density in g/cma.

For this case

5 -3.156

A=89X10 p {2)

Similarly, the slopes were plotted as a
function of density and the relationship

-0.411

B = -4.576 p (3)

was obtained, Egquation (1) then bucomes

-4.576
5 ‘pU.ZL
_3.9%10 R
AT ——pm—- ';173‘) . (4)
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distance for nuclear detonations
in rocks of different densities.
From Eq. (4).

shows the preshot distances for
temperatures and densities cal-
from Eq. (4).

To obtain the relationship between the

mass M of rock heated to a temperature
greater than any AT, spherical symmetry

was assumed so that

3

.4
M--\?TTTR f<2y

~4-

Substituting for R and solving for M,

Eq. (4) becomes

0.411

1552,3
3.156 \ <7
M =éan(A’1p )

\38 0%10

Using Eq, (5),

the fraction of energy of the explosion

between two temperatures.

Q gives the total energy deposited:

(5)

it is possible to obtain

The integral

(6)

The relaticnship b. tween heat content

and temperature from Fig, 2 was approx-

imated by
£ - (AT 1,048
5,42 )
Using Eqs. (5) and (7),
- B _ B)
Q=a (T1 T2 ,
where
0411
3.156 1 5253
= pr .__L__
8.9 X 10

0.4 1.048
(Eiren) (52)
1.5253/ \5.a2

( 0.411)
X \1.048 - oz )
and
0.411
B =1.048 - Frmen .

(7)

(8)



file:///8.9X
file:///8.9X
file://'/8.9X10
file:///1.04S

Table 1. Distances for various temperatures and shot-point densities (po).

Distance (m) at temperature

Yield
(kt) 1000°C 500°C 300°C 200°C 100°C 10°C 1°C
g = 1.4 g/cm3
1 4,21 5.01 5.70 6.31 7.50 13.37 23.83
10 9.07 10,80 12,27 13.59 16.17 28.21 51.35
100 19,54 23.26 26,44 29,27 34.83 62.07 110.63
pg = 2.0 g/'cm3
1 3.81 4.66 5.40 6.08 7.44 14.51 28,34
10 8,21 10.04 11.64 13.10 16.02 31.28 61.06
100 17.68 21.63 25.08 82.22 34,52 67.79 131.56
Py = 2.6 g/cms
1 3.39 4,25 5.01 5.71 7.15 15.06 31.73
10 7.71 9.15 10.79 12,31 15.40 32.46 68.73
100 15.75 19.71 23.286 26,52 33.1% 69.92 147,29
Figure 5 shows a plot of Eq. (8) in Table 2, Fraction of energy outside of

terms of temperature vs fraction of total
energy between Tl = 1000°C and "I‘2
= 0,01°C, Note that sbout 25% of the
energy is between these two temperatures
for the shot-point density p = 1.4 g/cma,
aind about 72% of the energy is between
these two temperatures for p = 2.8 g/cm3,
with a varying fraction between these
limits for other densities in this range,
The integration gi-es the amount of
energy at temperatures outside of Tl’
which can be considered the melt temper-
ature. By assuming that the energy which
is not ouiside the melt temperature is in
the melted rock, the mass of rock melted
can be calculated. Table 2 shows the
fraction of energy outside the melt cal-
culated from Eq. (8) with various T, {melt
temperatures) and ‘I‘2 = 0.001°C for

different shot-point densities. Figure 6

-5-

different melt temperatures for
different shot-point densities

{pg)-
Energy fraction al temper:iture
I (g,:l:mab 1500°C 1200°C 1000°C 00 ¢ 0w ¢
1.4 0.2697 0.2335 02407 €228 2.200¢
1.6 0.3315 0.31¢61 0,29487 02747 [URE )
1.8 0.396Y 0.3806 Q.3621 .84 00
2.0 0.,4626 0.4454 1,4260 04040
2,2 0.5414 0.5243 0,5047 0.4817
2.0k 0.5228 0.6057 0.5346¢ 0.5628
2.6 0.7125 0.6956 06761 .65
2.8 0,812} 0,793 0.6 04536

shows the fraction of melt above 'I‘l
minus the values in Table 2).
Table 3 shows the amount of melt cal-
culated as a function of density and assumed
meli temperatures by dividing the fraction

of energy in the melt by aH_ .. the
values were

AH
melt
obtained, by extrapolating the values in

enthalpy for melt,

Fig. 2, as the specific energy 1o raise
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Table 3. Mass of rock melted for rocks
of different densities (pg) and
different assumed mel: temper-

atures and enthalpies (AH
F melt)’
Mass (metrie tons FtY at temperature
and enthalpy (eal g)
4 00°C 1200°C 1000°C 400°C €00 ¢
pg rcm™) 449 383 336 280 24
14 1666 1404 . ) 2740 1370
1.6 1489 1750 2007 2376 aazs
1.8 1343 1576 18Yp 2355 3054
2,0 197 1410 1706 2126 27370
2.2 1021 1210 1474 1851 399y
2.4 840 1003 1232 L 361 2080
2.6 540 775 064 1280 1679
2.8 418 520 665 avg 1220

the rock to the melt temperature plus the
latent heat of fusion, which was assumed
to be 80 cal/g.

The calculations show that the amount
of rock that is potentially melted by an
underground nuclear explosion is a rather
strong function of the density of the shot-
point material, Fortunately, there are
data available to check these results.

G. Higgin53 suggested analyzing the
radiochemical data on melt samples re-
covered from near the explosion center on
many nuclear events at the Nevada Test
Site, On the basis of experimental meas-
urements, it is generally assumed that all
refractory nuclides are associated with the
melt. 4 Melt puddle samples are recovered
in postshct drilling and analyzed in the
laboratory as to the fraction of activity

of various refractory isotopes produced by
the nuclear explosion, If one assumes

that the melt is perfectly mixed and the
samples are representative of all the melt,
then the amount of melt produced per
kiloton can be obtained, Six to fourteen
puddle samples are measured for each
event, and the fractions of activity for a
namber of different refractory isotopes are

obtained. For the present study, radio-

i 1000°C
0.4 1200°C

1400°C

Fraction of energy in melt

0.2

D'li;Ll'llll‘lllL

1.5 2,0 2.5 3.0

Shot-point density, Py —g Sem®

Fig. 6. Fraction of energy in rock melt
vs shot-point density assuming
different melt temperatures,

chemistry data were analyzed for about
40 events; however, shot-point densities
are available for only about half of these,
There is considerable scatter in the
results of the measurements. Figure 7
shows the amount of melt per kiloton of
yield vs shot-point density., Thie points
were obtained by averaging the radio-
chemical measurements on puddle-glass
samples. The standard deviation is about
50% of the average values shown. There
is some question of whether the radio-
chemical samples are representative of
the puddle glass; sample descriptions
indicate that some contain impurities such
as water and drilling mud. One would
then expect that those samples that were
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from a French test and from the Piledriver Event are also shown.



{ndicated to contain impurities wouid con-
sisteatly give higher values for zawount

of melt, However, if these ditferences
exist, they are hidden in the scatter of
the data, Two additional data points
obtained by other techniques are also

5 . .
shown, Cohen™ shows values obtained in

a granite in which the French uaderground
tests were conducted, and Borgu obtained
an amount of melt for the Piledriver Event,
also in granite. Figure 7 also shows the
exponential best fits to the data, along
with melt temperatures inferred from
calculations given in Table 3.

Discussion of Fesults

in an underground nuclear explosion,
the total amount of rock melt produced
dynamically by the shock wave and by the
redistribution of the excess heat appears
to be a function of the shut~point density.
This result is obtained calculationally,
and it i5 suprorted by experimental
evidence. Although there is a large
scatter in the radiochemical results, there
is a definite trznd toward more melt
produced in lower-density (higher porosity)
shot-point media. The large scatter of
the radiochemical results can be attributed
in part to the sampling techniques, whereby
considerable impurities are included in the
melt samples, The total melt produced
appears to range between about 1300
metric tons/kt of cnergy yield for the

-0

high-density, low-porosity shot-point
rocks to two to three times this amount
for the low-density, high-porosity shot-
point rocks.

The water content of the shot-point rock
was not taken into consideration ecither in
the calculations or in estimating a melt
temperature for shots in which radio-
chemical data were available. Water con-
tent has two important effects: The first
is that inereasing water content iends to
depress the melting temperature of the
rock.7 The other is that an increased
water content increases the heat content
of the rock, since the average specific
heat of the water component of the rock
is about five times greater than that of

the solid component,
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