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Introduction: It  is often assumed that  the initial 
isotopic composition of the volatiles emplaced on the 
surfaces  of  the  terrestrial  planets  was  constant, 
identical from planet to planet. However, the situation 
is not so straight forward. Through a series of n-body 
simulations  using  MERCURY[1],  we show that  the 
three atmosphere-bearing terrestrial  planets will have 
experienced  significantly  different  numbers  of 
asteroidal and cometary impacts, which in turn means 
that,  for  all  volatilisation  mechanisms  requiring  the 
delivery of material from beyond the orbit of Mars, the 
three worlds in  question will have received different 
volatile budgets. We contend that further study of the 
delivery  of  volatiles  to  the  terrestrial  planets  is 
necessary, in order that  the true relationship between 
the planetary volatile budgets be well determined.

 
Simulation I: Asteroids vs. Comets. 105 objects in 

the asteroid belt and 105 objects beyond Jupiter  were 
followed for 106 years. All objects were followed until 
ejection or collision with a massive body. Impacts on 
Earth,  Mars and Venus were counted. As in previous 
impact work [2], the terrestrial planets inflated so that 
the Earth had a radius of 106

 km.

Results

Planet Venus Earth Mars

Nast
466

(0.29)
1583
(1.00)

3777
(2.39)

Ncom
1357
(0.86)

1577
(1.00)

436
(0.28)

Nf 0.34 1.00 8.66

Here, Nast gives the number of asteroidal impacts, Ncom 

the number of cometary impacts,  and Nf the ratio of 
the two, normalised so that the Earth equals 1.00. The 
values in parenthesis show the ratio of the number of 
impacts in  a given case to that  on the Earth  in  that 
case. Note  how  Venus  has  a  significantly  more 
“comets per asteroid” than Mars, with the ratio at the 
Earth being intermediate.

Simulation II :  J+S vs. U+N. 5x105 test particles 
were created orbiting between Jupiter and Saturn, and 
another  5x105 were created orbiting between Uranus 

and  Neptune.  Again,  the  terrestrial  planets  were 
inflated, and the particles were followed for a period 
of 106 years.

Results

Planet Venus Earth Mars

NJNS
734

(0.78)
944

(1.00)
324

(0.34)

NUNN
403

(0.82)
489

(1.00)
131

(0.27)

NTot 1137 1433 455

Here,  NJNS gives  the  number  of  impacts  from  the 
objects originating  between Jupiter  and  Saturn,  with 
NUNN being  the  number  of  impacts  from  those 
originating between Uranus and Neptune. The figures 
in parenthesis show the ratio of the number of impacts 
on each  planet  to those on the Earth.  Note how the 
ratios are effectively the same for objects from the two 
reservoirs,  highlighting  near  identical  delivery 
mechanisms for the two populations. 

Simulation  III :  Excited  Asteroids. 106 test 
particles  were  created  to  resemble  a  highly  stirred 
asteroid  belt,  with  a  great  fraction  of  its  members 
emplaced  on  planet-crossing  orbits,  as  may  have 
occurred during the Late Heavy Bombardment. Again, 
the  terrestrial  planets  were  inflated,  and  particles 
followed for 106 years.

Results

Planet Venus Earth Mars

Nast
10867
(0.50)

21660
(1.00)

27873
(1.29)

Here, Nast gives the number of impacts from the highly 
excited  asteroids. Note  how  the  impact  flux  is 
significantly higher  than  in  the other  simulations  (a 
result of the large number of planet-crossers), and how 
the planet-planet  ratios are intermediate between the 
cometary and asteroidal cases in simulations I + II.
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Conclusions: Through  a  number  of  detailed  n-
body simulations,  we have studied the way in  which 
the impact rates on Venus, the Earth and Mars vary as 
a function of the source population of impactors. As a 
result of different delivery mechanisms, we found that 
Mars  is far  more likely to be impacted by asteroidal 
material  than  either  the  Earth  or  Venus,  even  in 
situations  where  the  asteroid  belt  has  been  hugely 
stirred  and  destabilised  (as  has  been  suggested 
occurred to cause the Late Heavy Bombardment). For 
cometary  impactors,  even  those  originating  on  low 
eccentricity  orbits  beyond  Jupiter,  the  situation  is 
reversed  –  the  impact  rate  on  Mars  becomes 
significantly  lower  than  that  on  the  other  two 
terrestrial  planets  studied  –  a  result,  primarily,  of 
Mars  presenting  a  smaller  target  to  the  in-falling 
bodies than  the other  two planets.  These two effects 
lead  to  the  obvious  conclusion  that,  comparatively, 
Mars will have received a far greater proportion of its 
impact-sourced  material  from  asteroidal  rather  than 
cometary sources when compared to the two interior 
planets,  which  may have major  implications  for  the 
hydration history of the worlds in question. 

When  compared  with  the  Earth,  Venus  receives 
less  material  from  both  reservoirs  (asteroidal  and 
cometary). However, the amount of cometary material 
falling  on  the  planet  is  significantly  closer  to  that 
falling  on  the  Earth  than  the  relative  contributions 
from  asteroidal  material.  In  other  words,  when 
compared to the Earth,  Venus would be expected to 
accrete more cometary material per asteroid impactor, 
while Mars  would expect significantly less cometary 
material per asteroid impactor. This therefore leads to 
the  slightly  surprising  conclusion  that,  in  terms  of 
accreted material, Venus is more representative of the 
outer Solar System than Mars, with the Earth  falling 
somewhere in-between. 

Given recent  work [3-7],  it  is clear  that  the D:H 
ratio  within  water  on  a  given  small  body may  be 
strongly  related  to  its  formation  location.  This, 
coupled with the results in this work, tends to suggest 
that,  at  least  in  terms  of  the  volatile  component 
brought  by impacting  bodies,  Venus  would  have  a 
nascent  D:H value in  water  higher  than  that  on the 
Earth,  which would,  in  turn,  be higher  than  that  for 
Mars  (since objects with  greater  formation  distances 
would have higher D:H). At the very least, this effect 
should  be taken  into  account  when  assumptions  are 
made  about  the  initial  deuteration  levels  on  these 
worlds. 

Different  models  of  planetary  formation  and 
hydration  involve  different  reservoirs  of  hydrated 
bodies falling onto the terrestrial  planets.  It  is clear, 
from our  results,  that  each  of the  hydration  models 
currently  proposed  for  the  terrestrial  planets  would 
lead to different D:H signatures, when combined with 
knowledge  of  the  impact  rates  from  the  source 
reservoirs.  It  is  possible  that  such  knowledge,  with 

more  detailed  modelling,  could  help  to  provide  an 
extra constraint on models of our planetary system.
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