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The explosion over Tunguska, Central Siberia, in 1908 released 10 to 20 megatons (high explosive
equivalent) of energy at an altitude of about 10 km. This event represents a typical fate for stony
asteroids tens of metres in radius entering the Earth’s atmosphere at common hypersonic velocities.
Comets and carbonaceous asteroids of the appropriate energy disrupt too high, whereas typical iron

objects reach and crater the terrestrial surface.

THE explosion'~® on 30 June 1908 over Tunguska has inspired
many exotic explanations. Antimatter®, a small black hole’ and,
inevitably, an exploding flying saucer’, have all been proposed
as means of liberating tens of megatons of energy in the atmos-
phere without cratering the Earth’s surface. Quantitative expla-
nations in terms of a less exotic object have often suggested that
it must have been extremely underdense (with an effective
density p,,=1073-1072 g cm™) to have exploded before reach-
ing the ground®'%. Contrary to that claim, we show that the
Tunguska explosion is a typical fate for stony asteroids with
radii ~30 m entering the Earth’s atmosphere at common hyper-
sonic velocities. Short-period and long-period comets with
appropriate energies explode far too high in the atmosphere to
account for the observations, whereas iron objects (with rare
exceptions) explode too low, or not at all. Qur model is also
consistent with the fate of the Revelstoke object, observed"® to
have catastrophically exploded in the atmosphere with an energy
of tens of kilotons*. These results affect assessments of the hazard
posed by impacts.of small comets and asteroids.

Characteristics of the Tunguska event

The Tunguska event has been variously estimated as liberating
between 4 x 10%* (ref. 14) and 4x 10% erg, (ref. 12) or 10-10°
megatons (Mton). The best energy estimates are based on air
and seismic wave records, compared with nuclear airbursts of
comparable yield. Hunt et al'* thereby find an explosive energy
of 10+ 5 Mton; a more recent analysis by Ben-Menahem'” finds
12.5+2.5 Mton. Similar estimates derive from observed forest
destruction, scaled from the uprooting of trees in nuclear
weapons tests'*!®.

Seismic waves were excited by a vertical point impulse of
7x10*® dyns (ref. 15). The impulse has been interpreted'? as
the initial vertical momentum of the impactor, which implies a
bolide kinetic energy of ~4x10? erg. This interpretation is
problematic, as the impulse striking the ground is largely from
the blast wave generated by the explosion, and not due to the
detached ballistic shock from the decelerated impactor'®. Turco
et al'? distinguish between the Tunguska terminal explosion
and energy released by ablation and deceleration during atmos-
pheric entry, with the explosion representing just the last 1% of
the bolide’s energy. This requires the bolide to be extremely
underdense (p,, <0.01 gcm ™) by the time it enters the upper
atmosphere.

A reported’ iridium spike coincident with Tunguska in
Antarctic ice corresponds to an impactor with energy =10*° erg.
New analyses on Antarctic samples, however, have found no
detectable iridium imprint above background due to cosmic
dust, contradicting the earlier result'®. No evidence for pre-
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dicted'? elevated nitrate production has been found in a green-
land ice core®.

Contrary to interpretations of the Tunguska object as a friable,
underdense comet, Sekanina® favours a bolide with a very high
strength, arguing that the object would explode instantly on
disruption. Levin and Bronshten®" reach similar conclusions, by
analogy with typical terminal-flare meteors. Shoemaker® asserts
that Tunguska-like explosions should be a common fate of smail
bolides entering the terrestrial atmosphere, provided only that
they are less strong than iron objects.

The terminal explosion over Tunguska is typically estimated
to have occurred at roughly an atmospheric scale height H =
8.4 km. Ben-Menahem'® has compared differing arrival times
for Rayleigh and SH body waves recorded at Irkutsk; he finds
an explosion height of 8.5 km. This agrees with simulations'®*?
of the treefall pattern, which suggests explosion aititudes of
5-10 km.

The inclination angle 6 (measured from the horizontal) of
the Tunguska object’s trajectory has been controversial.
Attempts™2*?!' to determine # from eyewitness reports typically
give shallow trajectories, in the range 5-17°. Such low inclina-
tions are inconsistent with attempts to simulate the treefall
pattern at the Tunguska site. Zotkin and Tsikulin®® measured
the azimuths of 40,000 felled tree trunks over 2,200 km? at the
Tunguska site, and reproduced the observed ‘butterfly’ pattern
in the laboratory by superimposing a terminal point charge and
an inclined line charge. Their investigations require 10°< 6 <
60°, with a preferred value of 30°. Korobeinikov et al.®” simulated
the treefall pattern using a numerical shock model, finding that
observations can be matched only for 30° < 6§ <<45°, with a pre-
ferred value of 40°. They further assert that this value is con-
sistent with eyewitness accounts.

Evidently it is difficult to determine the true inclination of
the Tunguska bolide, and eyewitness reports gathered 20 years
after the event are particularly suspect. In this investigation, we
usually take 6 to be the most probable entry angle for an incident
object, 45°, but consider a range of other possible values.

Atmospheric entry of the bolide

A cosmic object entering the atmosphere loses its kinetic energy
through deceleration and ablation®°. Deceleration can be
described by the equation

dov
m—=

dt
where r is the bolide’s radius, A its cross-sectional area, p,
atmospheric density, g gravitational acceleration (a function of
height), t time, and Cp, drag coeflicient. The object’s surface is
heated by radiation from the atmospheric shock front. This heat
is shed efficiently by ablation. The resulting change in mass is

NATURE - VOL 361 - 7 JANUARY 1993

1Cop At +-Esin 6 (1)
m

© 1993 Nature Publishing Group



ARTICLES

given by
d
Q7= ~1Cup, AV’ )

where Q is the heat of ablation and Cy is the heat transfer
coefficient. Q is a function of material type and the specific
process of ablation. To derive the values of Q used here, we
begin with the heat of vaporization appropriate to iron and
stony meteorites®®, 8 x 10'? erg g~'. We then use observed abla-
tion coeflicients for cometary, carbonaceous and stony meteors
to calculate Q for comets and carbonaceous asteroids, following
Chyba et al®’ (see Table 1).

Observation indicates® that Cy is effectively constant at Cy, =
0.1 above ~30km. This altitude range includes most visible
meteors. But as a bolide descends to lower altitudes, Cy,; declines
inversely with atmospheric density, so that m, which had been
increasing, becomes effectively constant. This upper limit on m
occurs because large objects ablate mainly by absorbing thermal
radiation emitted by the hot, shocked gases concentrated in
front of the impactor. The temperature attained by the shocked
gas is strongly regulated by thermal ionization®®* to ~25,000-
30,000 K, with weak dependence on the velocity, size and com-
position of the impactor. The maximum ablation rate is therefore
Qm zzéaT“. These considerations suggest rewriting equation
(2) as

dm H 1,0 3 4
QEI—:—A min (;Cpp,v7, 0T7) (3)

where C% =0.1 and T = 25,000 K. This parametrization roughly
reproduces the results of ref. 30.
The bolide’s trajectory angle 6 varies as

dé _goeos b C p,Av_vcos b
dt v 2m Rg+h

Here Rg is the Earth’s radius, h the bolide’s height above the

4)

terrestrial surface, and C_ the lift coefficient. Passey and
Melosh®' suggest taking C; = 107>, on the basis of their investi-
gations of crater fields. We set C, =107, Even for trajectories
as low as 8 = 15°, varying C, over the range 10*-1 changes the
altitude at which a Tunguska-sized stony asteroid airbursts by
only ~1%.

Equations (1) and (2) can be solved analytically for spherical
impactors in an isothermal atmosphere if 8 and Cy are held
constant®. The analytical solution does not, however, allow for
objects breaking up in response to aerodynamic forces. We
therefore apply a finite-difference approach to solving the
required equations.

Catastrophic fragmentation

Catastrophic fragmentation is a likely means of producing an
atmospheric explosion of a bolide. By spreading the impactor’s
mass over a wide area, fragmentation increases the amount of
atmosphere intercepted and so enhances ablation and aerobrak-
ing; hence a fragmenting object stops more abruptly, surrender-
ing its kinetic energy more explosively, than does a non-frag-
menting object?3132,

Objects much greater than ~1 km in diameter do not fragment
while traversing the Earth’s atmosphere, as an atmospherically
induced pressure wave has insufficient time to cross the object
before impact. In effect, large objects moving at hypersonic
velocities do not have time to ‘see’ the atmosphere before crater-
ing the surface”’. (This is consistent with the existence of the
14-km-wide Lappajirvi crater in Finland, apparently the result
of an impactor of carbonaceous chondritic composition®”; this
crater would have been excavated by a carbonaceous asteroid
~1km in diameter.) Sufficiently small objects will either be
entirely ablated, or be aerobraked to free-fall speeds. Atmos-
pheric entry of objects in the size range ~10-100 m, however,
is dominated by fragmentation, although the precise size range
depends strongly on object type and velocity.
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Deformation and fragmentation occur because of differential
atmospheric pressure across the object. The leading face of the
impactor is subjected to an average pressure p,=~ Cpp,0°/2,
whereas the pressure on the trailing face is much smaller.
Integrated over the surface of the impactor, this difference
produces the drag force of equation (1). Pressures on the side
of the objects are also much smaller™ than p,, so that the object
is essentially not laterally confined. Impactors fragment as the
result of this aerodynamic stress’**>*'*>*  Fragmentation
occurs when p, exceeds a characteristic strength of the material.
Because the details of bolide failure are poorly understood™,
we select characteristic strengths for various bolides using the
following considerations.

Fragmentation of ‘Sun-grazing’ and ‘Jupiter-grazing’ comets,
presumably due to tidal stresses, suggests®’ that at least some
comets may have extremely low tensile strengths of 10°-
10° dyn cm 2. Objects have fragmented in the terrestrial atmos-
phere with strengths®® as low as 6x10°dyncm™. A typical
strength of a chondritic impactor is 1x 107 to 5x 107 dyn cm ™2,
although stronger stony objects can have strengths® as high as
2% 107-5x 108 dyn cm 2. By contrast iron bodies are strong and
usually do not fragment until they penetrate to <10 km of the
ground. The effective strength for an iron impactor® is 4x
10°-2x 10° dyn cm . For an object entering the atmosphere at
20km ™', aerodynamic stresses reach ~6x 10® dyncm™? two
scale heights up, exceeding most of the strengths cited above.

A model for bolide deformation

A right circular cylinder moving along its axis of symmetry
makes a highly idealized but straightforward model of a deform-
ing impactor. To represent a roughly equidimensional bolide,
we choose a ‘cubical’ cylinder, taking its height h and diameter
2r to be initially equal. We now consider the forces on the
cylinder as it passes through the atmosphere. The front face
sees a pressure p,= Cpp,v°/2. For a cylinder’®, C,=~1.7. Pro-
vided that the sound travel time h/c (c is the sound speed in
the object) is short compared with the time H csc /v for the
impactor to fall through a scale height, stresses parallel to the
axis should roughly be in hydrostatic equilibrium, with the axial
stress at any point within the object being that required to
decelerate the trailing mass. Thus the axial stress decreases
linearly from its peak value p, at the front face to some low
value « p, at the rear face.

The air pressure against the side walls is generally much less™
than p, and except near the back of the cylinder is small com-
pared with the axial stress. As the cylinder descends into deeper
air, axial stress increases until elastic failure occurs. The cylinder
flows outward, transversely to the direction of motion. Because
the driving pressure p, rises exponentially as the bolide descends
through the atmosphere, its effective cross-section increases
exponentially with time. A real disrupting cylinder would fail
first at its leading edge, where pressures are highest. The locus
of failure thereafter moves backwards into the cylinder. Because
the pressures are always highest at the front the expansion is

always fastest there, although the most rapidly expanding ele-
ments may be swept away by the flow.

As a first approximation, we assume that the cylinder deforms
globally to become a squatter version of itself. The average
interior pressure is p,/2. Neglecting the confining air pressure
against the side walls, and assuming that the material strength
of the cylinder has been exceeded, a global approximation to
the force balance on the side walls is
d?r

(27Trh)(%CDan2)zmd‘rz‘ (5)

where the inertial mass is identified with the mass m of the
cylinder. Assuming that the density p,, of the disrupted cylinder
remains constant, A and m can be eliminated from equation
(5), to give

d? ro Cpp,v°

TR (6)

This equation is functionally identical (differing by only a factor
of order unity) to the analogous equation derived by Zahnle®
using a wholly different argument. Our finite-difference scheme
solves equations (1)-(4) numerically, beginning at an altitude
of 100 km, and calculating the decrease in altitude dh over a
time interval dt according to dh = —(vsin ) dt. The atmos-
pheric density p, is determined at each timestep by exponential
interpolation from standard atmosphere tables?. Once the cen-
tral pressure Cpp,v°/4 exceeds the object’s strength, equation
(6) is used to calculate the changing radius r and effective
cross-section A = 77’

Numerical results

Eight ‘Tunguska bolides’ are listed in Table 1. All cases corres-
pond to an initial kinetic energy at h=100km of 15 Mton.
(Objects lose different fractions of their kinetic energy before
catastrophic disruption; for example, the 29-m stony asteroid’
entering at 45° has had its kinetic energy reduced by ablation
and deceleration to ~10 Mton by the time it reaches 10 km
altitude.) We compare five object types (iron, stony and car-
bonaceous asteroids; and short- and long-period comets}), and,
for stony asteroids, four incidence angles (15°, 30°, 45° and 90°).
All other objects are incident at 6 =45°. The three asteroids
have initial velocities of 15 kms !, the median impact velocity
for Earth-crossing asteroids*’. Incident comet velocities are
25kms~" and 50 kms™' for the short-period and long-period
cases, respectively; again these are approximate median
values®®*!. Both comets are assumed to have strengths of
10° dyn cm 2, one-tenth that of the carbonaecous body.

Figure 1 compares energy release curves for the five kinds of
object at # =45°. Figure 1a shows the altitude profile of energy
release in units of Mton high explosive equivalent per kilometre.
The two comets are entirely ablated, whereas the stony objects
lose most of their kinetic energy to deceleration, not ablation.
Figure 1b shows cumulative energy loss {Mton) along the
object’s path above the indicated altitude.

TABLE 1 Possibilities considered for the 15-Mton Tunguska object

Density Mass Radius Velocity

Object type (gem™3) (g) (m) kms™)
Iron 7.9 5.6 x10* 22 15
Stone 35 5.6 x10* 29 15
Carbonaceous 2.2 5.6 x 10 34 15
SP comet 1.0 2.0 x10%* 32 25
LP comet 1.0 5.0 x10%° 20 50
Stone 35 56 x 10t 29 15
Stone 35 5.6 x 10 29 15
Stone 35 56 x10'* 29 15

Heat of ablation Yield strength Airburst height

(ergg™) {(dynem™3) 0 (km)
8 x10%° 1x10° 45° 0
8 x10%° 1x10% 45° 9
5x10%° 1x107 45° 14
25x%x10%° 1x10° 45° 23
2.5 x10%° 1x10° 45° 29
8 x10%° 1x108 15° 15
8x10%° 1x108 30° 11
8 x10%° 1x10®8 90° 6

SP, short-period; LP, long-period.
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Where the curves in Fig. 1a peak, objects have typically spread
to ~5-10 times their initial linear dimensions. This greatly
enhances both ablation and deceleration, but it is misleading,
because equation (2) ceases to be valid before an object has
spread to this extent. Equation (2) assumes that the fragments
of the disrupted object may continue to be treated with a single,
collective bow shock. At some point the object spreads
sufficiently for this approximation to break down, and the collec-
tive bow shock dissolves into separate bow shocks as the frag-
ments accelerate away from one another®'. This effect is presum-
ably what produces crater-strewn fields®'. It is not clear at what
(spreading) radius greater than a bolide’s initial radius the
collective bow-shock approximation breaks down. This
ambiguity does not greatly alter our conclusions regarding air-
burst altitude: once an object has spread to, say, twice its initial
radius, its further spreading happens so quickly that an
‘explosion altitude’ is defined to within a few kilometres, regard-
less of whether the explosion is taken to occur then or when
the object has spread to 5-10 times its initial radius.

The weak, fast-moving, easily ablated comets do not penetrate
the atmosphere very deeply. Neither approaches the altitude of
the Tunguska explosion. Even if the comets had strengths com-
parable to that of stony asteroids, they still could not fit the
Tunguska observations. For example, giving the short-period
comet a strength of 1 x 10° dyn cm ™2 leads to complete ablation
by an altitude of 16 km. Nor does assigning a 15-Mton incident
comet an anomalously low asteroid-like velocity of 15kms™
allow it to penetrate below ~16km before it is completely
ablated. Moreover, comets may be less dense than the 1 gcm
value chosen here; values as low as p,=~0.3 gcm™> may be
possible*”. Such lower-density objects would airburst even
higher.

The carbonaceous object, stronger and slower than the comets,
penetrates more deeply, but also explodes at too high an altitude.
If this carbonaceous bolide were to enter the atmosphere at
0 =60°, however, it would airburst at an altitude of 11-12 km.
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These parameters are at the limits of those allowed by treefall
simulations'®??. Similarly, granting a carbonaceous object the
strength of a stony asteroid would allow it to penetrate to
comparable altitudes. Therefore a carbonaceous asteroid,
although unlikely, cannot be ruled out as an explanation of the
Tunguska event.

The stronger, denser, stony object in Table 1 penetrates to
~9 km above the ground, consistent with the Tunguska airburst
altitude. Figure 2 shows the effect of impact angle on the
explosion of stony asteroids. Results for four initial values of
0, 15°, 30°, 45° and 90° are given. The more nearly vertical an
object’s trajectory, the deeper it penetrates into the atmosphere
before catastrophic disruption. Values of # much less than 30°
seem to be inconsistent with an explanation of the Tunguska
object as a stony asteroid.

The most probable fate for a 15-Mton iron object is impact
with the ground. Its high density (small cross-section) and high
strength favour its survival. However, 15-Mton iron objects with
speeds much in excess of the median value of 15kms™! will
airburst before impact. Our simulations indicate that, although
it is possible for such an iron object to reproduce the Tunguska
event, an encounter speed in the range ~30-40kms™' is
required. This excludes ~90% of known Earth-crossing asteroid
orbits*’. These results are only weakly dependent on 6.

In summary, Tunguska was probably a fairly strong, dense,
asteroid-like object, but probably not as strong or dense as iron.
Carbonaceous asteroids and especially comets are unlikely
candidates for the Tunguska object.

‘Light nights’ over Eurasia

Widespread ‘light nights’ were observed® over Eurasia for the
first few nights after the Tunguska event. Turco et al.'? suggest
three possible explanations: nightglow from NO,-O, reactions;
dust; and noctilucent water clouds. The latter require injection
or deposition at altitudes > 50 km to take advantage of the strong
easterly winds needed to account for the observed geographical

FIG. 2 Airburst altitudes for four 15-Mton stony asteroids with different
incidence angles. The more nearly vertical an object’s trajectory, the deeper
it penetrates into the atmosphere before catastrophic disruption.
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range of the phenomenon'2. The effect has also been attributed®
to the putative comet’s tail, a less plausible explanation'’.

Tunguska was a ~15-Mton airburst at an altitude of roughly
a scale height. The effects of explosion blast waves scale as the
ratio of blast energy to atmospheric density*”>. We therefore
expect the Tunguska fireball to have reached a height above its
airburst altitude appropriate to a ~15e =40 Mton nuclear sur-
face burst. The fireball for a 40-Mton surface burst rises to an
altitude® of ~40 km. A rough estimate of the amount of water
that could have been entrained by this fireball is 7R’ Hpy,o,
where R is the radius of the fireball when its pressure has
dropped to the ambient value (several kilometres for a 10-Mton
nuclear blast*), and py.o the density of atmospheric water
vapour (several times 107> p,). The result, ~10°° molecules H,0
injected to ~50 km altitude, seems sufficient for noctilucent
clouds to be produced'’. The Tunguska explosion may have
lofted enough material high enough to account for the European
‘light nights’.

Other impacts and recent airbursts

The model developed here for the Tunguska explosion may be
tested for consistency with Meteor Crater in Arizona, and with
the Tunguska-like explosions of the Revelstoke, Kincardine and
other bolides. We consider these in turn.

Meteor Crater. Meteor Crater in Arizona was excavated ~10* yr
ago by an iron object with a kinetic energy* of ~15 Mton. Our
model predicts that such an object disrupts so close to the surface
that its fragments crater the surface as if from a coherent object,
consistent with the appearance of Meteor Crater.

Revelstoke. In March 1965 a small bolide travelling at 6 = 15°
exploded 30 km above Revelstoke, Canada'®, with an energy in
the tens of kiloton range*. Examination of recovered material
shows it to have been a type I carbonaceous chondrite'’. (Largely
unprocessed ~1 mm sized fragments were recovered from the
Revelstoke site'®; only spherules of vaporized and recondensed
material were recovered in the case of Tunguska®. Siderophile
abundances in these spherules are consistent with extraterrestrial
origin from a single object'’, but are insufficient to determine
the type of the Tunguska object. No scientific expeditions

reached the Tunguska site until almost 20 years after the event;
it is not surprising that no other remnants of the object were
found.) Microbarograph estimates of the explosive energy of
the Revelstoke object range from 20 kton (ref. 4) to 70 kton
(ref. 45).

We model Revelstoke as a carbonaceous chondrite (as in
Table 1), moving at 15km s~' with an initial kinetic energy of
20 kton (corresponding to a cylinder of initial radius r=3.8 m)
and 6 = 15°. Our simulation shows that such an object’s strength
is exceeded at an altitude of ~33 km, giving maximum kinetic
energy deposition to the atmosphere at ~32 km.

Kincardine and other bolides. The Kincardine and College
objects exploded over Ontario in 1966 and Alaska in 1969,
respectively, each at altitudes just over 60 km. Explosive energies
in the kiloton to megaton range are possible*’. These objects
therefore provide only weak constraints on our model. Our
model does predict that long-period comets with kinetic energies
in the tens of kiloton range should catastrophically disrupt and
deposit the bulk of their energy just above 60 km altitude, so
the fates of these objects are consistent with cometary airbursts.

The fates of bolides

The simple model for bolide deformation and catastrophic dis-
ruption presented here is consistent with the fates and explosive
energies of the Meteor Crater, Tunguska and Revelstoke objects,
provided that these objects were iron, stony and carbonaceous
asteroids, respectively. The Meteor Crater and Revelstoke
bolides are in fact known from recovered material to have had
these identities. Within broad uncertainties, the explosions of
the Kincardine and College objects are consistent with the fates
of long-period comets with kinetic energies of tens of kilotons.

The fate of bolides in the Tunguska size range is strongly
dependent on the nature of the object. Had the Tunguska object
been a 15-Mton comet, far less surface destruction would have
resulted, because of the much higher altitude of the airburst.
Comets incident with tens of kilotons of energy explode so high
in the atmosphere that they are scarcely noticed at the surface.
Denser objects with higher material strengths are therefore
necessarily more dangerous to surface life. (I
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