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Consequences of a heavy bombardment for the atmospheres of Earth and Mars are investigated with a
stochastic model. The main result is the dominance of the accumulation. The atmospheric pressure is
strongly increasing both for Earth and Mars in the course of an enhanced bombardment. The effect of
atmospheric erosion is found to be minor, regarding escape during meteorite entry, in the expanding
vapor plume, and ejection due to free-surface motion. The initial atmospheric surface pressure if compa-
rable to the modern value turns out as a less important additive constant of the final pressure. Impactor
retention and atmospheric erosion are parametrized in terms of scaling laws, compatible with recent
numerical simulations. The dependence on impactor size, atmospheric and planetary parameters is ana-
lyzed among alternative models and numerical results. The stochastic model is fed with the net replen-
ishment originating from impactor material and the loss of preexisting atmospheric gas. Major input
parameters are the total cumulative impactor mass and the relative mass of atmophile molecules in com-
ets and asteroids. Input size distributions of the impactor ensemble correspond to presently observed
main belt asteroids and KBOs. Velocity distributions are taken from dynamical simulations for the Nice
model. Depending on the composition of large cometary impactors, the Earth could acquire a more mas-
sive atmosphere, a few bars in terms of surface pressure, mostly as CO and CO,. For Mars accumulation of
1-4 bars of CO and CO, requires an asteroidal ‘late veneer’ of the order of 10?*g containing 2%

atmophiles.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The origin of the primary atmospheres of the terrestrial planets
is a consequence of the evaporation of volatiles during catastrophic
impacts (Abe and Matsui, 1985; Zahnle et al., 1988, 2007). Initially
bodies strike at moderate velocities close to the planetary escape
speed but later, when the velocities of small bodies are stirred
up, impact erosion is thought to be one of the major loss mecha-
nisms (Zahnle et al., 1992; Ahrens, 1993). Other sources and sinks
like volcanic degassing, hydrodynamic and Jeans escape or pick-up
of ionospheric particles by the solar wind operate on longer time
scales and are only important after the impact rate decreased by
orders of magnitude (Zahnle et al., 2007; Kulikov et al., 2007; Boes-
wetter et al., 2010). A cataclysmic late heavy bombardment about
600 myr after the formation of the planets (Wetherill, 1975; Ryder,
2002) may change the picture. The amount of atmospheric erosion
and the retention of volatiles from the impactors during this epoch
is crucial and may decide about the habitability of the planet. There
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are several hypotheses for the so-called lunar cataclysm or late
heavy bombardment (LHB) and for the population of impactors. Al-
ready Wetherill (1975) suggested bodies stored beyond the orbit of
Neptune, see also Levison et al. (2001). A new idea is the Nice mod-
el involving resonant migration of the giant planets (Gomes et al.,
2005; Morbidelli et al., 2010). Bottke et al. (2007) investigated the
complementary standpoint of a continuously decaying bombard-
ment with the help of dynamical modeling and find that this either
over-produces large lunar impact basins comparable to the South-
Pole Aitken, or it does not yield the known basins at their time of
formation. A quite different scenario has been proposed by Cuk
and Gladman (2009), where primordial lunar Trojans are destabi-
lized during early tidal evolution of the lunar orbit, in this case
the bombardment is restricted to the lunar surface and to an early
time and is unlikely to produce an effect about 600 years after for-
mation the Earth-Moon system. In the Nice model a large fraction
of the bodies that strike the terrestrial planets arrives from outer
parts of the Solar System, beyond the orbit of Neptune (Gomes
et al., 2005), carrying volatiles that have not been present in the
asteroid belt and in the feeding zones of terrestrial planets during
the accretion era. In particular for the atmospheres of Earth and
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Table 1
Physical mechanisms contributing to atmospheric erosion by impact. Only some of
the authors quoted.

Case Physical effect Authors

1 Compression and jetting of gas displaced
during impactor entry

Walker (1986)
Svetsov (2000, 2007)

2 Shock wave caused by plume of partially Melosh and Vickery
vaporized impactor and target material (1989)
Zahnle (1990),
Newman et al.
(1999)

Svetsov (2007),
Shuvalov (2009)
Pham et al. (2009)

Chen and Ahrens
(1997)

Genda and Abe
(2003)

Artemieva and
Ivanov (2004)
Goldin and Melosh
(2009)

Manning et al.
(2009)

3 Global action of the free surface during large
impacts

4 Interaction of high-speed ejecta fragments
with atmosphere

Mars this could have had drastic consequences, comparing the to-
tal mass of impactors striking the Earth of the order of 2 x 103 g
(Gomes et al., 2005), to the mass of the modern terrestrial atmo-
sphere of about 5 x 10! g. Mars may have received a comparable
amount of material as the Earth, if all large impact basins identified
by Frey (2008) formed contemporaneously with the lunar
bombardment.

In our model we study the consequences of any heavy bom-
bardment for atmospheres of terrestrial bodies. The significant in-
put parameter is the total cumulative impactor mass. It is
unimportant whether this total impactor mass strikes the plane-
tary body in a relatively short interval of 300 myr which is as-
sumed for the LHB or in a longer period, after the formation of a
solid crust. Thus we do not require a terminal lunar cataclysm.
Our only constraint is that the bombardment is shorter than the
time scale of long-term atmospheric loss processes.

For a large meteor impact, such that the object is not consider-
ably decelerated before striking the surface, it has been found that
only a small fraction of the impact energy is delivered to the atmo-
sphere by any of the mechanisms listed in Table 1, showing that di-
rect numerical simulation is very difficult. A related problem is that
of loss of impactor volatiles from the atmosphere but this has re-
ceived less attention. Walker (1986) considered the combined ef-
fect of shock-compressed air and ablated meteorite material
during the entry phase however without describing the final jet-
ting and escape. The so-called vapor plume as it occurs in a terres-
trial impact! was regarded by Vickery and Melosh (1990) and Zahnle
(1990) with the help of a spherically symmetric analytical solution
for expansion of a perfect gas into vacuum due to Zeldovich and
Raizer (1967). This approach has also been used to estimate the
impactor loss. According to more realistic numerical simulations
by Svetsov (2007) or Shuvalov (2009) this leads to an overestimate
at the Chicxulub scale when comparing results for a 90° impact
where Shuvalov (2009) obtained that only an atmospheric mass cor-
responding to 0.02% of that of a 10 km diameter impactor was lost,
for a kinetic energy of 2.75 x 10°° erg. At comparable kinetic energy,
for a 7.1 x 10! g silicatic impactor at 25 km s~ the lost fraction of
air given in Table 1 by Vickery and Melosh (1990) corresponds to
3.4% of the impactor, and about 25% of the impactor itself was lost.

1 For Mars the present mean impact velocity does not cause complete evaporation.

On the other hand the average over impact angle by Shuvalov
(2009) is comparable: 3% of the impactor mass as escaping air and
20% of the impactor itself. The main contributions in the simulations
by Shuvalov (2009) arose from highly oblique, <30° to the horizontal
incidence where the Vickery and Melosh (1990) model is not appli-
cable. Korycansky (1992) investigated the propagation of a shock
wave in the Kompaneets approximation (Newman et al., 1999) and
found a widening of the front into the polar direction with radial dis-
tance in 2D spherical coordinates, in a density gradient for power
law stratification r~" less steep than n =4, but concentration inside
a cone with increasing n. This collimation was also found for an
explosion in an isothermal atmosphere by Newman et al. (1999)
applying it to an impact of the Chicxulub scale. Svetsov (2000),
investigating the small-size threshold where impact erosion be-
comes inefficient, regarded the meteor entry phase in an analytical
pancake model valid during meteorite fragmentation (Hills and
Goda, 1993). Genda and Abe (2003), in the opposite limit of very
large impacts approximated the motion of the free surface as a solid
piston traveling radially in ballistic free-fall and studied the reaction
of the atmosphere numerically in a 1D spherically symmetric
approximation, neglecting the vapor plume. Later Svetsov (2007)
modified his original model to parametrize results of 2D numerical
simulations in 1-bar and more massive atmospheres of the Earth
and early Mars, additionally he proposed analytical formulas
describing loss of impactor and target material. Earlier Svetsov
(2003, 2005) also simulated the consequences of ’sterilizing’ impacts
for the Earth but without including an initial atmosphere, regarding
only the impact-produced rock vapor atmosphere. The most exten-
sive 3D hydrocode study investigating atmospheric erosion and
impactor retention using realistic equations of state (EOS) is that
by Shuvalov (2009); both last authors employ the same hydrocode
algorithm SOVA (Shuvalov, 1999). The partition of the impactor ki-
netic energy converted into either the vapor plume (Vickery and Me-
losh, 1990), into gas flow expanding outward through the meteor
wake (Svetsov, 2000), or into the amplitude of the free surface mo-
tion as required by Genda and Abe (2003) is undetermined in simple
models that do not take the crater formation into account. The fourth
entry in Table 1 would be worth of consideration when the impactor
mass is comparable or exceeds that of the entire atmosphere, as it
may have occurred several times during the heavy bombardment
era.

Pham et al. (2009) regarded impact erosion and delivery of
atmospheres solving a deterministic differential equation resem-
bling the model by Zahnle et al. (1992) or Svetsov (2007) back-
wards in time over an interval of 4.6 Gyr, without special
distinction of a heavy bombardment era. The authors apply a
scaled version of the Melosh and Vickery (1989) model for atmo-
spheric erosion. Both the ratio of cometary to asteroidal impactors
and their velocity distribution correspond to currently existing
populations.

The purpose of this work is a Monte Carlo study regarding the
effects of atmospheric delivery and erosion during the heavy bom-
bardment era. The input size distributions of the impactor ensem-
ble correspond to presently observed main belt asteroids and
KBOs. The input velocity distributions are taken from the Nice
model. Considering such different planets as Earth and Mars re-
quires to scale the effects of atmospheric gains and losses due to
impacts over a huge interval of impactor diameters, for variable
surface pressures, different planetary gravity and radius. Therefore
Section 2 critically reviews scaling formulas for atmospheric effects
favored by authors such as Shuvalov (2009) and Svetsov (2007)
who directly studied atmospheric erosion with the help of hydro-
code simulations. A rather simple expression describing atmo-
spheric erosion due the impulse transferred by the free surface of
the target planet, regarded with the help of one-dimensional
numerical simulations by Genda and Abe (2003) is derived, see
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Eq. (10). For the larger than kilometer-sized bodies that dominate
the heavy bombardment era, values do not deviate much from the
models by Svetsov (2000, 2007). The impactor loss is described
with the help of a model originally due to Zeldovich and Raizer
(1967) resembling the approach by Vickery and Melosh (1990).
Section 3 provides details of the Monte Carlo model. Results for
atmospheric evolution dominated by impacts during the terrestrial
and martian heavy bombardment are given in Section 4.

2. Atmospheric erosion and impactor retention
2.1. Recent hydrocode simulations by Shuvalov

Although there is a great number of works devoted to planetary
impacts, very few of these are applicable to the problem of atmo-
spheric erosion. Realistic numerical simulations with the help of
multi-material hydrocodes using adequate equations of state are
those in 3D by Shuvalov (2009), or in 2D cylindrical geometry by
Svetsov (2007) using SOVA (Shuvalov, 1999). In Fig. 1 a dimension-
less atmospheric erosion efficiency proposed by Shuvalov (2009) is
reproduced. The coefficients for the polynomial of 5th order in log—
log form are taken from a more recent LPSC abstract (Shuvalov,
2010), see his Eq. (4). Shuvalov (2009) defines erosion efficiency
as (ma/M)/((v]vesc)* — 1) and assumes that it is a function of a
dimensionless energy-like parameter?

D\’  pyp {vz }
=(-] ————max<———1;05;. 1
* <H> Po(Py + 1) Vi =

Here m, is the lost atmospheric mass and M that of the bolide, D de-
notes the impactor diameter, H the atmospheric scale height, p,, ps,
and po are the densities of meteorite, target and that of the atmo-
sphere at the surface. The impact velocity » has to be larger than
ese» the gravitational escape velocity of the planet.

Fig. 1 is thought as an average over the impact angle distribu-
tion (Shuvalov, 2009), and applicable for asteroidal and cometary
impactors assuming modern terrestrial conditions for the atmo-
spheres of Earth and more dense atmospheres. For better interpre-
tation of this figure, values corresponding to basaltic impactors of
given sizes and velocity of 20 kms~! are also shown. It has to be
remarked that Shuvalov (2009) only used diameters from 1 to
30 km for the impactor. His simulation results nearly extend to
the right end in Fig. 1 only because of maximum impact velocities
of 70 km s~ for comets. The equivalence to impacts of larger ob-
jects with moderate velocity only arises if accepting the above scal-
ing law. The behavior for large impactors therefore remains
uncertain.

This is indicated by an apparent local maximum of total eroded
atmospheric mass for impactors of about 80 km diameter, see
Fig. 2, where the dimensionless relation has been converted into
dimensionful units assuming an impact velocity of 21 km s}, close
to the mean value for observed NEAs (Stuart and Binzel, 2004), and
basaltic composition for both impactor and target. The local max-
imum is caused by the log-log fit and the assumption of depen-
dence on the energy-like parameter y. Beyond the local
extremum the eroded mass is decreasing in absolute magnitude,
see Fig. 2. A local extremum of escaping mass is strange: from
other models, see below, one would rather expect it to grow
monotonously with impactor size and kinetic energy. An extre-
mum in efficiency occurs at much lower size, see Fig. 1. Certainly
it is not allowed to extrapolate Shuvalov’s fit as far as done in
Fig. 2 but the exercise demonstrates uncertainties for large bodies
during the formation of the lunar and martian impact basins.

2 Roughly the ratio of the impactor kinetic energy to that of atmosphere in a H>
cube moving with zes.
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Fig. 1. Dimensionless atmospheric erosion efficiency for terrestrial atmosphere
according to Shuvalov (2009). Solid curve: mu/M/((vves)®> — 1) as function of
dimensionless variable y, see Eq. (1). Symbols: illustrative examples, using
Shuvalov's scaling formula, for basaltic impactors (target of same material) at
20 kms~!, and one bar surface pressure.
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Fig. 2. Eroded atmospheric mass in physical units for a 21 km s~! basaltic impactor,
target of the same material and a Ty =288 K, 1 bar terrestrial atmosphere. Dash-
dotted line: Shuvalov (2009), corresponding to Fig. 1 but severely extrapolated.
Dash-dot-dot line: Svetsov (2000), see Eqgs. (2) and (3), with correction factor for
oblique impact. Dashed line: Svetsov (2007), Full line: model by Genda and Abe
(2003), assuming free surface velocity decaying as or with Z=1.87 from Tonks
and Melosh (1992), using Eq. (10).

2.2. Svetsov’s analytical meteor entry model

Svetsov (2000) proposed an analytical model for atmospheric
erosion with emphasis on the fragmentation of objects decelerated
by the atmosphere but still arriving at the ground with sufficient
velocity to cause escape of part of a vapor plume. He obtained an

erosion efficiency of
1
+16H3po> (fx(l —xz)kdx>7 @

ma _3p, (2H  16H*py
D’p, )\ [fs (1 —x?)dx
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where x := min{1, v.sc/ .} is the ratio of the planetary escape veloc-
ity to the asymptotic expansion speed of the vapor plume
v, = v;y/4y/(y — 1), in terms of the impact speed ¢; reached at
the ground, and the adiabatic coefficient of the gas 7. The meteor
entry velocity v is reduced by drag (Svetsov, 2000)

Vi = vexp (—% %) 3)

where m;/M denotes the polynomial in H/D forefactor appearing in
Eq. (2) and Cp is the drag coefficient. Svetsov (2000) evaluated the
airmass m; encountered along the trajectory, modified due to pro-
jectile spreading in the pancake model by Hills and Goda (1993).
The ratio of this mass m; to that of the meteorite, M, leads to the
polynomial in H/D fore-factor in Eq. (2). The escape of gas is mod-
eled with the help of a one-dimensional analytical solution for the
free expansion of gas into vacuum where k is related to y by
k=(3—v)/2/(y — 1) (Svetsov, 2000). We use a value of k=5 corre-
sponding y = 13/11, suggested by (Svetsov, 2007). Only a fraction
of the traversed airmass m, escapes, given by the x-dependent quo-
tient of integrals in Eq. (2).

Later Svetsov (2007) modified his original model and used it as
a fit for simulation results. Fig. 2 is a comparison of these models,
assuming a basaltic p,=2.7 g/cm? asteroid striking the Earth at
21 km s~'. The mass of the one-dimensional vapor plume is iden-
tified with that of the air encountered during the pancake phase,
without actually regarding the energy transfer. In a low-pressure
atmosphere the result is a very efficient escape, close to the limit
set by energy conservation, see Fig. 3. Contrary to physical expec-
tations, the new model (Svetsov, 2007) does not lead to a decrease
of the cutoff diameter in a low-density atmosphere, comparing
Fig. 3 to Fig. 2.

For impactors considerably larger than (po/p,)'*H, in Eq. (2)
only the term with H/D is important such that in this limit mg/
M x poH[(ppD), analogous to the model by Genda and Abe (2003),
see Eq. (10) below. Differences of 2D vertical to 3D oblique impact
simulations are absorbed into a constant enhancement factor, here
Svetsov (2007) proposed to integrate the function (1 + 2 sin (2a))?
over impact angle distribution sin (2a)do in the interval {0,7/2}.
In Fig. 2 this correction factor f, = 0"/2 do (1 +2sin2w))?
sin(2a) = 5 + ™ — 4/3 has been applied.
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Fig. 3. Atmospheric mass eroded during Mars impact of stony asteroids vs.
diameter D. Martian atmosphere with 0.01 bar. Impact velocity 9.6 km s~!, average
for present asteroidal population (Ivanov, 2001). Dash-dotted line: Svetsov (2007),
Dashed line: Svetsov (2000), Full line: Genda and Abe (2003) model, Dash-dot-dot
line: energy conservation limit assuming 100% impactor energy conversion into
escaping gas with v= v.

2.3. Genda and Abe: loss induced by free surface motion

In large impacts during the heavy bombardment era the effect
of the free surface regarded by Genda and Abe (2003) cannot be ne-
glected. The region where the atmospheric gas is lost has been
found with the help of tracer particles in the simulations by Svet-
sov (2007), see also Shuvalov (2009) or Hamano and Abe (2006). A
qualitatively similar conical loss region emerges from the Genda
and Abe (2003) model: with decreasing velocity at the free surface,
the initial altitude of the escaping part of the atmosphere increases
until the amount of mass becomes negligible at some distance
from ‘ground zero’. One-dimensional spherical numerical calcula-
tions by Genda and Abe (2003) led to the approximation of the lo-
cal erosion efficiency, defined as local mass fraction of ejected
atmospheric mass, as

. AUs — Vesc
Xloss - mln{17 31)955 }1 (4)

where s is the local free surface velocity, there is zero loss when v -
< esc/4. If z denotes the lower limit of the initial altitude of the lost
gas fraction it corresponds to a point on the geometric boundary of
the loss region. Assuming an isothermal atmosphere this altitude is
given by

z> _ 4u,(s) — vesc’

on(-5) -4 s

here s is the distance from ground zero to the corresponding surface
point. This follows from the assumption by Genda and Abe (2003)
that the effect is caused by a local, radially outward motion of the
surface. The free-surface velocity is assumed to decrease as a power
1aW: ¥ = Upsc(S[Sesc) %, Where S is the distance where the surface
ejection velocity exceeds the escape threshold. Z=2.5 is typical
for craters in rock and sand, Z = 1.7 has been found for liquid water
(Schmidt and Housen, 1987; Holsapple and Schmidt, 1987). During
early stages of an impact the pressure distribution can be approxi-
mated such that a spatially constant central region exists, called the
isobaric core, whereas the pressure rapidly decreases outside this
region (Tonks and Melosh, 1992). The last authors prefer Z=1.87
close to the isobaric core. Care is necessary: the exponent Z related
to crater scaling laws by Schmidt and Housen (1987) corresponds to
the point-source limit of crater formation and to late-time effects in
laboratory experiments. It is not valid for early-time cavity growth
close the isobaric core, see also Housen and Holsapple (2010). For
given altitude z of a point on the outer boundary of the region of
escaping atmospheric gas, Eq. (5) determines the distance from
ground zero to the corresponding ground point

$(Z) = Sesc E + % exp (— %)} 71/2. (6)

To evaluate the atmospheric mass in the loss region, first we
approximate the planetary surface locally as flat such that s is a
cylindrical coordinate, measured along the surface. Elementary
integration determines the mass

o Z[4 — 4%
mg = 7tpo/0 s*(z) exp(—z/H)dz = ﬁnséﬂpo. (7)

For comparison we also regard the true situation in spherical coor-
dinates. Assuming that ground zero is on the planetary surface the
chord length s is related to the polar angle by s = 2R sin¥/2. The an-
gle ¥ is the co-latitude of the surface point from that the local alti-
tude of the loss cone is measured. With the help the cosine addition
theorem one finds

lfcosﬁ:2<%>z, (8)
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where s(z) is given by Eq. (6). Using the fact that r=R+z is the
spherical radial coordinate the airmass in the region occupied by
the loss cone is

mg = 27p, /:(R +2)*(1 — cos9(z)) exp(—z/H)dz

(1+Hu)? exp(—u)du
1/4 + 3/4exp(—u))*?’

—mpyiH [ o
o

where the substitution u = z/H has been made. Neglecting terms of
order H/R in the numerator the previous result, Eq. (7) is recov-
ered. Actually Genda and Abe (2003) simulated one-dimensional
motion for initially adiabatic stratification. Assuming an adiabatic
atmosphere does not change the final result in terms of scale
height, see Appendix A.1. The velocity at the free surface above
the target portion of the isobaric core equals the impact velocity
because of approximate doubling of the particle speed if projectile
and target are of the same material (Melosh, 1989). This allows to
find the distance where the free-surface velocity drops below the
escape threshold such that the locally flat approximation Eq. (7)
leads to

22774 - 477

, v\

7/(?S C

In the derivation we have set s; ~2'3D/2 as the distance of the
isobaric core following Tonks and Melosh (1992), see also Senshu
et al. (2002). We prefer the value of Z=1.87 by Tonks and Melosh
(1992) although the dependence of the fore-factor on Z is not very
strong. The Z-dependent factor multiplying 7s% Hp, in Eq. (7) is
(2.094, 1.614, 1.480) for Z=1.7, Z= 2.5, Z = 3, respectively. The sit-
uation is more complicated if v, is not even reached by the ejec-
tion speed inside the isobaric core. With the help of Eq. (5) then
the region of lost air begins at a nonzero altitude of z=H
In[(3Vesc/(4V — Vesc)], still assuming that the maximum ejection
speed exceeds vesc[4. This can be shown after considerable algebra
to lead to

2237 4(7//”956)172/2 _42/2]

Ma = 12Z-2)

, v\ 22
nD*Hp, . (11)

esc

As required the fore-factor vanishes for v= 2,s/4 and the velocity
dependence is changed but not the scaling with impactor diame-
ter. The lost fraction of the atmosphere is insensitive to the initial
conditions (Genda and Abe, 2003) because the product Hpg is can-
celed when dividing by the total atmospheric mass 47R*Hp,. The
loss cone remains geometrically similar: the enclosed atmospheric
mass is proportional to D?H. For a large 100 km diameter basaltic
impactor at 20 km s~!, the lost mass is about a factor of about
1.42 larger than in Shuvalov’s description, see Fig. 2, about 1.18
and 1.32 larger than the value due to Svetsov (2000, 2007), respec-
tively. At the D = 10 km scale the value from Eq. (10) reaches only
about 12% of that by Shuvalov (2009), but it exceeds that due to
Svetsov (2000) and Svetsov (2007) by factors of about 1.13 and
1.74, respectively. The ratio of lost atmospheric to impactor mass
is decreasing with impactor size «cH/D as is also true for the Svet-
sov (2007) model, in the large D limit, see Fig. 2. For the impact of
a 6000 km diameter basaltic body at 18 km s~! thought as applica-
ble for the impact origin of the Moon 28.4% of the pre-impact
atmosphere would be lost, using Eq. (10), and this is insensitive
to the surface pressure and even valid for a curved target surface,
neglecting small terms of O(H/R). Nevertheless this conclusion
seems to be questionable and fully realistic simulations with a pre-
existing atmosphere would be required, also because the model
does not take into account the geometry of more complicated ob-
lique impacts.

Assuming that the lost gas moves with 7. at least, using Eq.
(10) energy conservation is violated when

22/32[4_42/2} P, ( v >2/272
2Z-2)  gp, ’

using poH = Ps/gs for an isothermal atmosphere (Manning et al.,
2009). For the present atmosphere and a stony meteorite this D cor-
responds to 9.1 m at 20 kms~!, such objects would be severely
decelerated or destroyed during atmospheric entry, already.
Although this difficulty does not appear in the models by Svetsov
(2000) and Svetsov (2007), there is a comparable problem to deter-
mine a decrease of the effect with impactor diameter in low-density
atmospheres, see last subsection.

D< (12)

Z)6.’5(.‘

2.4. Loss of impact-created vapor and retention of the impactor

Vickery and Melosh (1990), see also Zahnle (1990) introduced a
model for the loss of both vaporized impactor and target material
and atmospheric gas. Concerning atmospheric erosion the Vickery
and Melosh (1990) model is characterized by the fact that there is a
limiting impactor size where all atmospheric mass contained
above a plane tangent to the surface at the impact site is lost, Vic-
kery and Melosh (1990) found a threshold impactor mass of about
5Myqn, here My, ~ 21 poRH? (Manning et al., 2009). Hydrocode cal-
culations have revised the impactor mass for erosion of this
amount by orders of magnitude upwards (Svetsov, 2007; Shuvalov,
2009). For larger sizes the efficiency decreases as mfmlp o D3, much
steeper than in models by Walker (1986), Genda and Abe (2003),
and Svetsov (2007). Note that this argument depends on the valid-
ity of the spherically symmetric solution by Zeldovich and Raizer
(1967) whereas in reality the vapor plume expands further along
the curved surface. These effects hardly can be separated from
the acceleration of gas by the free-surface motion regarded by Gen-
da and Abe (2003).

The model by Vickery and Melosh (1990) additionally provides
an estimate of the lost fraction of the impactor in the absence of an
atmosphere. In a planar impact approximation (Melosh, 1989) the
particle velocity is up = 9/2 disregarding impedance matching for
unequal target and impactor materials. The total energy per unit
mass of the vapor going into free expansion is E/M = € — e,, where
the internal energy is € = uﬁ /2 and e, is the energy of complete
evaporation, for example e,q, = (18(1 — Xu,0) + 3.04xu,0) kJ/g for
a body with a fraction xy,o by mass of water, allowing to interpo-
late in between asteroids and comets, using Tillotson parameters
€. for the energy of complete evaporation (Melosh, 1989) in the
case of water and granite. Other rock materials have e, =16 -
— 18 kJ/g similar to granite. This estimate for the energy per unit
mass neglects the kinetic energy of shocked material uﬁ /2 and
implicitly assumes an energy partition of 1:1 between vapor plume
and crater formation.

The asymptotic velocity at the outer boundary in the analytical
solution by Zeldovich and Raizer (1967) for free expansion of a gas
into vacuum is

5 2E

v, = (2k+5)m, (13)
where k is the exponent in p o R3(1 — x?)* for the density, x = r/R,
and R = R(t) is the radius at the outer edge, E and M are the total en-
ergy and mass, respectively (Zeldovich and Raizer, 1967), see also
Vickery and Melosh (1990). The radial velocity is a linear function
of r so the mass fraction with v, > v, can easily be found (Vickery
and Melosh, 1990; Zahnle, 1990)

c::%:c/xlxzu %), (14)
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Fig. 4. Escaping impactor mass fraction, Eq. (14) for y = 1.2 and variable water content by mass, xy,o. Left: terrestrial case without atmosphere. Right: case of Mars. Average

impact velocities of present Mars crossers: 9.6 km s~ ! (Ivanov, 2001).

where X = v/t <1 and C=2/B(3/2,k+1) in terms of the Beta
function normalizes the expression to unity. The integral can be gi-
ven analytically in some cases, see Appendix A.2. The parameter k is
fixed for spatially constant specific entropy as k=1/(y — 1) (Zeldo-
vich and Raizer, 1967). The value of k is arbitrary if the entropy is
allowed to be spatially variable. There is no other preferred value
of k, we only use k=1/(y — 1) here. An analytical solution where
the internal energy is spatially constant, initially, does not exist,
so there is no reason to prefer a different value of k. Fig. 4 (left part)
shows the impactor loss for the terrestrial case assuming )y =1.2
that comes closer to reality than y = 1.4, for hot and dense vapors
with many internal degrees of freedom. Fig. 4 (right part) shows
the same calculation for Mars. The average impact velocity of pres-
ent Mars-crossing asteroids is only 9.6 kms~' (Ivanov, 2001), so
Fig. 4 would suggest that volatiles delivered by these and bodies
on similar orbits are retained. To describe how a dense atmosphere
prevents the free expansion into vacuum, an approximation is to
introduce a limiting impactor mass above that Eq. (14) is regarded
valid, and below that { is set to zero. Along the lines of this model
one has to assume a multiple of the tangent-plane mass m,, for
the limiting impactor.

In the case of large enough impactors where Eq. (14) is applica-
ble it moderately overestimates losses compared to realistic hydro-
code simulations by Shuvalov (2009), averaged over the impact

Table 2

Lost fraction of atmosphere my/M and impactor mp/M in terrestrial impacts of
asteroids and comets from Shuvalov (2009), valid as average over impact angle
distribution. Last two columns: theoretical impactor loss fraction {y, Eq. (14) due to
Vickery and Melosh (1990) (7 =1.2, €4 =12.37 k]/g for asteroids) and (s due to
Svetsov (2007).

Body D (km) v (km/s) my/M my/M Ly (s
Asteroid 1 15 l.e-5 0.0 0.0 0.0
Asteroid 3 15 0.01 4.e-4 0.0 0.0
Asteroid 10 15 0.01 0.06 0.0002 0.0
Asteroid 30 15 4.e-3 0.07 0.0002 0.0
Asteroid 1 20 3.e-4 0.0 0.0 0.0
Asteroid 3 20 0.029 0.03 0.0 0.0
Asteroid 10 20 0.03 0.2 0.168 0.0
Asteroid 30 20 5.e-3 0.1 0.168 0.0
Comet 1 30 0.011 0.0054 0.0 0.0
Comet 3 30 0.21 0.38 0.0 0.00003
Comet 10 30 0.07 0.47 0.679 0.00013
Comet 30 30 .017 0.53 0.679 0.005

angle distribution, see Table 2, sixth column except for rather
low velocities of 15 km s™! that are not typical for a Nice model
type of the LHB. In one case - for a 10 km diameter asteroid and
20 km s~! - numerical results of Shuvalov (2009) yield a slightly
larger impactor loss however the case of the larger 30 km diameter
asteroid at the same velocity gives a factor of two smaller loss,
therefore comparison with these two numbers is problematic.
The last column additionally gives the lost impactor fraction
according to Svetsov (2007), (calculated using his Eq. (5)). Most
of cometary volatiles during a terrestrial heavy bombardment era
will be retained following the numerical results by Shuvalov
(2009). The analytical model, Eq. (14) with y=1.2 approximates
the numerical values in the region between 20 and 30 kms™'
whereas for 15 km s~! it underestimates them. The characteristic
impactor size above that the atmosphere is unimportant is so large
that the effect at 3 km diameter is set zero here. Below the thresh-
old diameter we introduce an additional term that evaluates the
impactor loss differently, proportional to the lost atmospheric
mass, see next section.

3. Monte Carlo approach

Now we outline a Monte Carlo model for the change of the
atmosphere by an impact of an asteroid or comet. Atmospheric
erosion is described here with the model of Svetsov (2000) cor-
rected for the effect of impact angle as described above, see Chap-
ter 2.2. The reason to prefer this version is that it does not contain
the 8 additional parameters (C,, s and 4 additional exponents) of
its more recent version (Svetsov, 2007) and the small-size cutoff
behaves physically more correctly with changing atmospheric
pressure, see Fig. 3. Impactor retention is treated with the model
described in Chapter 2.4, additionally we use the idea by Svetsov
(2007) about a proportionality between lost impactor and atmo-
sphere mass below a threshold size. After n impacts the total mass
of the planetary atmosphere shall be m,,. The following (n + 1)th
impact leaves a total atmospheric mass

Mgpi1 = ma,n + 5ma,n- (15)

The mass change dm,, is made up of several contributions dis-
cussed in Section 2 already. We itemize these contributions below.
Velocity and size frequency (SFD) distributions of the impactors are
generated to correspond to the Nice model (Gomes et al., 2005;
Morbidelli et al., 2010). The composition is a free parameter with
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regard to different variants of the Nice model where composition
here is understood as the ratio of comets vs. asteroids. We create
different ensembles of Near Earth Objects and martian impactors
to investigate the evolution of the terrestrial and martian
atmospheres.

In the following we list the contributions to the mass change ¢
Mg . First we split

SMay = omif) — om{), (16)

where sm.}) is a net replenishment term originating from impactor
material whereas om{, describes loss of preexisting atmospheric
gas. The replenishment term sm) is the amount of material of
the projectiles x, m;,, remaining as volatiles in the atmosphere, re-
duced by the fraction ¢{, that escapes during the impact

n =

5m((;) = vaimp - ngmimp = (1 - C)xvmimm (17)

where mp, is the mass of the (n + 1)th impactor and the loss frac-
tion ¢ has been introduced in Eq. (14) above, subscripts n on the
right hand side of Eq. (17) have been dropped. Outgassing of the tar-
get is neglected for simplicity although this is an additional source
of atmospheric gases in a large impact. Erosion is described with the
help of ém{,) = ymy,, where the efficiency 7 still depends on
parameters characterizing the impactor and atmosphere. The ero-
sion efficiency # may be taken either as that due to Svetsov
(2000, 2007) or Genda and Abe (2003) given in Section 2. A sub-
script n for # is again dropped. The stochastic evolution of the atmo-
spheric mass now is given by

ma,n+1 = mu,n + ((] - C)xv - n)mimp- (18)
The escaping fraction { of the impactor mass significantly depends
on the size but above some threshold impactor size Dy, any previ-
ous atmosphere has only a small effect, and { becomes independent
of atmospheric properties. In this limit ¢ is that given by Eq. (14)
above. Below the threshold size the impactor loss is proportional
to the lost atmospheric gas (Svetsov, 2007)

C:¢n7 D<Dliﬂh (19)

where @ is approximated by a constant and the limiting impactor
size determined by npprim/G = 2mp,RH? corresponding to the tan-
gent plane mass. Svetsov (2007) evaluated the impactor loss as
equivalent to the lost airmass at 0.35 of the impactor’s diameter.
We simply set @ =1/0.35 ~ 2.857, see Table 3, because Svetsov’s
erosion efficiency roughly is inversely proportional to impactor
diameter, except for very small objects near the cutoff size. For
comparison, the result by Shuvalov (2009) for a 10 km diameter
asteroid at 45° corresponds to @ = 2.5. Svetsov (2007) additionally
assumes a velocity dependence @ « v~ /4 but with the consequence
that the amount of lost projectile material in proportion to atmo-
spheric mass is decreasing for larger impact velocities. Such a veloc-
ity dependence is not included here, partly because in this way we
obtain an upper limit for the loss of smaller-than-threshold impac-
tors. Moreover # already contains the effect of atmospheric pressure
on the loss. This implicitly assumes that the amounts of vapor lost
from the projectile, target or of atmospheric origin all depend on the
surface pressure and impact velocity in the same way.

We generate random impactor sizes corresponding to a model
size frequency distribution (SFD) given in the form of the number
of objects contained in discrete bins where the bounding diameter
of subsequent bins increases by a constant factor,? typically v/2 for
Kuiper belt objects and 10'/'° for asteroids. The binned model SFDs
for the Kuiper and main belts were constructed to resemble the ob-
served distributions.

3 Except for the largest-sized bin.

Table 3
Input parameters.
Parameter Earth Mars Comment
Total impactor 2 x 103 1.8,...,2.3 x 10 Due to Monte Carlo
mass (g) approach total mass
slightly varies around
these numbers
Initial 1 0.01,...,1 Free parameter
atmospheric
pressure
(bar)
Mass ratio 10,...,90 5,...,95 Free parameter
cometary/
asteroidal %
Relative massof 0.1,...,03 0.1,...,0.3 Eq. (14)
atmophile
molecules in
comets
Relative mass of 0.02 0.02 Eq. (14)
atmophile
molecules in
asteroids
Scale height H 8.5 11.9 See Egs. (1) and (16),
(km) derived from present
atmospheric conditions
D 2.857 2.857 See Eq. (16)
Minimum 76 76
impactor
diameter
(m)
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Fig. 5. Random-number-generated SFD compared to the model by Bottke et al.
(2005) for present main belt asteroids as input. Diameter ratio of bins 10'/'° for the
input size distribution, except at largest sizes. Also shown is the input model for
KBOs in comparison with the random-number-generated SFD for these, however
absolute numbers are scaled to fit into the same diagram.

Fig. 5 compares the input SFD with that of a typical random
ensemble of impactors generated to resemble the present main
belt asteroids where the model by Bottke et al. (2005) for main
belt asteroids is used as an input. Also shown is a comparison be-
tween a model SFD fit to observations of Kuiper belt objects (Mor-
bidelli et al., 2009) and the random ensemble generated to
represent these, however in the latter case the input distribution
has been scaled down in absolute number by a large factor to fit
into the same diagram. Uniformly distributed random numbers
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Fig. 6. Blue: random-number-generated distribution of velocities weighted by
impact probability during terrestrial heavy bombardment era, for asteroidal
component vs. Earth. Gravitational focussing included. Red: input velocity distri-
bution using velocity bins of 0.1 km s~! width. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

are mapped into sizes with the help of the inverse of the cumula-
tive SFD. Inversion is straightforward if the cumulative SFD is as-
sumed as a piecewise power law. We used the 64 bit version of
the Mersenne Twister (Matsumoto and Nishimura, 1998; Nishim-
ura, 2000) as input pseudo random number generator with uni-
formly distributed random numbers in (0;1]. In addition to the
impactor SFD, their velocity distribution is another model input.
The random-number generated impact velocity distributions are
compared to the input probability distributions in Figs. 6 and 7.
The somewhat spiky appearance of the input velocity distribu-
tions is not so much due to dynamics but instead statistical fluc-
tuations that are unavoidable given the width of velocity bins
(=0.1 km s~') and the finite number of bodies in the dynamical
simulations that contribute to the impact probability for a given
terrestrial planet.
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Fig. 7. Blue: random-number-generated distribution of velocities weighted by
impact probability during terrestrial heavy bombardment, for cometary component
vs. Earth. Red: input velocity distribution. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

4. Results for atmospheric evolution during a heavy
bombardment phase on Earth and Mars

To simulate the effect of impacts on the atmospheres of terres-
trial planets during a heavy bombardment according to the meth-
ods described in the previous chapters we distinguish two classes
of impactors: asteroids and comets. The impactor classes differ in
several properties that are relevant for the atmospheric evolution
of the target.

4.1. Composition

We consider here the relative amount x,, of volatiles like CO, CO,
and other minor atmophile constituents that can potentially form a
stable atmosphere. H,0 does not belong to this class since it rains
out following episodic steam atmospheres accompanying very
large impacts within 300 to a few 1000 years (Sleep et al., 1989;
Zahnle and Sleep, 1997). A cometary number for x, can be derived
from measurements at several comets as Hale-Bopp and Hyaku-
take where the sum of CO and CO, abundances are between 30%
and 40% relative to water (Altwegg et al., 1999). The ratio of vola-
tile to refractory matter in comets is quite diverse and assumed to
be around one (Sanzovo et al., 2009). We consider here x, in a
range between 10 and 30%. For asteroids most carbon is chemically
bound in the form of carbonates and as organic compounds and
will be degassed during the impact in high-pressure decomposi-
tion reactions. Values of 1-5% for C by mass may be regarded as
typical for carbonaceous chondrites (Grady and Wright, 2003).
Chemical equilibrium models (Schaefer and Fegley, 2010) predict
up to 70% CO, in impact-produced atmospheres resulting from
CV chondrites however this is an upper limit and the composition
depends on meteorite type and temperature. We boldly assigned
an average value of 2% for x, here, typical for C-type asteroids (Gra-
dy and Wright, 2003).

4.2. Velocity distributions

The velocity distributions for asteroids and comets crossing the
orbits of Mars and Earth are taken from the Nice model and are as-
sumed to be constant over time for each population. Examples
were given in Figs. 6 and 7.

4.3. Size distributions

The simulated size distributions of the impactor classes corre-
spond to presently observed main belt asteroids and KBOs. The
Monte Carlo model assumes that the size distribution does not
change with time. The minimum impactor diameter is about
76 m for KBOs. To this size the bodies barely contribute to atmo-
spheric erosion in the Svetsov (2000) model, and not at all in the
modified version (Svetsov, 2007), or that due to Shuvalov (2009),
see Fig. 2.

4.4. Mass ratio of impactor classes and initial atmospheric pressure

A question that has not been finally resolved by the Nice model
is the mass ratio of comets and asteroids that hit Earth and Mars,
respectively. New results to comet Hartley 2(Hartogh et al,
2011) show that even comets may have a D/H ratio compatible
with that of the oceans on Earth. Therefore, the often given prefer-
ence to asteroidal impactors cannot be justified with this isotopic
ratio. Another open issue is the initial atmospheric mass before
the bombardment started. Therefore we treat these numbers as
free parameters.
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4.5. Total impactor mass

Even the total impactor mass that hit Earth and Mars, respec-
tively, during a (late) heavy bombardment era is a matter of con-
troversial discussions (Levison et al, 2001; Ryder, 2002;
Dauphas, 2003; Koeberl, 2003; Marty and Meibom, 2007; Bottke
et al., 2007; Frey, 2008; Jorgensen et al., 2009). It can be derived
by impact basin counting and the use of scaling laws but this pro-
vides only rough estimates because of the unknown ages. For Earth
we use a value of M=2 x 10?3 g close to that of 1.8 x 10®3 g by
Gomes et al. (2005) whereas for example the number given by
Jergensen et al. (2009) as 10% falling on each square metre of
the Earth’ surface would translate into 5 x 10%° g (the surface of
the Earth being 5.1 x 10'* m?). The mass according to Levison
et al. (2001) is close to 10?3 g; this rather is a minimum taking into
account only Nectarian- and younger age lunar basins and assumes
average gravitational focusing. Since appropriate numbers for Mars
are missing we made our own analysis (see Appendix A) and found
arange of 1.8-2.38 x 10?3 g. Values for the total accumulated mass
of impactors are highly uncertain and the limit for the total mass
accumulated contemporaneously to the terrestrial Late Heavy
Bombardment as occurring in the Nice model is considerably low-
er: about 2 x 10?2 g. However 90% of the large martian impact
structures according to Frey (2008) would have to be much older
than 3.9 Gyr then.

The main differences between the action of impacts on the
atmospheres of Mars and Earth result from.

e the different planetary masses that cause the gravitational
focusing and the escape velocity,

o the different velocity distributions of the impactor classes at the
orbits of both planets,

o the initial pressure of the atmospheres.

Table 3 summarizes the input parameters and their ranges ap-
plied in the simulations. Results of the Monte Carlo simulations
are given in the following figures.

Fig. 8 shows the pressure evolution for the Earth during the hea-
vy bombardment in dependence on the accumulated impactor mass
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Fig. 8. Terrestrial atmospheric pressure evolution during a heavy bombardment era
in dependence on total impactor mass hitting the Earth. Colors represent different
mass ratios of KBOs containing x,=30% volatiles to asteroids with x,=1%. Each
curve averages results of 50 runs. Initial pressure: 1 bar. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 9. Same as Fig. 8 but for conditions on Mars. Initial pressure: 0.01 bar. Current
dynamical simulations for the Nice model LHB predict a total impactor mass of
2 x 10?2 g only. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

for varying ratios of KBOs and asteroids. An initial atmospheric pres-
sure of 1 bar is assumed. Each curve represents the average of 50
runs. It is found that the pressure increases with the number of im-
pacts. That means that in the average the retention of new volatiles
from the impactors is more prominent than the losses of the existing
atmosphere by erosion. This is due to their high content of atmo-
phile gases. However, sometimes statistical effects break this gen-
eral rule even after averaging the result of 50 runs. The isolated
appearance of rather fast and very massive, volatile-poor asteroids
temporarily leads to substantial atmospheric erosion.

Fig. 9 shows the same scenario as given in Fig. 8 but for Mars
and with a lower initial pressure of 0.01 bar. The results are similar
to those for Earth. The final pressure at the end of the heavy bom-
bardment era is comparable to that on our home planet although
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Fig. 10. Terrestrial atmospheric pressure evolution during heavy bombardment in
dependence on total impactor mass. Only KBOs are considered. Colors represent
different impactor content of atmophile (CO,CO,) molecules. Each curve averages
results of 50 runs. Initial pressure: 1 bar. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Same as Fig. 10 but for conditions on Mars. Initial pressure: 0.01 bar. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

any volcanic outgassing of CO, that mostly took place during first
500 myr on Mars and may add about 500 mbars (Grott et al.,
2011) has been completely neglected.

The effect of the composition of KBOs is shown in Figs. 10 and
11, for Earth and Mars, respectively. Fig. 12 displays results for
an extremely massive bombardment of Mars with a total impact-
ing mass accounting for all large martian impact basins including
a possible martian dichotomy-causing body but for a population
dominated by 99% relatively volatile-poor x, = 2% asteroids. To give
an idea of the magnitude of fluctuations the root-mean-square
deviation is also shown. For a low-mass bombardment the r.m.s.
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Fig. 12. Martian atmospheric pressure evolution during a heavy bombardment
dominated by x,=2% asteroids in dependence on total impactor mass. Mass
fraction of volatile-rich (x, = 30%) KBOs assumed as 1%. Red curve: mean value of 50
runs. Blue: r.m.s. deviation. Initial pressure: 0.01 bar. Total impacting mass is upper
limit including martian impact basins according to Frey (2008) and a potential
dichotomy-forming event. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Effect of variation of initial on final pressure for Mars. To produce a large
final pressure only KBOs with high content of atmophiles (x, = 30%) are considered.
All curves are averages resulting from 50 runs.

deviation is rather large. Taking larger samples, that is more runs
would have the effect of refining the mean value. The fluctuations
are not unexpected because most of the volatiles are delivered in
rare events: the impacts of very massive bodies. The actual plane-
tary atmospheres resulting after the highly stochastic heavy bom-
bardment are not described by the mean values, they are single
realizations of a stochastic process. A typical mass of 10%* g for a
dichotomy-causing body is obtained from the impact energy of
10%° ], see Nimmo et al. (2008) and the velocity of 14 kms~! pre-
ferred by these authors. It is not surprising that a higher content
of atmophile molecules leads to a higher atmospheric pressure.
The influence of the initial pressure on the final state of the atmo-
sphere is illustrated in Fig. 13 for Mars. It is clearly smaller than
statistical effects during the Monte Carlo runs as shown in
Fig. 13. A large part of a potentially CO, dominated atmosphere
could be transformed into carbonates (the total mass of C as CO,
in sedimentary rock is estimated as 9.1 x 10?2 g (Turekian, 2001),
or about 17 times the mass of a one bar atmosphere).

5. Discussion and conclusions

The simultaneous consideration of atmospheric loss- and gain
processes during an epoch with a strongly enhanced impact rate
like it is commonly assumed for the LHB shows that accumulation
is the dominant effect. For the parameter set considered the atmo-
spheric pressure is strongly increasing both for Earth and Mars.
This result was not expected in this explicitness. The particular
profile of a heavy bombardment without a pronounced peak or
with multiple peaks in the mass flux would yield similar results.
The same should be true in principal if one applies a velocity dis-
tribution of the impactors deviating from that resulting in the Nice
model we used in our simulations. Actually the Nice model pro-
duces even higher losses of atmophile molecules because of the
typically larger mean impact velocities as compared with the
present.

According to our approach Mars and Earth accumulated atmo-
spheres of one to several bars at the end of the bombardment
era largely independent of their initial state. This is in contrast to
the results of Pham et al. (2011) who found a net erosion of atmo-
spheres of Mars and Earth during a long-term bombardment by
adopting a more efficient atmospheric erosion in terms of a scaled
Vickery and Melosh (1990) model. However, if replenishment or
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Fig. 14. Special case for Earth where atmospheric erosion is balanced by the feeding
process on average. Impactors asteroidal x,=0.2% volatiles. Different curves
represent individual Monte Carlo runs.

atmospheric erosion dominates depends on the parametrization
used. Meteorite impacts can also cause a more dense atmosphere
in this model as stated by Pham et al. (2009), moreover they found
that in particular a dense martian atmosphere is not removed by
impacts later than the Noachian. Reasons for the different outcome
of the models may be the relatively dry composition of the impac-
tors in Pham et al. (2011) and their different assumptions concern-
ing loss of volatiles derived from the impactor and different
velocity distributions especially leading to very high impact veloc-
ities of the volatile-rich comets. In our model we get a net erosion
only for a very dry asteroidal population with a volatile fraction of
0.2% by mass, see Fig. 14, for the velocity distribution and atmo-
spheric conditions of the Earth. This is an unlikely case since mete-
oritic data suggest a higher average value.

More dense initial atmospheres would further help in slowing
down impactors and retaining more of the impact-created vapor
plume. The accumulation of an atmosphere is the stronger, the
more comets are present in the impactor population, the higher
the total mass of impactors is and the more volatiles are existent
in the impactors’ composition. However, the ratio of the total mass
reaching the Earth and Mars during the LHB remains uncertain.
Especially Mars may have witnessed considerably more energetic
impacts if its crustal dichotomy is of impact origin (Wilhelms
and Squyres, 1984; Nimmo et al., 2008; Marinova et al., 2008).

Another result of our calculation is that single impacts of very
massive bodies are of more importance for the atmospheric evolu-
tion than other input parameters such as the composition of the
smaller impactors. A planet can be hit by an impactor of >10?%> g
as has been the case several times for Mars, see Table 4 in Appen-
dix A (several impactors probably had substantially more mass
than even a one bar martian or terrestrial atmosphere:
3 — 5 x 10%! g). Such an event cannot be predicted with statistical
significance, at least for the Earth. If it occurred it had significant
consequences. Each such case warrants separate studies using
hydrocode simulation and other methods to directly clarify conse-
quences for atmospheres and a possible martian ocean. However
the general trend of an increasing atmospheric mass will not
change according to semi-analytical models based on highly
simplified (Genda and Abe, 2003) or realistic impact simulations
(Svetsov, 2005) including an atmosphere, except in the case of
singular energetic events with unusually high impact velocity
(=30kms™).

Table 4

Diameters of cometary or asteroidal bodies forming martian impact basins. Mean
density of comets and asteroids assumed as 1000 kg m—> and 2700 kg m—>, target
density 3200 kg m~3. Impact velocity 14 kms~' for comets and 11.85km s~ for
asteroids, angle 45°, basin diameters according to Frey (2008).

Impact basin D (km) D, (km) (comet) D, (km) (asteroid)
Amenthes 1070 130.8 85.6
Zephyria 1193 147.2 96.3
Daedalia 2639 348.8 2283
Sirenum 1069 130.7 85.5
SW Daedalia 1278 158.6 103.8
Ares 3300 444.7 291.1
Amazonis 2873 382.6 250.4
In Amazonis 1156 142.3 93.1
Solis 1163 143.2 93.7
N Tharsis 1347 168.0 109.9
Chryse 1725 219.8 143.8
Hematite 1065 130.1 85.2
Scopolus 2250 2933 192.0
Acidalia 3087 413.6 270.7
North Polar 1600 202.5 132.6
Utopia 3380 456.4 298.8
SE Elysium 1403 175.6 114.9
Hellas 2070 267.9 175.4
Argyre 1315 163.6 107.1
Isidis 1352 168.6 1104

X mass (g) 2.38 x 10?3 1.80 x 10%3

Our model neglects some effects that may be of relevance for
atmospheric evolution. We do not consider processes that addi-
tionally deliver gases like endogeneous process (e.g. impact-gen-
erated volcanism) or the contribution by degassing of target
material. On the other hand we disregard hydrodynamic and
Jeans escape as further loss mechanisms. However the latter
are not specific to the cataclysmic era and would have occurred
anyway.

Some assumptions in our simulation method should be dis-
cussed in the following. One can find different semi-analytical
descriptions in the literature that may lead to somewhat different
results for atmospheric erosion. We chose the approach by Svetsov
(2000) for reasons discussed in the previous chapter. Despite of
widely different physical assumptions models by Genda and Abe
(2003) and Svetsov (2007) barely differ in their consequence for
large bodies that are the most important ones for the result in this
paper. However in an alternative description by Shuvalov (2009)
the erosion efficiency decreases very steeply at large sizes, such
that above certain size the total escaping atmospheric mass due
to large impactors would even be lower than due to a smaller
one. This seems to be caused by the grid resolution in the most
energetic simulated impacts. Different assumptions and methods
can also be found with respect to impactor retention. Some authors
state that 50% of a large terrestrial impactor is lost (Jergensen et al.,
2009) if of cometary composition. Others propose a preferential
loss of impactor volatiles. In the terrestrial case of a Nice-type
LHB even a typical asteroidal impactor could barely avoid almost
complete vaporization. There occurs no fast separation of atmo-
philes and ‘rock vapor’ when all materials are gaseous and thor-
oughly mixed. Numerical results (Shuvalov, 2009) demonstrate
that most asteroidal and cometary material will be retained at ter-
restrial impacts for velocities typical during the LHB and support
the scaling we applied here. Peculiar impact-produced effects asso-
ciated with a massive and hot debris cloud are not within the scope
of traditional multi-material methods and hydrocodes for elastic—
plastic flow. What is not considered using such methods is the ef-
fect of mass loading of impact-generated vapor with droplets and
particles exerting a drag force additionally slowing down the
plume expansion. Simplified to more detailed studies of the effect
of atmospheric heating by fast ejecta have been made by Manning
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et al. (2009), Artemieva and Ivanov (2004) and Goldin and Melosh
(2009), however at much smaller scale of the impact event. The
mass of long-range ballistic ejecta may be found in numerical
simulations, see for example de Niem et al. (2007b). In the case
of the Chicxulub the entire amount of the worldwide impactite
layer is about the projectile mass but can hardly be distributed
as ballistic ejecta in its entirety (de Niem et al., 2007b). The effect
of an ejecta cloud that is partially liquid and more massive than the
entire atmosphere would probably be that the atmospheric tem-
perature remains buffered by the melting temperature of silicates
irrespective of detailed heating and cooling mechanisms. This tem-
perature alone is insufficient to power hydrodynamic escape. More
detailed work is required to understand the role of ejecta for the
atmosphere.

An interesting question is how the planets lose their dense
atmosphere after the heavy bombardment epoch and evolve into
their current state. Several mechanisms like carbonate mineral for-
mation in the oceans followed by subduction, non-thermal ion
pickup loss due to solar wind- and X-ray irradiation by the young
Sun have been discussed (Zahnle et al., 2007; Kulikov et al., 2007;
Lichtenegger et al., 2010; Boeswetter et al., 2010).
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Appendix A
A.1. Genda-Abe model with adiabatic stratification

For an adiabatic density profile p = py(1 — gz(y — 1)/c2)"%",
where the gravitational acceleration g5 can be taken as constant
(z is restricted to vary in a narrow range such that p remains real),
o= (7po/po)'’? is the sound speed at the surface. Then the escaping
atmospheric mass fraction is given by

— 7/0-1) _
(1 _ugsz) :M. (20)

c 3 Vesc

This can be inverted for r as function of z. Omitting details, the final
expression for the lost mass is Eq. (10) again, with the only substi-
tution H — ¢3/(g,y). For the same temperature the scale height is
identic to that of an isothermal atmosphere.

A.2. Integrals occurring in the models by Svetsov and Vickery and
Melosh

The integration in Eq. (2) with the value k = 5 preferred by Svet-
sov (2007) is elementary

foo = | "1 -2

_ _EZ 4_&6 ES_l 10
_x<l 3x +2X 7x +9x 1]x , (21)

furthermore f{1) = 256/693. The integral in Eq. (14) for the impactor
loss fraction is of the form

Iy = /1 x2(1 — x*)*dx, (22)

where k=1/(y — 1). For k integer, using partial integration one can
show that a recursion relation is valid

_ 2k 1 3 2k
Ik_2k+31k,1—2k+3x(l—x), k>0, (23)
with the initial condition

1-x3
lo=——. (24)

For half-integer k the same recursion relation is valid but this time
the initial condition is

1
Ly :/ x*(1 —xz)’”zdx:lx(l —x2)1/2+z—larcsinx. (25)
X 2 4 2

A.3. Martian heavy bombardment

Diameters and the mass of bodies forming the largest martian
impact basins have been estimated, using the data of Frey (2008)
and the scaling law by Schmidt and Housen (1987) for solid rock
as target material combined with a relation due to Croft (1982)
relating transient cavity diameters to final diameters. The dataset
contains many so-called quasi-circular depressions and so is not
unequivocal (Werner, 2008). Table 4 shows the resulting impactor
diameters assuming an average impact velocity of 14 kms~! for
KBOs (Levison et al., 2001). A value of 11.85 km s~ is chosen for
main-belt asteroids that corresponds to the mean value in simula-
tions for the Nice model for these bodies. An average impact angle
of 45° is taken into account by modifying the transient cavity vol-
ume in a way suggested by Pierazzo and Melosh (2000). The average
impact velocity is not necessarily typical for the largest impact ba-
sins because these are low-probability events and exceptionally
high-velocity impactors with only moderate size may contribute
disproportionally. The impacting mass if exclusively due to comets
would be 2.38 x 10?3 g, and if due to asteroids 1.80 x 10%> g, both
numbers being lower limits because they neglect the considerable
amount of mass in smaller bodies. Circumstantially these numbers
are close to those found for the Earth, corresponding to a lunar LHB
including all Nectarian-age basins, see Ryder (2002), and also South-
Pole Aitken. This comparison does not regard a potential martian
crustal dichotomy-forming body that would add about 10%* g alone
and rise the mass flux ratio by another order of magnitude. This fol-
lows from the required kinetic energy of about 10%° ] (Wilhelms and
Squyres, 1984; Nimmo et al., 2008; Marinova et al., 2008). Omitting
South-Pole Aitken from the lunar set has a similar effect on this ra-
tio. This shows that even without a hypothetical Borealis basin Mars
suffered dramatically more massive and energetic impacts per unit
area than the Earth and thus has a considerably different cratering
chronology, even if neglecting some of the quasi-circular depres-
sions included by Frey (2008) from Table 4.
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