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Introduction:  Isotope data on mantle Kr and Xe 

suggest that noble gases in the Earth’s atmosphere 

could be dominantly derived from late volatile delivery 

of material similar to carbonaceous chondrites rather 

than from impact degassing of solid Earth [1]. Mea-

surements of 
15

N/
14

N on the Earth and in cometary CN 

and HCN show that a significant part of atmospheric 

nitrogen might come from comets [2]. The same can be 

assumed about Mars. Thermal outgassing of carbona-

ceous chondrites gives a CO2-rich atmosphere with 

water vapor and smaller amounts of other gases [3]. 

Therefore, early Mars could have a dense CO2 atmos-

phere. A model of atmospheric evolution controlled by 

impacts has been developed in [4], [5] and applied to 

the atmosphere of early Mars in [5]. However, atmos-

pheric erosion by impacts has been taken into account 

using the old analytical “tangent plane approximation” 

[6]. The model was used in simulations of early Mar-

tian atmospheres in [7] where the efficiency of atmos-

pheric cratering was calculated for vertical impacts. 

Comparison of the models has been made in [8]. Re-

cently, accurate calculations of atmospheric impact 

erosion and projectile material retention have been 

made using 3D hydrodynamic simulations of oblique 

impacts [9]. Here the results [9] are employed to simu-

late the evolution of an early Martian atmosphere. 

The model of atmosphere evolution:  Following 

[4], [5], the modeling equation of atmosphere evolution 

with some modifications is written as  
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where Ma is the atmosphere mass, Yj is the atmospheric 

concentration of component j, δM is the total mass of 

impactors incident upon the planet after time t (δM 

diminishes with time), k is the type of impactors (aste-

roids, comets), χk is the average relative mass of impac-

tors of type k retained by the planet, λk is the average 

fraction of the retained impactor mass released as va-

por, yjk is the average abundance of atmospheric spe-

cies j in impactors of type k, ηk is the average relative 

loss of atmospheric mass by impacts of type k, ωk is the 

average vaporized target mass, zj is the abundance of 

atmospheric species in the planetary crust, βk is the 

fraction of impactors of type k in the total mass flux.  

It is assumed that zj obeys the following equation: 
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where δM0 is the value of δM at the initial time (at the 

beginning of late accretion bombardment).  

The relative lost atmospheric mass ηk is defined as 

dmdvdvfmnmdmmnm kkakk  2sin)()()(   , 

where m is the impactor mass, nk(m) is the differential 

mass spectrum, fk(v) is the impact velocity distribution, 

α is the impact angle, sin2α is the probability of an 

impact at angle α, and ma is the escaped atmospheric 

mass which depends on an impactor’s diameter and 

density, impact velocity and angle, atmospheric mass 

and scale height H, target density, and planetary escape 

velocity. The values of ma are computed with approxi-

mation formulas suggested in [9]. Integration over m is 

made from m1 (an impactor smaller than ~0.5 km) to 

the largest mass m2. A similar expression can be writ-

ten for the average retained mass of impactors χk which 

is also calculated using formulas [9].  

Input parameters:  Four types of impactors were 

selected: carbonaceous chondrites (k=1), ordinary 

chondrites (k=2), SP comets (k=3) and LP comets 

(k=4). The mass distributions of asteroids were taken 

from [10]. The differential mass spectrum of comets 

was assumed to obey the power law with an exponent 

index -1.45 for SP comets and -1.7 for LP comets [11]. 

Velocity distributions fk(v) for asteroids were taken 

from [10] and for comets from [12], [13], [5]. The 

mass of the largest impactor m2 is assumed to be re-

stricted and related to δM as  

),1.0min( max22 mMm  , 

where m2max=2×10
23

 g (a 500-km-diameter asteroid). 

Values of λk and ωk were computed by means of 3D 

numerical simulations of impacts using ANEOS equa-

tion of state for granite and dunite. Full and partial 

vaporization was determined from a maximum pressure 

to which material was compressed (calculated with the 

help of markers) and release isentropes. Values of λk 

are from 0.025 (granite projectile, granite target) to 0.1 

(dunite projectile, dunite target), and ωk are from 0.03 

to 0.2. For impactors consisting of water λk=0.7 and 

0.9, ωk=0.1 and 2 for SP and LP comets respectively.  

The atmosphere is considered to consist of two gas-

es CO2 (j=1) and N2 (j=2). It is assumed that all carbon 

and nitrogen of vaporized material are converted to 

CO2 and N2. Using data for carbonaceous and ordinary 

chondrites [14]−[16] and comets [17], I put y11=0.07, 

y12=0.006, y13=y14=0.2, y21=0.0005, y22=0.00002, y23= 

y24=0.001. Using [12] and assuming that carbonaceous 

bodies are 20% of all stony impactors [5] I set β1=0.19, 

β2=0.75, β3=0.04, β4=0.02. Some variants did not in-

clude comets, then β1=0.2, β2=0.8, β3=β4=0.  
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Results:  The results of numerical solutions of the 

model equations for an asteroidal veneer are shown in 

Fig. 1. Atmospheric pressures are plotted versus veneer 

thickness δR=δM/4πRM
2
ρ, ρ=2.7 g/cm

3
, RM=3400 km. 

Initial value δRo=30 km. The initial atmospheric pres-

sure is assumed to be negligibly small. The final at-

mospheric pressure Pf  is very sensitive to the input 

parameters. If all carbon carried by impactors eventual-

ly reaches the atmosphere as CO2 (λk=1), Pf  turns out 

to be from 14 to 21 bars, depending on H. If the frac-

tions of vaporized materials are very small (λk=0.025 

and ωk=0.03) and there are no comets, Pf  is below 

210
-5

 bars. However, the latter variant is unlikely be-

cause carbonaceous chondrites would vaporize easier 

than dunite and volatiles are released to an atmosphere 

not only from the vaporized material but also from the 

melt. Larger impactors are relatively less erosive, and 

Pf  turns out to be from two to ten times higher, if the 

largest impactor mass is trebled. Figure 2 shows va-

riants with the addition of cometary fluxes. In this case 

for moderate vaporized masses (λk=0.1, ωk=0.2, k=1, 2) 

Pf  is from ~0.5 bars to ~2 bars, depending on H.  

Some conclusions:  I suggest that the most proba-

ble final atmospheric pressure is from several tenths of 

bars to several bars, believing that λk=0.1 and ωk=0.2 

(k=1,2) are minimum limiting values. However, several 

random impacts of large volatile-rich bodies at the end 

of a late veneer can substantially increase the ultimate 

atmospheric mass. The calculations support the conclu-

sion [8] that the impact erosion during the Late Noa-

chian cannot lead to significant atmospheric mass 

losses if an earlier atmosphere was thick enough. The 

model improvements should include water delivery, 

interaction of CO2 with water basins, production and 

decomposition of nitrates, degassing and absorption by 

regolith, and refinement of erosion coefficients. 
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Fig. 1: Atmospheric evolutionary trajectories dur-

ing asteroid accretion (no comets, k≤2) for various 

input parameters. Time goes to the left. Solid lines 

represent total atmospheric pressure, dashed lines are 

partial nitrogen pressure. Yellow, red, and black lines 

show variants with λk=0.1, ωk=0.2 and scale heights 

H=11 km (yellow), 15 km (red) and 20 km (black). 

Pink, green, and violet lines show variants with λk=1 

and H=11 km (pink), 15 km (green), and 20 km (vio-

let). Brown and blue lines represent a case λk=0.025, 

ωk=0.03; H=11 km (brown) and 15 km (blue). 

 

 
Fig. 2: Same as in Fig. 1 with added 6% cometary 

flux beginning from δR=10 km (green, yellow, red, 

black, brown) and δR=3 km (violet, blue). Yellow, red, 

black, and violet lines show variants with λ1=λ2=0.1, 

ω1= ω2=0.2 and different H: 11 km – yellow, 15 km – 

red and violet, 20 km – black. Brown and blue lines are 

variants with λ1=λ2=0.025 and ω1= ω2=0.03, green 

lines correspond to the limiting case λ1=λ2=1. In these 

variants (brown, blue, green) H=15 km. 
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