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Introduction: The reason for the lack of water on 
Venusian surface [e.g., 1] has been a long-standing 
problem in comparative planetology. Since Venus is 
Earth’s twin, it would have obtained a similar amount 
of surface water to that of Earth’s ocean during its for-
mation. The mechanism responsible for causing a water 
deficit on the Venusian surface must be explored to un-
derstand the origin of the significant difference in the 
surface environment between Earth and Venus. 

Previous studies on this topic suggested that the 
problem of the water loss from the early Venus comes 
down to the problem of the fate of a large amount of 
residual oxygen produced by a photochemical dissocia-
tion of water vapor [e.g., 2] because of the following 
reasons. Since a steam atmosphere on the early Venus 
is photochemically unstable, water vapor dissociates 
into hydrogen and oxygen by an EUV radiation from the 
young Sun. Then, hydrogen easily escapes into the 
space via a hydrodynamic escape driven by the EUV ra-
diation [2]. Three processes have been proposed to ex-
plain the lack of a large amount of residual oxygen. 
Among them are: (1) frictional escape caused by drag-
off by the escaping hydrogen flow [e.g., 2-4], (2) non-
thermal escape by ion pick-up due to the solar wind [e.g., 
5], and (3) oxidation of the Venusian crust/mantle [e.g., 
4, 6]. However, the possible amount of oxygen removal 
by these processes is only ~0.3 TO, where 1 TO means 
the mass of oxygen within the current Earth’s ocean. 
Although recent idea by [7], which is a giant-impact-
generated deep magma ocean as a massive oxygen sink, 
is a promising hypothesis, it has not been investigated 
well possibly because the oxygen removal was not the 
main topic of their study [7].  

The difficulty in the crust/mantle oxidation: In 
this study, I re-visited to the crust/mantle oxidation hy-
pothesis [6]. If FeO in the Venusian crust/mantle down 
to ~90 km is oxidized into Fe2O3, the residual oxygen 
with the mass of 1 TO would be removed from Venu-
sian surface. This process requires an exposure of non-
oxidized fresh rocks on the Venusian surface all the time 
during the oxygen consumption. The most serious prob-
lem suggested by [4], however, is a lack of a driving 
force of such active surface replacement. The upper 
limit of the removed oxygen is estimated to be ~0.1 TO 
over 4.5 Gyr if such surface replacement occurs only by 
the volcanic activity on the Venus [4].  

The role of hypervelocity impacts: I focused on 
the process of impact-driven excavation as the driving 
force of the surface replacement. Venus is expected to 

suffer intense impact bombardment during the terminal 
stage of planetary accretion as well as Earth, the Moon, 
and Mars [8]. Hypervelocity impacts produce fine-
grained rocky ejecta and release them into an atmos-
phere. The ejecta would remove the residual oxygen 
from the hot atmosphere on the early Venus through 
high-temperature oxidation of iron-bearing silicates 
[e.g., 9].  

The net oxidation reaction is described as 4FeO(s) + 
O2(g) -> 2Fe2O3(s). First, I assessed whether the above 
reaction proceeds in the forward direction. Figure 1 
shows the results of thermochemical calculations using 
the NASA CEA code [10]. The oxidation state of iron 
in a Fe-H-O system under a thermal/chemical equilib-
rium was calculated. The molar mixing ratio of O2 to 
H2O was treated as a free parameter from 0 to 0.7.  The 
total pressure of the system was fixed at 300 atm. Ferric 
iron is stable if the molar mixing ratio exceeds 0.5 for a 
wide range of temperatures.  

 
Figure 1. The oxidation state of iron as a function of 
molar ratio of O2 to H2O and temperature. The elemental 
ratio H:Fe was set to 2:1. 
 

Above thermodynamic consideration indicates that 
the lack of of thick oxygen atmosphere on the current 
Venus could be explained as a natural consequence in 
the planetary accretion. Following that, I calculated the 
cumulative amount of the excavated non-oxidized fresh 
rocks due to the late accretion. 

A stochastic bombardment model: I describe each 
part of the model to calculate the cumulative mass of 
impact ejecta in this section. I used a Monte Carlo ap-
proach with the Mersenne Twister algorithm [11].  

Excavated mass and depth after each impact. I used 
a combination of the π-group scaling rules [e.g., 12] and 
a modified Maxwell’s Z-model [13]. Figure 2ab show 
examples of the geometry of a transient crater and an 
excavated region for impactors with different sizes.  
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Figure 2. The geometry of crater formation for im-
pactors with the size of (a) 5 km and (b) 50 km. 
 

Size, velocity, and angle distributions. Dynamical 
transport of asteroids from the main belt to the early Ve-
nus was assumed. Although the size distribution for 
large impactors (>120 km) by [8] was used, the size ex-
ponent q for relatively small impactors (< 120 km) was 
treated as a free parameter because it is an important pa-
rameter in this matter and it at the time has not been 
constrained well. The impact velocity [14] and angle 
[15] distribution was employed. 

Total mass of impactors. The previous studies on the 
late accretion showed that the possible impacted mass 
to Earth at this period is ranged from 0.5-6 × 1022 kg 
using a few independent methods [e.g., 16-18]. I as-
sumed that Venus suffer a similar level of impact bom-
bardment to Earth. Thus, the mass was varied at a range 
of 1-5 × 1022 kg. 

Calculation of the cumulative mass of fresh ejecta. 
Treatment of nonrenewable oxidized deposits on the 
surface is key to quantitatively estimate the removed 
amount of oxygen. Under the assumption, which is the 
Venusian surface is well-mixed due to impact bombard-
ment, referred to as “impact-induced convection” [19], 
I calculated the evolution of excavated fraction as a 
function of the depth from the Venusian surface after 
each impact, rather than detailed histories of impact 
ejecta during the calculation. 

Results: Figure 3 shows the main results of this 
study that is the corresponding amount of removed wa-
ter vapor from Venus including the effect of photo-
chemical dissociation of water and subsequent hydro-
gen escape as a function of the total mass of impactors 
Venus. The oxygen in >0.6 TO is possibly removed dur-
ing the late accretion if the total impactor mass exceeds 
2 x 1022 kg, strongly suggesting that impact bombard-
ment is a main contributor on the oxygen removal from 
the Venus. 

Discussions and Conclusions: Although the esti-
mate is an upper limit because I assumed that the entire  

 
Figure 3. Possible total amount of removed water, as a 
function of total impactor mass, size exponent for <100 
km impactor, q, and the maximum impactor diameter, 
Dmax. Four different symbol sizes are shown, corre-
sponding to Dmax are 500 km, 1000 km, 1500 km, and 
2000 km. The cumulative mass of nonoxidized “fresh” 
ejecta is also shown on the right vertical axis. 
 
ejecta reacts with a hot atmosphere up to the stoichio-
metric limit, the process might not occur on the early 
Earth efficiently because a photochemical dissociation 
of water vapor would not proceed on an ocean-covered 
Earth-like planets. The form of surface water (i.e., ocean 
versus a steam atmosphere) is an important factor in de-
termining the fate of surface water against to the impact 
bombardment.  

This study has been already published in Earth and 
Planetary Science Letters [20]. 
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