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Abstract-A mathematical-physical characterization of an atmospheric “explosive” event-commonly 
called the Tunguska Event of 1908-has been formulated. Emphasis is placed upon the aerial dynamics 
and the nuclear energy released in the gas cap of the meteor as it passed through the atmosphere. The 
results obtained are consistent with the dominant phenomena observed for the Tunguska Event suggesting 
therefore a plausible reconstruction of the physical processes associated with this unusual event. 

1. INTRODUCTION 

On 30 June 1908, in Central Siberia of the U.S.S.R., 
an extraordinary event occurred (Oliver, 1928 ; 
Crowther, 1931). Eyewitnesses reported a giant fire- 
ball moving across the sky followed by an overpower- 
ing shockwave. Trees were radially toppled over thou- 
sands of square kilometers, seismic and atmospheric 
disturbances were recorded as far away as England, 
and the next several nights were sufficiently bright for 
reading. However, no significant impact crater was 
formed nor was any extraterrestrial matter found in 
the immediate area. 

A number of hypotheses have been advanced as 
possible explanations for this so called Tunguska 
Event (named after a nearby river). Among these 
are cometary/meteoric bumup in the atmosphere 
(Whipple, 1930; Oberg, 1977; Florensky, 1963), 
matter-antimatter annihilation (Cowan et al., 

1965), black-hole impact (Jackson and Ryan, 1973) and 
even alien intervention from outer space (Baxter 
and Atkins, 1976). 

The physical evidence points most strongly to a 
massive meteor moving at hypersonic speed and burn- 
ing up in the atmosphere. Indeed, the meteor is 
believed to be a small comet and the difference in 
terminology strictly refers to the origin of the moving 
object. Meteors originate from the asteroid belt while 
comets are believed to originate from the Oort cloud. 
The comet theory is substantiated by the observance 
of the body in the early morning hours which rules 
out a meteor as these objects generally impact the 
Earth in an overtaking orbit and thus would be seen 
in the afternoon hours. Comets, on the other hand, 
are believed to follow no favoured orbits and thus 
may collide with the Earth in either an overtaking 
or a head-on collision. By definition, a meteoroid or 
comet-or even an alien spacecraft-constitutes a 

meteor once it enters the atmosphere. Approximate 
estimates of the comet’s mass and speed suggest that 
a high temperature, detached shockwave would form, 
possibly providing conditions for the fusion of deu- 
terium nuclei supplied mostly by the ablative materials 
of the hydrogenous composition of the comet. Indeed, 
the chemical energy is insignificant when compared 
with the nuclear fusion energy, and hence, establishes 
a motive for pursuing a thorough investigation as to 
the amount of fusion energy liberated in the gas cap. 
One must remember that, although a nuclear reaction 
liberates much more energy than a chemical reaction, 
the conditions in the gas cap may favour chemical 
reactions to proceed at a much higher rate than the 
nuclear reactions, which can more than make up for 
the differences in energy release per reaction. 

Though some useful geophysical data and eye- 
witness reports on this Tunguska Event are on record, 
considerable critical information of relevance to our 
analysis is absent. We judge, however, that cometary 
physics, the aerodynamics of high speed blunt bodies, 
and our understanding of fusion reactions, has 
advanced sufficiently to seek an additional, physically 
plausible elaboration on this Tunguska Event. 

2. INTERACTION DYNAMICS 

Some dominant features of the Tunguska Event may 
be reconstructed as follows. The evidence of seismic 
and atmospheric disturbances recorded, together with 
human observations, leave no doubt that an object 
of extraordinary kinetic energy interacted with the 
Earth’s atmosphere. The absence of an enormous 
crater may suggest complete or nearly complete 
burnup and the appearance of several bright nights 
suggest that the comet’s ashes and its tail interacted 
with the atmosphere over Asia and Europe. This 
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FIG. 1. SCHEMATIC OF THE TUNGUSKA COMETARY IMPACT. 
Here the symbols used represent the comet mass (Me), comet 
mean temperature (T,), comet velocity (V,), zenith angle 
(0) stagnation temperature (T,), stagnation volume (V,), 

deuterium density (N& and the stand-off distance (6). 

phenomenon is also in agreement with the comet 
hypothesis as the comet’s tail points in the anti-solar 
direction which in this case would mean directly over 
Asia and Europe. 

The present commonly accepted view is that a 
comet is a “dirty snowball” and therefore provides 
considerable amounts of hydrogen and hence the deu- 
terium isotope. As the comet entered the atmosphere, 
a frontal shock wave was formed. The high tem- 
perature of the gas cap in front of the comet’s leading 
edge caused evaporation and fragmentation of the 
comet’s surface. Consequently, the deuterium density 
in the gas cap increased. The hypersonic flight of the 
comet ensured the formation of a detached shock 
wave with temperatures sufficiently high to consider 
fusion reactions occurring in the gas cap. For the brief 
duration of the comet’s life in the atmosphere, the 
process in the leading edge may be characterized as a 
continuous explosive progression ceasing upon 
burnup or impact. That is, the Tunguska Event con- 
stitutes a brief naturally operating fusion reactor with 
nature providing ignition by aerodynamic heating and 
confining the plasma in the gas cap of the comet. 

In Fig. 1 we suggest, in schematic form, the domi- 
nant variables of interest. The comet possesses at some 

arbitrary time, a mass M,, mean temperature T,, speed 
V, and stagnation volume V,. Because we are dealing 
with a blunt body, most of the incident energy received 
is transformed into aerodynamic heating of the gas 
cap as opposed to the heating of the body surface. Of 
interest to us here are the fusion reactions and mass- 
energy transfers in the stagnation volume of the gas 
cap. 

The reason for our interest in the stagnation volume 
is that the analysis of the problem is tractable in this 
domain. For example, since the shock front formed 
in front of this volume is normal, well established 
relations involving temperature, pressure, and density 
can be invoked. Further, the leakage of material out 
of this stagnation volume can be modelled by the 
analogous fluid mechanics problem concerning the 
impingement of two opposed radial jets (Witze and 
Dwyer, 1976), one being the stream of air molecules 
entering the volume while the other is the ablating 
material from the comet surface. Further, it is known 
that under these conditions, the stagnation domain 
represents a volume of -0.02 of the total gas cap 
volume (Freeman, 1956) and thus allows an upper 
estimate of the total nuclear energy release as the 
conditions for fusion are expected to be most favour- 
able in this stagnation volume since the local tem- 
perature and density are highest. In this volume then, 
we are concerned with ion densities Ni-for the i-type 
ions-xisting at a kinetic temperature T,. 

3. NUCLEAR KINETICS 

The existence of dueterium, d, of density Nd, in 
the stagnation volume provides for two concurrent 
equiprobable self-fusion reactions (Chen, 1974; Gill, 
1981) 

d + d + P + t + Qw, L,t ; (14 

d+d+n+h+Qdd,h,%d,h. (lb) 

Here the symbols p, t, n and h represent a proton, 
triton, neutron and helium-3, respectively ; Qdd,, and 
Qdd,h are the reaction Q-values ; Rdd,t and Rdd,h are the 
reaction rate densities given by Harms (1987) : 

R dd,t = y < au )dd,t, 

R dd,h = y ( QV )dd,hr (2b) 

with {a~}~,,( ) as the corresponding reaction rate par- 
ameters depending on!y upon the kinetic temperature 
of the deuterium population (McNally et al., 1979). 

The instantaneous rate of nuclear energy released 
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in a unit stagnation volume is therefore 

dE 
L = Rdd,tQdd,t + Rdd,hQdd,h dt 

= N:(t) I ( OZJ )dd.tQdd,t + ( 00 )dd,hQdd,h 

2 1 * (3) 

The determination of the nuclear power thus 
generated in this volume requires knowledge of the 
deuterium density with time, Ndft), as well as the 
kinetic temperature of these ion populations so as to 
specify feU}C ). Since ( tTV )&t z ( cJV)~+ We take 
< (TV )dd = ( (To )dd,f = ( UV )dd,h (McNally et ffl., 1979). 
Thus equation (3) reduces to 

z = &N:(f)< gv )dd (4) 

where f&d represents the average of Qdd,t and Qdd,h. 
Further, the deuterium ion density must satisfy the 

following rate equation 

(l-L,)-NN,Z(t)(irv)dd. (5) 

Here, we included its supply rate by comet ablation 
and its loss by self-fusion and leakage; &, is the deu- 
terium fraction ablating into the stagnation volume 
and Lf is the normalized leakage factor as discussed 
and defined in the Appendix. 

4. AERIAL DYNAMICS 

In order to solve equations (4) and (5), it is neces- 
sary to specify dM,/dt as well as the stagnation tem- 
perature 7’,, The assumed quasistatic temperature in 
the stagnation volume is given approximately by the 
solution of the following energy balance equation 
(Goulard, 1964) 

where cP is the specific heat of the gas at constant 
pressure, y is the ratio of specific heats, c is the speed 
of sound, (T is the Stefan-Boltzmann constant, pa is 
the air density and T,, is the temperature at the shock 
front. For an isothermal atmosphere the air density 
varies as 

pa = p. e-@ (7) 

with p. as the sea level atmospheric density and h as 
the scale height. The shock front temperature is 
that predicted by the Ran~n~Hugoniot relations 
(Anderson, 1984) so that for hypersonic flight, as 
is our case, this temperature can be formulated as 

T _2T,Yk4) v, 2 (-1 sf - (y+l)Z c 
(8) 

where T, is the surrounding average atmospheric 
temperature. 

The solution of equation (6) represents the aero- 
dynamic temperature directly behind a steady, normal 
shock front. This corresponds to the quasistatic 
approximation as the temperature is assumed to devi- 
ate infinitesimally from equilibrium values or along 
the comet trajectory as it passed through the atmo- 
sphere. This also corresponds to the temperature 
imposed by nature onto the stagnation volume. 
Because the gas cap is optically thick,* the tempera- 
ture, T,, can be taken to be spatially independent 
within the stagnation volume. This is a very good 
approximation in the interior of the stagnation 
volume; however, near the shock front and the 
comet surface there exist thin boundary layers where 
the temperature gradients are extremely high as shown 
in Fig. 8. Because these layers are much less than the 
stand-off distance, 6, only a small negligible fraction 
of the gas resides there. This is equivalent to the fol- 
lowing interpretation. As mass ablates from the comet 
surface, it is blown across the thermal boundary layer 
into the interior of the stagnation volume where it 
quickly comes to equilibrium with the surrounding 
gas and is ready for fusion. The air stream entering 
through the shock front ensures that the ablated mass 
will remain in the interior of the stagnation volume. 
Again, this process can be viewed as the impingement 
of two directly opposing radial jets. Of the non-equi- 
librium processes taking place in the stagnation 
volume, ionization is the most important, imposing, 
however, no significant effect as the comet is travelling 
well in excess of the critical ionization velocity pro- 
posed by Alfven and Arrhenius (1975). 

Equations (6) and (8) demand that the comet vel- 
ocity, V,, be known during its flight through the atmo- 
sphere. Thus, an equation is required to state how V, 
changes. For this purpose we use 

dvc TAp, V,' e-ii” 
-1= 

dt 
---+gcose 

&pp,2’3 (91 

where A is the shape factor, r is the drag coefficient, 
0 is the zenith angle, g is the average acceleration due 
to gravity, and pc is the density of the comet. Also, 
the altitude, z, varies according to 

* By optically thick we mean that the photon mean free 
path is much less than 6, the distance between the comet 
surface and the shock front, known as the stand-off distance 
(see Fig. 1). 
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dz 
Tli= 

- V, cos 8. (10) 

Equation (9) is a statement of Newton’s Second Law 
in which the first term on the right-hand side represents 
a deceleration brought about by the aerodynamic 
drag. While many other forces such as buoyancy, 
retro-rocket effect and electrostatic drag are present, 
our calculations reveal that they are relatively insig- 
nificant. Also, it is assumed that the Earth is “flat” and 
that 6’remains constant; that is, the comet trajectory is 
a straight line. Roth of these are excellent approxi- 
mations for near perpendicular entries into the atmo- 
sphere, which is our domain of interest. For near 
horizontal entries, the curvature of the Earth must be 
taken into account as well as an equation to govern 
how the zenith angle, B, will vary. 

Lastly, dM,/dt needs to be specified ; for this we use 

(11) 

This equation governs how the mass of the comet is 
changing. Here we are assuming that all the energy 
received by the comet surface is transformed into 
vaporizing its surface while very little is left to heat 
the body. In the case of a meteor entering the Earth’s 
atmosphere, the mass remains fairly constant at first 
as the energy is going into heating the body. When 
the body reaches either its melting or boiling point, 
severe mass ablation sets in while its body temperature 
then remains fairly constant. In our case of a comet, 
severe vaporization comments well before it even 
enters the Earth’s atmosphere due to solar heating, 
and thus, the mean body temperature, T,, is already 
at its boiling point and consequently will remain con- 
stant, to a first order approximation, during its pas- 
sage through the atmosphere. Q in equation (11) rep- 
resents the total energy flux received by the comet 
surface from the densely heated gas cap in front of it. 
Here, we have modelled the gas cap as an outer 
(cooler) layer of a stellar medium. Also, Q is the sum 
of the radiative, convective and conductive mech- 
anisms of heat transfer as defined in the Appendix. 
Multiplying this energy flux by A(Mc/~c)*‘~, the 
effective surface area of the comet, and then dividing 
by L, the latent heat of vaporization, then indicates 
how much mass has ablated from the comet surface. 
As compact as equation (I 1) may seem, it suffers from 
one impo~ant flaw : it fails to take fragmentation into 
account. In the case of a meteor, this can be justified 
since such objects are compact and structurally 
strong. However, in our case, a comet is a loosely held 
conglomerate of frozen ices and meteoritic dust and 

under the enormous aerodynamic stresses imposed by 
nature, a comet would probably fragment into many 
smaller pieces. Fragmentation will accelerate the 
ablation process as the many smaller pieces present a 
greater surface area than the assembled conglomerate. 
We will comment on this point further. Equation (11) 
also neglects shape variation during the comet’s flight 
through the atmosphere. 

5. SIMULATION OF THE TUNGUSKA EVENT 

The modelling equations we employ to simulate 
the Tunguska Event are therefore summarized by the 
following : 

02) 

s- TAp, V,” evzih 
dt - - ,;/3/,;/3 

+gcose (13) 

dz 

dt= 
- v,cose 

Q(l-~~)-N~t~){~)~~ 

(15) 

$ = &,&< ~0 )dd (16) 

In order to solve the above system of first order, 
nonlinear, coupled, autonomous differential equa- 
tions we invoke the following preatmospheric bound- 
ary conditions at t = 0 : 

K(O) = Km (18) 

V=(O) = Km (1% 

z(0) = 2, (20) 

Nd(O) = Nda, (21) 

E,(O) = 0 (22) 

(23) 

Here, we take the atmosphere to begin at z, = 150 
km, which implies that at this altitude the shock front 
is fully developed and nuclear fusion begins. The entry 
velocity into the Earth’s atmosphere will depend upon 
the location of the event and the zenith angle chosen as 
it represents the vector snm of the Earth’s orbital 
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velocity (30 km s-l) with the comet’s velocity, which 
is assumed to be approximately equal to the escape 
velocity of the Sun at the Earth’s distance from the 
Sun (or 42 km s-l). It follows then that 
44.6 < I’,, < 57.1 km s-l for 90” > em > O”, respec- 
tively. To determine Ndoo, we made an estimation of 
the mass lost along the comet’s arbitrary path prior 
to entry into the Earth’s atmosphere. However, to 
specify the orbit of the comet demands knowledge of 
both the comet’s eccentricity and perihelion distance, 
neither of which is known. All that can be said about 
the Tunguska comet orbit is that it has to be retro- 
grade as it was viewed in the early morning hours. We 
can infer, though, that it probably had an eccentricity 
close to unity as is common among comets : for exam- 
ple, comet Halley has an eccentricity of 0.967. Also, 
an upper bound of the perihelion distance associated 
with the Tunguska comet can be taken to be 1 a.u. 
otherwise it would not have collided with the Earth. 
These estimates, along with a developed theory of 
vaporization of a comet surface have been employed 
in the Appendix to yield Ndm % 10 I8 cme3 (Swamy, 
1986). The theory used is in good agreement with 
the results from the last passage of Halley’s comet 
(Craven et al., 1986). Lastly, we have taken the deu- 
terium abundance to be similar to that on Earth, 
namely 0.0148%, as we were unable to find evidence 
to suggest otherwise. Both M,, and 0, have been 
taken to be variable parameters. 

6. RESULTS 

In order to numerically integrate the system of 
differential equations ( 12)-( 16), a fourth order 
Runge-Kutta algorithm was implemented. At each 
step in time, equation (17) was then numerically 
solved by utilizing the Newton-Raphson iterative 
algorithm. The values of the various constants used 
in the equations are listed in Table 1. The solutions 
to equations (12) (13), (15) (16) and (17) are dis- 
played in Figs 2, 3, 4, 5 and 6, respectively. These 
results correspond to near perpendicular entries into 
the Earth’s atmosphere (i.e. 0 < (?a < 30”). After 
numerous computer simulations, it was found that 
the overpressure in the gas cap just prior to impact 
corresponding to MC, - 5 x lOI g can best explain 
the flattened forest associated with this event for the 
zenith angles considered. This is in good agreement with 
existing estimates for A&, (Fesenkov, 1966 ; Turco et 
al., 1982). In solving these equations, it was found 
that the nuclear energy released during the comet’s 
-3 s passage through the atmosphere was indeed 
negligible. Figure 6 reveals that fusion in the stag- 
nation volume only occurred during the last 2 km of 

the comet’s trajectory where the temperature reached 
4 x lo5 K and the properties of the gas cap approached 
those of a fully ionized plasma. The integrated fusion 
energy over time and stagnation volume for a vertical 
entry is - 10e4 J, therefore suggesting that an upper 
limit to the total nuclear energy expenditure from the 
entire gas cap is -5 x lo- 3 J. This enables us to 
conclude that if nuclear energy was liberated from the 
Tunguska Event, it did not result from the cometary 
hypothesis. Further, our simulations revealed that 
considerable nuclear fusion energy will only be pro- 
duced when V,, > 100 km ss’ for MC, = 5 x lOI g. 
However, this entry velocity is not physical as the 
maximum attainable preatmospheric velocity of a 
meteor, as predicted by celestial mechanics, is -72 
km ss’ as shown in the Appendix. 

Although one should not be surprised by this find- 
ing, it was thought that the nuclear energy released 
would have been great enough to explain the heat felt 
by witnesses 60 km away from the point of impact. 
One witness described the heat radiated from the event 
as a sheet of Sun (Baxter and Atkins, 1976). Because 
of the body’s brief passage through the atmosphere, 
the liberated heat can be viewed as originating from 
a cylindrical flash. The nuclear energy flux received at 
a distance r would then be H - EN/(2mtf). Setting 
H = 0.14 J cme2 s-i (i.e. solar flux), r = 60 km and 
tf - 3 s yields a nuclear energy release of EN - 16 MJ. 
Thus, the nuclear energy expenditure from the gas cap 
necessary to produce a similar heat flux as the Sun is 
16 MJ. Clearly, the heat felt was not due to fusion 
energy, but perhaps chemical energy or the dissipated 
heated shock front. 

7. DISCUSSION AND CONCLUSIONS 

Our analysis thus suggests that the surviving 
meteor, or meteorite, spontaneously vaporized at 
impact leaving no noticeable crater due to its loosely 
held structure. A simple calculation will reveal that 
the energy requirement for this to occur was available. 
By defining 

(i.e. the ratio of the total available kinetic energy at 
impact to the amount of energy necessary to vaporize 
a unit mass of the meteorite) and substituting the 
appropriate values, Qr takes on the value of -550 
implying that sufficient energy to vaporize the 
meteorite 550 times over was available! 

Immediately after impact, the strong shock front 
accompanying the comet through the atmosphere 
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TABLE 1 

Symbol Meaning Value used 

A Meteor shape factor 1.21 
9 Average acceleration due to gravity 960 cm s-’ 
L Latent heat of vaporization 
l- Drag coefficient ::o”” Jg-’ 
0 Stef~-Bol~ann constant 5 67 x lo-‘* J s-l cn-* K-4 
r, Comet mean temperature 3;s K 
T, Average atmospheric temperature 320 K 
h Scale height for the assumed isothermal atmosphere 9.6 x 10’ cm 
PO Atmospheric density at sea level 0.0012 g cm-’ 
PC Comet density 1.0 g cmm3 
Y Ratio of specific heats of the gas mixture in the gas cap 513 
CP Specific heat at constant pressure of gas cap 11.0 J g-r K-’ 

&a,, 
Speed of sound 3.5 x lo4 cm s-’ 
Sigma-v parameter Empirical formula based on 

McNally et al. 11979) 

: 

V, 
Lf 
Q 

Average energy release per d-d reaction 
Conversion factor, converting mass loss rate to corresponding gain 
rate of deuterium nuclei in the stagnation volume 
Stagnation volume 
Leakage factor 
Total heat flux transferred to comet surface by the gas cap 

5.82 x 1O-‘3 J 
7.48 x 1Oi6 g- ’ 

Varies according to (Al 5) 
Varies according to (A14) 
Varies according to (Al 1) 

O.lSE* 07 

14 0.2E+I4 0.3E+14 0.4E*l4 0.5E+ 
COMET MASS. MC, Ig) 

FIG. 2. MASS OF COMET vs ALTITUDE FOR WE ENTRY ZENITH 
ANGLES. 

The preatmospheric mass was taken to be 5 x IOi3 g for all 
three cases shown. In the figure, M,r denotes the meteorite 
mass impacting the earth while R is the residual mass per- 
centage which survives the plunge through the atmosphere. 

continued to propagate radially outwards into the 
otherwise undisturbed forest. Because of its brief pas- 
sage through the atmosphere, the outward propagating 
disturbance can be viewed as a cylindrical shock front 
expanding radially. From the impact conditions, the 
pressure associated with the shock wave just prior to 
impact is dictated by 

P’!d& !k 2po ( > c 

O.t5E+S I .I / . , 
/ 

t__,__7_TrI__ 
C&E+, 0.54E+7 0.56E+7 0. 

COMET VELOCITY, vc, Icm,sj 

FIG. 3. COMET VELOCITY vs ALTITUDE FOR THREE ENTRY 
ZENl’IH ANGLES. 

All three curves clearly show that the body travels unimpeded 
through the atmosphere until reaching the lower stratosphere 
(- 25 km) where it is then quickly decelerated. in the tigure, 
V, denotes the final impact velocity and tf depicts the flight 

time. 

with PO being the atmospheric pressure at sea level. 
The numerical value of Pf is of the order of 25,000 
atm for M,, - 5 x 1013 g. Clearly, this explains why 
the trees were radiahy knocked down and the record- 
ing of seismic and acoustic disturbances thousands 
of kilometres away. Assuming that the pressure 
decayed inverseiy with distance, the pressure at a dis- 
tance of 30 km was still large enough to knock down 
trees. The corresponding high temperature of the gas 
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0. .,:. 
0. 0.9E+10 O,!E*zo 3.15E-20 o.zE-20 

DEUTERIUM ti DENSIiY,N,, .icn?l 

FIG. 4. DEUTERIUM CONCENTRATION IN THE STAGNATION 

VOLUMEASAFUNCTIONOFALTITUDEFOR~, =o. 

0. ", ' ' ” ” 
0. O.lE-2 O.ZE-2 OJE-2 0.4E-2 O.SE-2 O.SE-2 

FUSION ENERGY, E,, CJI 

FIG. 5. TOTAL NUCLEAR FUSION ENERGY LIBERATED BY THE 

STAC3NATIONVOLUMEASAFUNCTlONOFhLTlTUDEFOR~, =o. 

Here, ET is obtained by multiplying the stagnation fusion 
energy density, I?,, by the stagnation volume, Vs. 

cap at impact, namely -4OO,OOO”C, quickly set the 
devastated forest ablaze. 

The only signature the comet left behind was the 
b~lliantly lit night skies over Europe and Asia that 
followed. This can be attributed to the interaction of 
the comet tail with the atmosphere, producing the 
spectacular meteor showers witnessed by many. Figure 
7 is a schematic illustration of the described scenario. 

We add that we have given little analytical emphasis 
to the observed ring of stripped upright trees within 
the central blasted area. This phenomenon could be 
explained by an explosion taking place prior to 
impact, several kilometers above the Earth’s surface. 
The resulting combined effect of the explosion and 
ballistic waves then continued to propagate in such a 
complicated shape that part of the disturbance landed 

e O.lE,B - 

N’ 

J 

2 
s 0.5E+7 - 

2 

103 10’ lo5 106 
LOGLSTAG.TEMP.J, Ts, IK) 

FIG.~. STAGNATIONGASCAPTRMPERATUREVSALTITUDEFOR 

em =o. 

normally over a ring of trees thus stripping and caus- 
ing them to remain upright. Also, the presented model 
would predict that the flattened forest be symmetric, 
contrary to the observed peculiar form which 
resembles the figure of a butterfly. This shape, 
however, could be considered to be the result of a 
propagating inclined cylindrical shock front further 
complicated by the rough terrain over which the event 
took place. Some have even endeavoured to infer the 
entry angle from the shape of the flattened forest 
(Zotkin and Tsikulin, 1966; Korobeinikov et al., 
1976). 

We suggest that the explosion may have been trig- 
gered by mechanical destruction brought about by 
the enormously imposed aerodynamic pressure. This 
caused the comet to fragment into a dense swarm of 
particles which were blanketed together by a common 
shock wave and thus moved as a single body. The 
body may have then vaporized on the spot due to 
the sudden acceleration in ablation which 
accompanied the abrupt fragmentation process. In 
the vaporized state, gases such as methane, may have 
undergone violent exothermic chemical reactions. 

An analogous treatment of the chemical energy 
released by this event has also been formulated (Park, 
1978). The results claim that the associated anom- 
alous atmospheric phenomena can be attributed to 
chemical reactions involving the nitric oxide pro- 
duced with atmospheric ozone. It is conjectured that 
the produced nitric oxide fertilized the area near the 
fall, thus causing the observed rapid plant growth. 
The leaching process of NO2 by rain into the soil is 
held responsible. 

In conclusion, we address the following thoughts. 

(1) Has any radiation been registered? An 
expedition investigated the reported radioactivity in 
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Metewite vapourizi3d on 
the qmt at impact 
Wving (10 crater dua 
to Its 10Oaaly held 
atWctura 

Impact atagnatt~n 
tampmtun 4ott,ooo*c 

\ lrnpeot ategnetlon pmaaure -25,ooa am 
mdlally ttattanad the f~mat 

FIG. 7. SCHEMATIC ILLUSTRATION SHOWING THE POST IMPACT EFFECTS wrr~ 8, = 0. 

deep rings of the fallen trees and established that 
the measured radioactivity is due to fallout from the 
testing of modern atomic devices which has been 
absorbed into the wood (Florensky, 1963). Even if 
our results showed that considerable nuclear energy 
was released, we suggest that it would not be measur- 
able because the location of the event was not dis- 
covered until almost two decades later, at which point 
the existing radiation would have substantially 
decayed away, and also, the radiation would have 
been released in the atmosphere with very little reach- 
ing the Earth, and thus would be easily and quickly 
dissipated by atmospheric effects. 

(2) Why wasn’t the comet seen before reaching 
the Earth? Perhaps the observing techniques were not 
as extensive, and as trivial as they are today. Also, it 
has been proposed that the comet may have been a 
fragment of a larger comet (believed to be comet 
Encke) that dislodged itself from the parent comet at 
the last moment (Kresak, 1978). Although the parent 
comet may have been tracked, the dislodged fragment 
was not. 

(3) Why were no remains of the meteorite re- 
covered? An expedition conducted in 1962 (Flo- 
rensky, 1963) recovered a concentration of meteoritic 
dust 60-80 km Northwest of the believed epicenter, 
prompting the claim that this find promotes the 
meteor hypothesis over the comet hypothesis. We sug- 
gest that this find shows no conclusive evidence point- 
ing towards the meteorite h~othesis as comets con- 

tain meteoritic dust embedded in it ; indeed, the other 
materials are volatile and thus would leave no trace. 
The observation that the dust was recovered some 
distance from the epicenter supports the hypothesis 
that the object exploded in flight. Our model would 
have to admit that some meteoritic dust should have 
been left behind in the immediate impact area. 

(4) Extrapolating our findings to other planets in 
the solar system, we suggest that a similar event occur- 
ring on Venus will yield a significantly larger amount 
of fusion energy. Reasons for believing so are the 
following : the maximum entry velocity the comet may 
possess is 85 km s-. ’ implying higher temperatures in 
the gas cap, and the atmospheric pressure, density 
and temperature are much greater than that of Earth 
causing ablation to be more severe and thus supplying 
more deuterium. Also, the atmosphere of Venus is rich 
in hydrogen when compared with the Earth, therefore 
providing an even higher dueterium concentration to 
result in the gas cap. Lastly, the preatmospheric deu- 
terium concentration will be signi~cantly higher as the 
comet will have lost more mass in travelling the extra 
distance to Venus. 
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APPENDIX 

Entry velocity into atmosphere 
Most texts on celestial mechanics assert that the relative 

velocity, V, of a body of mass M,, with respect to the Sun, 
of mass MsUN, is governed by the energy equation 

V* = G(M,,,+M,) F-f 
( > 

where G is the universal gravitational constant, r is the 
distance of separation and a is the length of the semi-major 
axis. Because comets are generally believed to travel along 
near parabolic heliocentric orbits, the semi-major axis 
approaches infinity. Thus, neglecting the perturbations from 
the other planets, the relative velocity of the comet evaluated 
at r = 1 a.u. (i.e. when it crosses the Earth’s orbit) with 
M, << M,, gives V & 42 km s-l. This velocity must be vec- 
torially added with the Earth’s orbital velocity of _ 30 km 
s-‘. Limiting cases occur when : a meteoroid overtakes the 
Earth and approaches at a speed of 42 - 30 or 12 km s-l, or 
if it meets the Earth in a head-on collision and approaches 
at a speed of 42 + 30 or 72 km s-l. 

Heat transferredfrom gas cap to comet stagnation surface 
The total energy flux received by the comet surface from 

the gas cap is comprised of three contributions : radiation, 
convection and conduction (solar radiation no longer con- 
tributes as it is blocked by the gas cap). 

For an opaque gas, the radiation heat flux will be that of 
continuum diffuse radiation given by Fay et al. (1963) : 

(A21 

where lR is the Rosseland mean free path and (dT,/dy), is 
the temperature gradient evaluated at the comet surface. 
For freefree and freebound transitions of electrons, the 
Rosseland mean free path is given by 

Here, m, is the electron mass, ni and n, are the ion and electron 
number densities, respectively, e is the electron charge, 
c is the speed of light, k is the Boltzmann constant, h is 
Planck’s constant and Z, is the average ionic charge. 
The approximate numerical value of the integral is 22.6 
(dimensionless). 

The convective heat flux to the comet surface is given by 
Fay et al. (1963) : 

4. = 
2,/%,&k c ‘I2 

R, a ’ ’ ‘} +‘$~ (A4) 
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where p. is the air density, p. is the stagnation gas cap density, 
R, is the comet radius, cp is the specific heat of the gas and 
k, is the thermal conductivity. The dimensionless quantity 
[63’2(dQ/dn)]w has a value of about 0.38 (Fay et al., 1963). The 
thermal conductivity is given by Spitzer’s expression for a 
fully ionized plasma 

2 0 “’ k(kT,)“’ 
ke=40n ~ 

m,1”e42,L (A5) 

where L is the Coulomb logarithm given by 

L = ln(l+A*) 

where 

A = W-P - 

The conductive heat flux will be mostly due to electrons 
as opposed to ions because the thermal velocity of electrons 
will be & _ 200 times greater than that for ions 
(assuming that the electrons and ions are both at temperature 
T$ Thus, 

(‘48) 

In expressions (A2) and (A8), the temperature gradient at 
the surface was estimated by 

dT, C-2. CT,- TJ 
dy *-- A 

where Tb is the temperature of the comet surface assumed to 
be at its boiling point and A is the thermal boundary layer 
thickness given by 

A=&r 
(AlO) 

with Re as the Reynolds’ number and Pr being the Prandtl 
number. Again, 6 is the stand-off distance. Thus, the total 
heat flux to the comet surface is given as 

Q = e+a+qe (All) 
with convection as the dominant mechanism for heat 
transfer. 

Stagnation volume thermodynamics and leakage 
It has been assumed that both the electrons and ions are in 

equilibrium at the same temperature, T,. The thermodynamic 
properties of the gas are those corresponding to a fully ion- 
ized plasma. Thus, the specific heat was found from 

6412) 

with k as the Boltzmacn constant and m as the mean molec- 
ular weight of the gas. Also, the equation of state was taken 
to be the perfect gas law. Lastly, photons are taken to be 
subject to Planck statistics, while all particles obey Maxwell- 
ian statistics. 

It is recognized that the thermodynamic properties will 
vary along the trajectory; however, in the lower stratosphere, 
the properties will approach the idealized ones listed above. 
A criterion by which the validity of the perfect gas law can 
be judged is by the comparison of the Debye radius, Lo, 
with the average distance between neighbouring particles. 
A necessary condition that will enable one to neglect the 
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interactions between the gas particles-as is the case in a 
perfect gas-is that Ln be greater than the average distance 
between neighbouring particles. In our case, both quantities 
are of the same order of magnitude. 

To estimate the leakage of mass from the stagnation 
volume, we suggest modelling this as the impingement of two 
directly opposed radial jets as depicted in Fig. Al, Although 
an analytical solution to this problem does not exist, empiri- 
cal relations based on experimental findings are available 
(Witze and Dwyer, 1976). The velocity profile of the escaping 
gas, according to experimental results, has the form 

v(y) = p scch’(8.31 ly/r,). (A13) 

Here, I/ is the velocitiy at which mass ablates from the 
comet’s surface, assumed to correspond to the mean 
Maxwellian velocity. Integrating the escaping mass over a 
cylindrically shaped stagnation surface and dividing by the 
mass influx, nr&, V,+ p” V), yields the following expression 
for the normalized leakage factor: 

Lr = 0.6(~~2(pV$$). (A14) 

Here, pV is the density of the ablating vapour, r, is the radius 
of the stagnation volume and tanh(8.3116/r,) justifiably 
taken as unity. The stagnation volume, V,, was estimated by 

with 

V, N w,26 (Al3 

& 
r, = - 

8 (‘416) 

and for a hypersonically travelling blunt body, the stand-off 
distance, 6, can be shown to be (Freeman, 1956) 

(A17) 

The only weakness in this interpretation of leakage is associ- 
ated with (Al3), which represents the fully developed velo- 
city profile, though it is used in a regime where the flow 
field is not fully developed. 

Preatmospheric vaporization of comet nucleus 
As a comet approaches the Sun in an assumed highly 

elliptical orbit, its heliocentric distance will at first vary 
slowly thus allowing the nucleus surface to reach a steady 
state temperature which is also slowly varying. Further 
assumptions include a slowly rotating nucleus and the 
neglecting of conduction. The temperature distribution on 
the sunlit face can then be determined by an energy balance. 
The fraction of solar energy absorbed must be equal to the 
latent energy used to transform the frozen surface to vapour 
plus the energy reradiated back to space. This steady state 
situation can be mathematically stated as follows (Swamy, 
1986) 

&(I-A,);cosrr = a(l-A,)T“+Z(T)L(T) (A18) 

where the symbols represent the following : 
F,: solar flux at 1 a.u., 
A, : nucleus albedo in the visible, 

a : angle that surface area makes with the impinging 
solar flux, 

A, : nucleus albedo in the infrared, 
0 : Stefan-Boltzmann constant, 



Nuclear and aerial dynamics of the Tunguska Event 339 

TEMPERATURE //,I 

// VELiXlTY , 

// 

SH.OCKWAVE 

d”, r A&v: .-dh 
-=- +ibe 

dN.g pd A M, “’ 
_=- - - Cl (l-L,)-N:ttj*U~~ 

dt M’” 113 
c PC 

o() dl v, L PC 

dz 
-_=-Vcmse 
dt 

FIG. Al. %3fEMATIC ILLUSTRATION OF THE VELOCITY AND TEMPERATURE PROFILES IN THE STAGNATION VOLUME. 

Not included here are the effects of the blowing layer formed adjacent to the temperature profile; it is 
judged that in the lower atmosphere, this will be of little consequence. 

Z(T) : the production rate of vapour (in molecules cm-* 

s-I), 
L(T) : the latent heat energy per molecule for the vapo- 

rization of the surface. 

If equilibrium is achieved, then 

P 
z(T) = (2nmkT)l’2 649) 

where P is the vapour pressure. 
Simultaneously solving (A18) and (A19) iteratively will 

yield the unknowns Z(T) and T, for specified values of the 
remaining parameters. By integrating Z along the comet’s 
assumed orbit, an estimation as to how much mass has 
ablated away can be made. It has been suggested that the 
form of the solution can be rendered as in Swamy (1986) 

Taking the comet to be chiefly composed of H20, as found 
in the last passage of comet Halley (Craven et al., 1986), 

then ri = 2.808 a.u., rn = 2.15, n = 5.093, k =4.6142, 
a=O.lll andZ,=1/7xlO . , ” Also based on Newtonian 
mechanics 

where r,, is the perihelion distance (assumed to occur at 
0 = 0) and e is the eccentricity. Further, 

Utilizing (A20)-(A22), the integrated vaporized mass 
becomes 
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Assuming that the comet orbit had e - 0.8 and r0 - 1 au., 
numerical evaluation of (A23) gives - 10z5 molecules of H,O 
per centimetre. Thus, the preatmospheric deuterium con- 
centration is 

N dm - 2 x 1O25 x (0.000148) (A24) 

We also estimate that the gas cap density at entry, psm, is 
-0.2 g cmd3, for the case that the shock front is fully 
developed. Lastly, result (A24) neglects losses brought about 
by solar radiation and solar flares which cause dust and ion 
tails to form. 
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As a general concluding point on the methodology 
employed here, we may justifiably claim that the trajectory 
and other dynamical considerations employed here, follow 
as a logical consequence. of physical modelling which 
has developed in the-literature over the years (opik, 1958 ; 
Bronshten. 1965: Baldwin and Sheaffer, 1971: Bibennan 
ef al., 1980) ; nuclear reaction considerations .introduced 
here correspond to recent developments in plasma and 
fusion physics. Finally, issues of the terrestrial impact of 
large asteroids and comets are outside our area of interest 
but information on this subject is readily available (Silver 
and Schultz, 1981; Ahrens and O’Keefe, 1987). 


