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The impact of a large extraterrestrial body onto a planet deposits considerable energy in the
atmosphere. If the radius of the impactor is much larger than an atmospheric scale height and its
velocity much larger than the planetary escape velocity, some of the planetary atmosphere may be
driven off into space. The process is analyzed theoretically in this paper. The amount of gas that
escapes is equal to the amount of gas intercepted by the impacting body multiplied by a factor not
very different from unity. Escape occurs only if the velocity of the impacting body exceeds the
planetary escape velocity. At large impact velocities the enhancement factor, which is the factor
multiplying the amount of atmosphere intercepted by the impacting body, approaches a constant
value approximately equal to 10'2/V2, where V. is the escape velocity (in cm/sec). The enhancement
factor is independent of atmospheric mass or surface pressure. Ablation of the impacting body and
the planetary surface adds to the mass of gas that must be accelerated into space if escape is to
occur. As a result, impact erosion of the atmosphere does not occur from a planet with an escape

velocity in excess of 10 km/sec.

INTRODUCTION

Very large amounts of energy are re-
leased by the impact of an extraterrestrial
body with a rocky planet. The effect of this
energy on the solid phase of the planet has
been extensively studied, both experimen-
tally and theoretically. Impact craters sur-
rounded by fields of debris and underlain by
fractured and melted rock are the result.
Changes in atmospheric chemistry and cli-
mate resulting from extraterrestrial impact
have also been extensively discussed (Feg-
ley et al., 1986; Matsui and Abe, 1986). But
an aspect of the interaction with a substan-
tial potential impact on the origin and evo-
lution of planetary atmospheres has as yet
been the subject of little quantitative re-
search. This is the erosion of the atmo-
sphere that might result if sufficient energy
is imparted to atmospheric gas to blow it
completely out of the gravitational field of
the planet (Lewis et al., 1982; Cameron,
1983).

Studies of the process of impact cratering
of the solid phase of a planet are not useful
guides to the fate of energy and momentum
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imparted by an impact to the gas phase
(O’Keefe and Ahrens, 1982). Perhaps the
most important difference is the much
larger compressibility of the gas. High im-
pact pressures compress an atmospheric
gas by large amounts and yield very high
temperatures. Much less compression and
much lower temperatures are achieved in
the relatively incompressible solid phase of
a planet. While the solid part of a planet
must, so to speak, get out of the way of the
impactor immediately, the first response of
the atmospheric gas to an encounter with
an impactor is to compress. The subse-
quent flow of gas out of the way of the im-
pactor is influenced by compressive in-
crease of density by an order of magnitude
or more and also by possible loss of energy
resulting from radiation at high tempera-
ture.

On the other hand, extrapolation of
knowledge gained from the atmospheric ef-
fects of large nuclear explosions is also a
poor guide to the effects of an impact on an
atmosphere (Jones and Kodis, 1982). Per-
haps the most important inadequacy of the
explosion model is the very different tem-
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poral and spatial scales. An explosion re-
leases a large amount of energy in a smali
volume and in a short period of time. The
result is very high initial temperatures in
the fireball and a major role for radiation in
the subsequent expansion of the distur-
bance. A large impactor, by way of con-
trast, releases energy over an area compa-
rable to the cross section of the impactor
and over a time comparable to its radius
divided by its velocity. The duration of en-
ergy release might therefore be tens of sec-
onds for an impactor with a radius of hun-
dreds of kilometers traveling at a speed of
some tens of kilometers per second. This
relatively gradual release of energy over a
large area causes mechanical interactions
to be relatively more important than radia-
tive interactions in an impact as compared
with an explosion.

It does appear, on the other hand, that
knowledge concerning the interaction of
meteorites with a planetary atmosphere can
be applied to the problem of impact erosion
of planetary atmospheres. The approach
used in this paper is to draw on the exten-
sive body of theoretical and experimental
information concerning meteorite impact
to extrapolate to the case of a very large
impactor. The goal is to provide an esti-
mate of the amount of gas that might be
driven off into space by a given impact onto
a given planet. These initial estimates must
of necessity be approximate and involve
many extreme simplifications. But the de-
velopment of these estimates should show
what processes and interactions are impor-
tant and thereby point the way to more pre-
cise theoretical treatment in the future.

DESCRIPTION OF THE INTERACTION

I shall consider the case of an impactor
with a dimension very much larger than the
scale height of the atmosphere. This impac-
tor collides with a rocky planet like Mars or
Earth with a velocity that exceeds the es-
cape velocity, possibly by a large amount.
Typical impact velocities appear to lie
between the escape velocity and 40 or

50 km/sec (Opik, 1958; Hawkins, 1964;
Bronshten, 1983). I need to estimate
how much energy the impactor imparts
to the atmospheric gas.

Because of its compressibility, the air in
front of the impactor is hotter than either
the solid planet or the impactor. Radiation,
if it plays a role, must therefore remove en-
ergy from the air, not impart energy to it. |
therefore concentrate on the mechanical
work done by the impactor on the atmo-
spheric gas. Mean thermal speeds of atmo-
spheric molecules are obviously very much
less than the escape velocity, so the impact
speed is supersonic by a large amount. As
the impactor travels down through the at-
mosphere it encounters increasing atmo-
spheric density. The large size of the im-
pactor implies that free molecular flow
gives way to continuum flow somewhere
above the atmospheric exobase. The most
important interactions, of course, occur in
the lowest one or two scale heights of the
atmosphere where nearly all of the atmo-
spheric mass is concentrated. The geome-
try of the interaction can therefore be
thought of as a thin film of fluid being
squeezed between two large balls.

Penetration of the impactor into the at-
mosphere generates an almost horizontal
shock wave that travels almost vertically
downward. The air has little opportunity to
flow out and around the very large impac-
tor, so it accumulates between the shock
wave and the front face of the impactor.
The shock wave travels slightly faster than
the impactor in order to accommodate the
accumulation of air, subject to the con-
straints of continuity. The difference in
speeds is small because the air behind the
shock has a much larger density than the air
in front of the shock. For the same reason
the layer of shock-heated air in front of the
impactor has a thickness much less than an
atmospheric scale height. Estimates of the
density ratio and the thickness of the
shock-heated layer will be presented below.
Compression of the air in the shock wave
imparts random thermal energy (enthalpy)
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to the air. An approximately equal amount
of energy is imparted to the gas in the form
of directed kinetic energy. Behind the
shock the air has been compressed and is
flowing downward at approximately the im-
pact speed.

The shock-heated air, which is stationary
in the rest frame of the impactor, hits the
ground shortly before the impactor itself
does. The ground drives a shock wave back
through this gas at essentially the impact
speed. Some of the directed kinetic energy
is converted into enthalpy in this interac-
tion. I conclude that supersonic compres-
sion of air between the impactor and the
solid surface of the planet generates very
high pressures in the gas at the point where
impact first occurs. These high pressures
cause the air to flow radially outward hor-
izontally from the point of impact. As the
impactor is engulfed by the planet, the at-
mosphere is driven away from the point of
impact at a speed comparable to the impact
speed over a distance comparable to the ra-
dius of the more or less spherical impactor.
I shall describe this interaction as a piston-
driven shock wave in which the piston
moves radially outward at the impact speed
from the point of impact to a distance equal
to the radius of the impactor (see Fig. 1).

Most of the impact energy is released in
explosive form at some depth within the
planet. The atmosphere receives further en-
ergy when this explosion reaches the sur-
face, but this contribution to the atmo-
spheric energy budget turns out to be minor
because the velocity of the rebound de-
creases rapidly with distance from the point
of impact (Melosh, 1984). As I show below,
transfer of energy to the atmospheric gas
falls off rapidly with decreasing speed of
the solid driver, whether impactor or re-
bounding planetary surface.

The effect of the impact on the atmo-
sphere is therefore to produce a region of
air around the impact with a lot of thermal
and kinetic energy. This energetic air ex-
pands both vertically into the vacuum of
interplanetary space and horizontally, en-
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HOT GAS ACCELERATING
INTO SPACE

Fi1G. 1. Schematic illustration of the interaction be-
tween impactor, atmosphere, and planet. The impact
initially drives a shock wave radially outward from the
point of impact horizontally through the atmosphere.
After the impactor has been engulfed by the planet the
shock-heated gas accelerates off into space while the
shock wave continues to move horizontally outward,
engulfing ambient air and slowing down.

gulfing ambient unperturbed atmosphere. I
seek to estimate how much air receives
enough energy to escape from the gravita-
tional field of the planet.

WORK DONE ON GAS

Change in the velocity of the impactor
during the course of its interaction with the
atmosphere, either as a result of atmo-
spheric drag or of gravitational accelera-
tion, can be neglected. In a reference frame
fixed with respect to the impactor, the am-
bient gas, of density p,, is flowing toward
the impactor with velocity V. At the shock
wave, a short distance in front of the impac-
tor, there is a discontinuity in the gas prop-
erties. Pressure, density, and temperature
jump to large values. The directed velocity
falls to zero because the gas between the
shock and the impactor is at rest with re-
spect to the impactor. Subscript a refers to
gas properties in front of the shock. Sub-
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script b refers to properties between the
shock and the impactor. The shock is mov-
ing slowing away from the impactor, but
the difference in shock speed and impactor
speed can be neglected because of the large
value of the density ratio, py/p,. This result
will be demonstrated below after the prop-
erties of the shock-heated gas have been
calculated.

For a strong shock, with shock speed
very much greater than the mean thermal
speed of the ambient gas molecules, the
thermal energy of the ambient gas incident
on the shock is very much less than its di-
rected kinetic energy. The energy content
of the incident gas is therefore (p,/2)V?
per unit volume and the energy flux into the
interaction region between shock and im-
pactor is (p,/2)V?. Behind the shock the gas
is at rest with respect to the impactor. All of
the energy has been converted into random
thermal energy of the gas and work done on
compressing the gas. This energy content
per unit weight of the gas is conveniently
described by the enthalpy, A, . For the time
being, I shall neglect evaporation of the im-
pactor. Then the kinetic energy carried by
the gas flowing into the shock is used to
increase the enthalpy of this same gas. So
the flux of air into the shock that needs to
be heated is p,V;. Energy balance is there-
fore expressed by the following equation

(pa/2)V? = pV iy (1)
or

h, = V. (2)

This is a standard result for the enthalpy of
the gas behind a strong shock (Vincenti and
Kruger, 1975).

This is only one component of the energy
budget, however. In the rest frame of the
planet the gas, which had been at rest, has
now acquired Kinetic energy per unit mass
equal to V2/2 because the gas behind the
shock is not only hot but also moving at the
same speed as the impactor. In the rest
frame of the planet, therefore, the shock-
heated gas has total energy per unit mass

equal to V2. This energy is divided equally
between enthalpy (heat and compression)
and the Kinetic energy of mass motion.

The pressure of the gas in the interaction
region can be derived by considering the
balance of forces on a thin layer of gas right
at the shock. Behind the shock the gas pres-
sure is py,, the gas is at rest, and the force of
this gas on a unit area of the shock front is
pv. The pressure of the gas in front of the
shock is negligible by comparison, but the
gas is flowing into the shock with velocity
V.. The momentum of the gas relative to
the shock is p,V, and the momentum flux
into the shock is p, V2, which is the force
per unit area exerted by the gas outside the
shock on a thin layer of gas at the shock.
When these two forces are equated an ex-
pression for the pressure in the interaction
region results:

po = paVi A3)

(Vincenti and Kruger, 1975).

To complete the energy budget, I con-
sider now the work done by the gas on the
impactor. Per unit area and time this work
is pp multiplied by the velocity, or p, V3.
This is equal to the work done by the im-
pactor on the atmosphere, per unit area and
time an energy per unit mass of V2 multi-
plied by a mass flux of p, V.

It is because the energy imparted to the
atmospheric gas varies as the square of
the impact velocity that the contribution
of planetary material ejected from the im-
pact crater is minor. The interaction of
pieces of planetary material flying through
the atmosphere is presumably much the
same as the interaction of the original im-
pactor, but the pieces of planetary material
have lower speeds. These speeds have been
analyzed by Melosh (1984). Melosh shows
that the impact of solid bodies of equal den-
sity imparts to the material of the target
planet an initial speed of V/2. Much of the
energy of the interaction is released as if by
an explosion originating at a depth of ap-
proximately twice the average radius of the
impactor. The particle speed in the spheri-
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cally propagating compressional wave falls
off with distance from this center approxi-
mately inversely as the square of the dis-
tance. At the surface close to the point of
impact, therefore, the particle speed is ap-
proximately (V/2)(1/4). Reflection of the
compressional wave from the free surface
doubles the particle speed, so rebounding
planetary material travels up through the
atmosphere with a velocity of about V,/4
close to the impact. This velocity varies in-
versely as the square of the distance from
the effective center of the explosion. Be-
cause the energy imparted to the atmo-
sphere varies as the square of the velocity
of the interaction, rebounding planetary
material is less effective per unit area than
the original impact by a factor of 16. I shall
therefore neglect the additional energy im-
parted to the atmosphere by rebounding
planetary material.

EVAPORATION OF IMPACTOR

One of the characteristic features of the
interaction of a meteor with an atmosphere
is evaporation of the material of the meteor.
This process will have no significant impact
on the mass of the very large impactor that
I am considering here, but meteor vapors
can have a considerable impact on the
properties of the shock-heated gas. In me-
teor theory (Bronshten, 1983) it is the prac-
tice to describe ablation or evaporation of
the meteor in terms of the fraction, A, of
the incident energy in the rest frame of the
impactor that is absorbed by latent heat of
evaporation. Thus, the rate of evaporation
per unit area is

dmidt = —A(p,/2)V3IQ 4)

where Q is the latent heat of evaporation
of the meteor material. According to
Bronshten (1983), a typical value for
Q is 8 x 10! erg/g and A can have val-
ues between 0.1 and 0.2 at low levels of
the atmosphere where the ambient density
is large. I now consider the effect of this
additional vapor on the properties of the

TABLE I

RELATIVE CONTRIBUTION OF EVAPORATION

V, (km/sec) S 10 20 40
A E
0.1 156 .625 2.5 10

0.2 312 1.25 5.0 20

gas in the interaction region between the
shock and the impactor.

I consider first the conservation of mat-
ter. Per unit area, material is added to the
interaction region at the rate p,V, across
the shock and at the rate —dm/dt by evapo-
ration from the impactor. The thickness of
the interaction region, L, must increase fast
enough to accommodate this addition of
material. Per unit area, the amount of mat-
ter in the interaction region is p,L, so

po(dLidt) = p, Vs + Alp/2UVIQ) (5)
or

dL/dt = V{pa/poX1 + E) (6)

where
E = AVI(20). (7

The parameter E defined by Eq. (7) de-
scribes the relative contribution of evapora-
tion to the mass of the gas in the interaction
region. Table I presents illustrative values
of this parameter for the values of A and Q
cited above. My earlier assertion that the
shock speed is very nearly the same as the
impactor speed is based on Eq. (6) and the
further result, not yet shown, that p,/p, > 1
+ E.

I consider now the impact of evaporation
on the energy balance. In the rest frame of
the impactor the energy flux into the inter-
action region is still (p,/2)V3, but this en-
ergy now has to heat the vapors evaporated
from the impactor as well as the ambient air
carried into the interaction region. The en-
ergy balance becomes

(pa/z)vg = hbpavs(l + E) (8)
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or
hy = (V21 + E). )

Evaporation of the impactor significantly
decreases the enthalpy per gram of the gas
in the interaction region.

The balance of forces at the shock is not
influenced by the presence of meteor va-
pors in the interaction region, so the pres-
sure of the gas behind the shock is not af-
fected by evaporation. Equation (3) still
applies. In addition, the overall energy
budget is not changed because additional
kinetic energy does not have to be imparted
to the meteor vapor. Evaporation of the im-
pactor therefore yields more gas with the
kinetic energy appropriate to the impact ve-
locity and the same total amount of en-
thalpy residing in a larger total mass of gas.
Because the impact speed exceeds the es-
cape speed, it is clear that this shock-
heated gas has enough energy to escape
from the gravitational field of the planet.
Before considering escape, however, I shall
estimate the properties of the shock-heated
gas. These properties do not seem to bear
directly on the amount of gas that escapes,
but they do illustrate important features of
the interaction.

PROPERTIES OF SHOCK-HEATED GAS

The pressure of the shock-heated gas is
given by Eq. (3) and the enthalpy per unit
mass is given by Eq. (9). In principle, the
temperature of the gas can be calculated
from the enthalpy and then the density from
the equation of state. The problem is com-
plicated by the fact that the range of impact
speeds under consideration causes partial
dissociation and ionization of the gas be-
hind the shock. Calculation of the gas prop-
erties is therefore not straightforward and a
detailed and precise calculation would be
quite laborious. Because the escape pro-
cess does not depend directly on the tem-
perature and density of the shock-heated
gas but only on its total energy, I shall not
undertake a detailed calculation. In what
follows I carry out a simple illustrative cal-

culation that provides an indication of the
properties of the shock-heated gas.

For purposes of illustration I assume that
the shock-heated gas has the atomic and
molecular properties of nitrogen. The rela-
tionships that follow are derived from the
textbook of Vincenti and Kruger (1975). 1
further assume that it is only nitrogen at-
oms, not molecules, that undergo ioniza-
tion. Let the fractional ionization be ¢,
equal to the number of ions per unit volume
divided by the total number of ions, atoms,
and molecules. Then the fractional ioniza-
tion is given in terms of temperature and
pressure by the following equation:

&N — ) = K(T*p)exp(—6;,/T) (10)

where

K = Quam /h?*>2¢*1g) (1)

where m. is the mass of the electron, A 1s
Planck’s constant, k£ is Boltzmann's con-
stant, g* and g are the statistical weights of
the ground terms of the ions and atoms, and
®; = 169,000°K is the characteristic tem-
perature for ionization of atomic nitrogen.

The fractional dissociation is designated
« and is the mass fraction of the gas in
atomic rather than molecular form. It is the
number of atoms divided by the number of
atoms plus twice the number of molecules.
To a close approximation « is given in
terms of density and temperature by the fol-
lowing equation:

a (1 — a) = (pa/plexp(—64/T) (12)
where pg = 130 g/cm?® is the characteristic
density for dissociation of nitrogen mole-
cules and Q4 = 113,000°K is the character-
istic temperature for dissociation.

In terms of ¢ and «, then, the total num-
ber density of molecules, atoms, ions, and
electrons in the shock-heated gas is (py/
mo)(1 + @)1 + ¢), where my, is the molecu-
lar weight of the undissociated gas. Obvi-
ously the mean molecular weight of the gas
is

m = my/l(1 + o)1 + ¢)]. (13)
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TABLE II

PROPERTIES OF THE HOT GaAs

hy E m

Vi Po T, « ¢ 2o (1 + E)ppe 7.
(km/sec) (dyn/cm?) (erg/g) (amu) (°K) (g/cm?) (sec)
15 2.78 x 10° 3.62 x 101 2.11  24.0 15000 .665 .0139 .0534 0719 13.8
20 4.94 x 10° 4.21 x 10" 3.75 23.5 17800 .789 .0315 .0783 L0750 12.3
30 1.11 x 10" 4,77 x 101 8.44 23.7 21700 .850 .0616 .146 .0798 10.9
40 1.98 x 10" 5.0 x 10" 15.0 24.0 23900 .851 .0758 238 0829 10.2

Note. p, = 1.23 x 1073 g/em’.

The molecules are a mixture of ambient at-
mospheric molecules of molecular weight
m, and meteorite vapor molecules of mo-
lecular weight m,. They enter the mixture
in the proportions of 1: E, so

My = man (1 + E)/(im, + Em,). (14)

According to Opik (1958) the mean molecu-
lar weight of meteor vapor is m, = 50. For
air I shall use m, = 29.

The temperature of the shock-heated gas
can be derived from an expression for the
enthalpy per gram in terms of the tempera-
ture. In deriving this expression, I assume
that each atom, ion, and electron contrib-
utes 5/2 kT to the enthalpy. Each molecule
contributes 8/2 kT, which allows for excita-
tion of 1/2 of the possible vibrational de-
grees of freedom (Vincenti and Kruger,
1975), each ion pair contributes an enthalpy
of k®;, and each atom pair contributes
k®y. The enthalpy also includes a con-
tribution from the latent heat of vaporiza-
tion of meteor matenal. If this latent heat
per gram is @, then per molecule of mete-
orite vapor it is Qm,. The fraction of all
gas molecules that are meteorite vapor is
(E/m,)/(1/m, + E/m,), so the latent heat
contribution per average gas molecule is
QEm.m,/(m, + Em,). When all of these
contributions to the enthalpy are combined,
with due allowance for the relative concen-
trations of atoms, molecules, ions, and
electrons, there results

hy = Ru[52T{(1 + a)(1 + ¢p)—(1 — o)}
+ 4Ty(1 — ) + (1 + OB + By

+ (Q/K)Emgm,/(m, + Em,)] (15)

where R, = k/my,. The temperature of the
shock-heated air, 7T,, can be calculated
from this expression for known enthalpy,
hy, in terms of the fractional dissociation
and fractional ionization. The final equation
needed to close the system is the equation
of state

po = (po/M)kT,. (16)

In practice 1 solve the system of equations
iteratively for a given value of impact ve-
locity, starting with assumed values for
fractional dissociation « and fractional ion-
ization ¢. Since py is related to ambient
density p, by Eq. (3) and Ay, is given in terms
of impact speed by Eq. (9), the equation of
state (16) can be rearranged to yield an ex-
pression for the density ratio

(1 + EXpulpy) = kTy/Chym).  (17)

Equation (15) for enthalpy, A,, makes it
fairly clear that this quantity is less than 1,
indeed a lot less than 1, when there are sig-
nificant amounts of dissociation and ioniza-
tion. This is precisely the criterion derived
above for there to be little difference be-
tween the shock speed and the speed of the
impactor.

Table 11 presents illustrative values of the
properties of the shock-heated gas for vari-
ous values of the impact speed V, and an
ambient density p, = 1.23 X 1073 g/cm’. In
performing these calculations, 1 have as-
sumed an intermediate value of 0.15 for the
evaporation efficiency, A. The column for
density ratio, (1 + E)(p./py), gives not only
the shock speed relative to the impactor
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speed, (1/V)(dL/Dt) in terms of Eq. (6),
but also, from considerations of conserva-
tion of mass, the thickness of the shock-
heated layer at the end of the impact event
relative to the mean radius of the impactor,
L/R. Because the gas density in the interac-
tion region is so much larger than the ambi-
ent atmospheric density, the thickness of
the layer is small compared with the radius
of the impactor. Indeed, for the values pre-
sented in Table 11, the thickness of the layer
of shock-heated air is less than a typical
atmospheric scale height of 10 km for im-
pactors of radius less than 125 km.

The temperatures presented in Table II
for the shock-heated gas are significantly
lower than temperatures achieved in the
fireballs of nuclear explosions (Brode,
1968). Although the amount of energy re-
leased in the impact is enormous, the rate
of release is relatively slow and it involves a
large volume whereas nuclear explosions
start out in a very small volume. At these
low temperatures the shock speed exceeds
the speed of radiative expansion of the fire-
ball. It is therefore appropriate to concen-
trate on the mechanical interactions of the
shock rather than on radiative interactions.

As the impactor is engulfed by the planet,
then, all the air that was originally in its
path is compressed into a thin layer of hot,
high-pressure gas mixed with a substantial
amount of meteor vapor. This gas has an
enthalpy per gram given by Eq. (9) and it is
moving outward from the point of impact at
a speed essentially equal to the impact
speed. This hot compressed gas can be ex-
pected to expand outward into the vacuum
of space and also to expand horizontally
and engulf the ambient unperturbed atmo-
sphere. It might also expand backward into
the void left by the passage of the impactor,
except this void is quite probably filled with
vapor and debris emerging from the impact
crater.

EXPANSION OF SHOCK-HEATED GAS

The shock-heated gas is moving horizon-
tally outward from the point of impact at

approximately the impact speed. entrain-
ing, accelerating, and heating more of the
ambient atmosphere. At the same time the
hot gas is expanding vertically into the vac-
uum of space. Consider the vertical expan-
sion first.

The vertical component of the equation
of motion of the gas is

poldw/dt) = —dpyldz — prg  (18)

where w is the vertical velocity of the gas,
initially zero, z is the altitude, and g is the
acceleration due to gravity. At the start of
the expansion the pressure is given by Eq.
(3). p» = p.V:. The pressure gradient is
therefore

dpyldz = Vidpdz = —VipJH (19)

where H is the ambient atmospheric scale
height. This term is very much larger than
the gravitational term in Eq. (18), so the
initial vertical acceleration of the gas can be
expressed as

dwldt = (VI H)p./py). (20)

The pressure gradient decreases as the gas
expands upward, so the acceleration de-
creases also, but an indication of the rapid-
ity of this process can be derived by ne-
glecting this effect. I derive a characteristic
time for vertical acceleration by dividing
this expression for the initial acceleration
into the velocity that the gas would have if
all of its initial enthalpy, (VZ/2)(1 + E),
were converted into mass motion. This
characteristic time is

7y = HI[VLl + E)2)(pp/pa).

Illustrative values of 7, appear in Table II.
They were calculated for an ambient atmo-
spheric scale height of 8.5 km. The charac-
teristic times for vertical acceleration are
about 10 sec.

This time can be compared with a charac-
teristic time for radiative cooling derived as
follows. The enthalpy content of a column
of atmosphere of unit cross section is h, H
pp. Assuming that the atmosphere is opti-
cally thick, this column loses energy by ra-

21
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diation to space at a rate equal to oT}{,
where o is the Stefan-Boltzmann constant.
The radiative cooling time, 7y, is the ratio
of these two quantities. Typical values of 7
for the data of Table II are 5 x 10° sec.
Evidently, at these relatively low tempera-
tures, expansion of the gas into space is a
more rapid process than radiative cooling.

Meanwhile, the shock is traveling hor-
izontally with a speed of some tens of kilo-
meters per second. In the characteristic
time for vertical acceleration the shock will
typically travel a few hundred kilometers.
For impactors with average radii much
greater than a few hundred Kkilometers,
therefore, horizontal expansion of the
shock is slow compared with its vertical ex-
pansion in the sense that most of the en-
thalpy is converted into vertical mass mo-
tion before most of the kinetic energy of
horizontal mass motion is converted to en-
thalpy.

Once the shock is no longer being driven
by the impactor, its velocity depends on the
pressure jump, which depends on the en-
ergy content of the shock-heated gas. Verti-
cal expansion of the shock-heated gas im-
plies that the pressure behind the shock
decreases with altitude less rapidly than the
density outside the shock. The ratio py/p,
increases with altitude. But this ratio is just
the square of the shock speed, by Eq. (3).
Therefore, the speed of horizontal propaga-
tion of the shock increases with altitude and
refraction introduces a downward compo-
nent of the motion of the shock. This down-
ward component will be reflected from the
ground, probably causing evaporation of
ground material, but the overall effect of
refraction will be to keep the shock propa-
gating horizontally over the surface of even
a spherical planet. Mass motion in the
shock will not acquire a vertical compo-
nent, and the kinetic energy of this mass
motion is not directly available to drive at-
mospheric gasses off into space. The pro-
cess is indirect. As the shock propagates
into the ambient atmosphere, its kinetic en-
ergy of mass motion is converted into heat

and compression of the ambient atmo-
sphere (into enthalpy). This enthalpy then
causes the atmosphere to expand vertically
into space in the manner outlined above.

This conversion of kinetic energy into en-
thalpy at the shock follows much the rela-
tions already derived, except that the im-
pactor is no longer feeding energy into the
gas. I assume that evaporation of the mate-
rial of the impactor and the planet con-
tinues at the same relative rate as during the
impact event itself, because the shock-
heated gas is still in contact with the surface
of the planet as well as with impact ejecta.
Then, the shock traveling horizontally at
speed V generates enthalpy per unit mass in
the mixture of air and vapor behind the
shock with a value A, = (V3/2)/(1 + E),
where FE is given by Eq. (7) with V replaced
by V. If this gas is to escape from the gravi-
tational field of the planet, its enthalpy per
unit mass must exceed V?2/2, where V., =
(2gR,)'” is the escape velocity and R, is the
radius of the planet. Therefore, the gas be-
hind the shock has enough enthalpy to es-
cape from the gravitational field of the
planet only if the velocity of the shock is
sufficiently large:

V> Vol + E)2, (22)
It follows at once that an impact event will
not cause significant erosion of a planetary
atmosphere unless the impact velocity also
satisfies the condition in Eq. (22). Since E
is very much larger than 1 for large V, as
shown in Table I, this condition becomes V,
< (2Q/A)"2 for large V,. With Q = 8 x 100
erg/g and A = .16, I calculate that signifi-
cant impact erosion does not occur from
the atmosphere of a planet with escape ve-
locity greater than 10 km/sec.

This result is surprising, so it may be ap-
propriate to review the assumptions that
have led to it. First, I have assumed that the
target planet gets in the way of escape so
that the projectile can not simply sweep
through the atmosphere and carry some gas
away with it. The velocity of the impactor
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is directed downward and the velocity it im-
parts to the atmospheric gasses is initially
directed downward also. This downward
velocity is converted into the upward ve-
locity that can result in escape by compres-
sion of the gas and consequent increase in
temperature, followed by expansion of hot
gas into the vacuum of space. Gas cannot
escape unless it has enough enthalpy at the
end of the episode of compression. Quite
different considerations apply to the escape
of solid debris from the planet. Compres-
sion, expansion, enthalpy, and temperature
are not important for the incompressible
solids. Momentum of mass motion is. For a
compressible fluid like the atmosphere,
however, momentum of a part is rapidly
shared with the surrounding medium. A
portion of the solid planet can blast its way
out into space, but a portion of the atmo-
sphere can not. Instead, it must expand into
space. For this it must have enough en-
thalpy. These arguments do not apply to
the very small fraction of the atmosphere
above the exobase, where the gas no longer
behaves as a continuous fluid. Some mole-
cules must therefore be knocked out into
space for any impact at speeds in excess of
the escape velocity, but the fraction of the
atmosphere above the exobase is negligibly
small.

The precise value for the maximum es-
cape velocity for which erosion is possible
depends, of course, on the evaporation effi-
ciency, A. This parameter is not precisely
determined although the agreement be-
tween different experimental evaluations
and different theoretical evaluations is
quite close (Bronshten, 1983). The value of
this parameter depends on the nature of the
atmospheric gasses, the speed of the inter-
action, the material of the impactor, and
also the fraction of the energy of interaction
that is absorbed by the impactor relative to
the fraction dissipated into the ambient at-
mosphere. The opportunity for energy to
escape into the ambient atmosphere must
be less for a very large impactor than for
the meteorites which have provided the

data leading to the value of A that I have
used. Other aspects of the interaction are
not changed by the size of the impactor.
Therefore, the value 1 have used for A is, if
anything, an underestimate and the limit on
the escape velocity for which impact ero-
sion is possible is therefore an overesti-
mate.

Consider now the situation in which the
impact velocity is large enough and the es-
cape velocity small enough that the shock-
heated gas does have enough enthalpy to
escape. At the end of the impact event the
mass of shock-heated gas and wvapor is
7R?p,(1 + E). and this gas has enough cn-
thalpy to escape. It also has a kinetic en-
ergy of horizontal mass motion equal to this
mass multiplied by V/2. The shock speed
decreases as the shock front moves out-
ward and ambient gas is compressed,
heated, and accelerated. The kinetic energy
of mass motion is converted into enthalpy
in the shock-heated gas and this enthalpy
drives the vertical expansion. The gas be-
hind the shock front can escape as long as
the shock speed satisfies Eq. (22). 1 calcu-
late the mass of gas that receives enough
enthalpy to escape by considering the con-
servation of energy. The condition is

MV?2 = aRp (1 + E)VI2  (23)

where M is the mass of gas and vapor be-
hind the shock traveling horizontally at
speed V. The mass that acquires enough
enthalpy to escape is derived by setting V =
V(1 + E)"2, Thus,

M, = wRp, VIV (24)

This mass is made up of atmospheric gas
and the vapor of the impactor and the
planet in the proportions 1: E. The mass of
atmospheric gas that escapes is therefore
M./(1 + E). This is just the mass of atmo-
spheric gas intercepted by the impactor,
wR?p,, multiplied by V2/VX1 + E). Impact
erosion occurs only when this enhancement
factor is greater than 1. For large impact
speed the enhancement factor approaches
20Q/(VZA) or approximately 10'/V2.
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The shock is focused by spherical geome-
try onto the point on the planetary surface
opposite to the impact, but by this time it
has accelerated and heated the entire atmo-
spheric mass as well as planetary and im-
pact vapor. It is not likely that this focusing
will generate enough enthalpy to cause es-
cape of gas from the antipodal point, al-
though, for very large impact events, the
point might merit further study.

IMPACT EROSION

According to this theory, therefore, the
mass of atmospheric gas driven off into
space by a large extraterrestrial impact is
proportional to the mass of atmospheric gas
encountered by the impactor, a result that
is hardly surprising. The constant of pro-
portionality is equal to the square of the
ratio of impact velocity to escape velocity
divided by 1 + E, where E is the proportion
of shock-heated gas contributed by vapor-
ized impactor and planetary material. The
parameter E describes the additional bur-
den imposed on escape by the need to carry
along vapor as well as atmospheric gas. Its
effect is to make impact erosion negligibly
small unless the impact speed is signifi-
cantly larger than the escape velocity.
Moreover, the mass of atmosphere re-
moved becomes independent of impact
speed at large impact speeds. In addition,
impact erosion is not possible from a planet
with escape velocity larger than about 10
km/sec, no matter how large the impactor
or how large the impact velocity.

The theory that I have presented here in-
volves many severe simplifications of a
complicated set of physical interactions.
The quantitative aspects of the theory can
not be considered very reliable. Many ele-
ments of the interaction would merit much
more detailed study than 1 have presented
here. It appears that detailed predictions of
the theory depend on the precise geometry
of the interaction between the impactor and
the planet. I have chosen to approximate
the geometry of this interaction as a verti-

cal, cylindrical piston expanding in radius
at a steady rate. An alternative description
might deal with the geometry of a sphere
being engulfed by a plane, with multiple in-
teractions between shock waves reflecting
off the two solid surfaces. The treatment of
geometry is not likely to impact the conclu-
sions of this paper concerning the impor-
tant physical processes and the general
conditions for impact erosion. In spite of its
simplicity, this theory is free of arbitrarily
assumed parameters. Even the parameter
A, which describes the fraction of shock
energy used to evaporate the impactor, is
known from theory and observations of me-
teoric phenomena.

The results presented here are quite dif-
ferent from those of Watkins (1983). In par-
ticular, a massive atmosphere does not, in
this theory, inhibit the erosion process.
This insensitivity to atmospheric density
results from emphasis on the interaction of
the impactor with the atmosphere. The en-
ergy deposited in the atmosphere is propor-
tional to atmospheric density. The energy
required to cause atmospheric escape is
also proportional to atmospheric density.
Watkins directed attention to energy re-
leased in the interaction between the im-
pactor and the solid planet and considered
the return of some of this energy to the at-
mosphere. As I have shown above, interac-
tion with ejecta and rebounding planetary
material is less important than the initial in-
teraction with the impactor itself because of
the significantly lower speeds of the re-
bounding material and the sensitivity of
shock heating to speed. The results pre-
sented in this paper could usefully be ap-
plied to studies like that of Watkins (1983)
of the effect on planetary atmospheric evo-
lution of impact erosion caused by large
numbers of impactors of diverse sizes and
speeds.
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