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Introduction:  The variations in the elemental and 

isotopic composition of the atmospheres of terrestrial 
planets imply a contribution from stochastic differ-
ences in their accretion history [1]. Recently, Tucker & 
Mukhopadhyay [2] argued for multiple partial mantle 
magma oceans and atmospheric loss events during 
Earth’s accretion based on He/Ne data from the man-
tle. Although impact events have not typically been 
considered in studies of chemical fractionation during 
planet formation, it would be possible to fractionate 
volatiles that segregate into different physical reser-
voirs, such as the atmosphere vs. an ocean, if atmos-
pheric loss were a common process [2]. 

Previous studies of atmospheric blowoff by giant 
impacts have focused on the 1D mechanics of the loss 
of a column of atmosphere [3, 4]. Large-scale atmos-
pheric loss occurs when the shock wave imparts a suf-
ficiently high particle velocity around the planet’s sur-
face to drive a shock into the atmosphere that ejects a 
portion of the atmospheric column. Atmospheric loss 
is more efficient when an ocean is present because the 
larger particle velocities achieved in the water layer 
drive a stronger shock in the atmosphere [4]. The sur-
face particle velocities reflect the shock pressure dis-
tribution in the target, which is highly sensitive to the 
impact geometry. Thus, impact-driven atmospheric 
loss must be considered in 3D.  

Here, we derive general scaling laws for blowoff of 
the atmosphere and ocean during a giant impact and 
discuss the potential for atmospheric loss and fraction-
ation of volatiles by giant impacts during planet for-
mation. 

Impact Calculations:  We simulated the propaga-
tion of the impact shock through the target and projec-
tile in 3D using the CTH shock physics code [5]. The 
planets were hydrodynamic and differentiated (30wt% 
iron core; 70wt% forsterite mantle) with 2000 K poten-
tial temperature mantle adiabats. The parameter space 
spanned planet masses from 0.05 to 0.9MEarth, six im-
pact parameters b between 0 and 0.93, five mass ratios 
(Mt/Mp) between 1 and 18, and 6 impact velocities 
from 1 to 5Vesc. Using Lagrangian tracer particles, we 
mapped the radial particle velocity on the surfaces of 
the target and projectile (and also estimated the frac-
tion of mantle melted by the shock). 

Using the 1D scaling laws for the loss of a column 
of atmosphere and ocean from [3, 4], we calculate the 
loss fraction above each element in the surface map 
grid for all the impact scenarios. The total atmospheric 

and ocean loss fractions are obtained by summing the 
loss for each grid point weighted by the mapped area.  

Blowoff Scaling Laws:  Impact fragmentation 
studies typically scale outcomes by a specific impact 
energy. Leinhardt & Stewart [6] proposed the form 

 ( )20.5 ,R i t pQ V M Mµ= +   (1) 

where µ is the reduced mass, Vi is the impact velocity, 
Mt and Mp are the target and projectile masses, respec-
tively. This measure of impact energy does not capture 
the variations in the shock pressure field that are de-
termined by the impact geometry and projectile-to-
target mass ratio. Here, we empirically find that a mod-
ified impact energy captures the bulk of the variation 
in the shock pressure field: 

 ( )( )1 1 .S R p tQ Q M M b= + −   (2) 

 The calculated total atmospheric loss fraction, us-
ing the scaling law for a 1:300 atmosphere to ocean 
mass ratio from [4], is shown in Fig. 1A. Grazing im-
pact events are defined by b > Rt/(Rt+Rp), where Rt and 
Rp are the radii of the target and projectile [7]. At im-
pact velocities near Vesc, grazing collisions hit, sepa-
rate, and re-impact in graze-and-merge events. Note 
that atmospheric loss from the second impact is not 
included in the present analysis. At higher impact ve-
locities, the two bodies hit and escape in hit-and-run 
events [8]. Non-grazing impacts more efficiently cou-
ple the kinetic energy of the projectile to the shock 
wave in the target, leading to more efficient atmos-
pheric loss. 

The atmospheric loss fraction follows a log-linear 
relationship approaching the specific energy required 
for total loss (solid line in Fig. 1A). At lower impact 
energies, atmospheric loss is proportional to the geo-
metric contact area between the two bodies during the 
early stages of the impact; thus, the dispersion in the 
grazing data points reflects systematic differences in 
contact area for different impact geometries. A similar 
distribution of atmospheric loss is observed for the 
projectile when the impact energy is defined by revers-
ing the mass ratio in Eq. 2. 

In Fig. 1A, the fit to the log-linear region for the 
ocean loss fraction is shown by the dashed line. The 
atmospheric loss fraction for targets with no ocean 
falls slightly above the ocean line.  

Volatile Fractionation during Planet Formation:  
Complete loss of the ocean requires almost an order of 
magnitude larger impact energies compared to the 
threshold for total atmospheric blowoff (Fig. 1A). 
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Thus, there is a decade of specific impact energies be-
tween 106 and 107 J/kg where volatiles in the surface 
reservoirs of a growing planet may be fractionated by a  

 

 
Fig. 1. A. Loss fractions of the atmosphere vs. specific 
impact energy (points). Solid line is the fit to the loss 
fraction in the log-linear region. The dashed line is the 
fit to the ocean loss fraction in the log-linear region. B. 
Fractionation of volatiles in different surface reservoirs 
vs. impact energy. C. Distributions of specific impact 
energies for all giant impacts from [9]. The impact 
energy ranges for different Moon-formation scenarios 
are shown as horizontal bars [10-12]. 

giant impact (Fig. 1B). The magnitude of fractionation 
between atmospheric gases (N2, CO2) and the ocean 
(H2O) is substantial as impact energies approach 107 
J/kg for the 1:300 atmosphere:ocean case considered 
here. The giant impact stage of planet formation spans 
the impact energies required for blowoff of atmos-
pheres and oceans (Fig. 1C). About half of all impact 
events remove most of the atmosphere of the projec-
tile. Complete atmospheric loss on the larger body is 
far less frequent and dominated by non-grazing im-
pacts by smaller, faster projectiles.  

Based on these results, the cumulative effects of 
atmospheric blowoff during giant impacts likely con-
tribute to the observed depletion of N and C on the 
Earth compared to chondrites [2, 13]. Atmospheric loss 
during the giant impact stage must have acted to vary-
ing degrees during the growth of all terrestrial planets. 
Note that recent high angular momentum Moon for-
mation scenarios [11, 12] would result in substantial 
atmospheric loss and fractionation of surface volatile 
reservoirs near the end of Earth accretion (Fig. 1) [see 
14].  

Conclusions:  We have developed general scaling 
laws to predict the loss fraction of the atmosphere and 
ocean for any impact scenario. Partial atmospheric 
blowoff is a frequent process during the giant impact 
stage of planet formation. The highest energy impact 
events may remove most of the atmosphere, but rarely 
blow off the ocean, leading to fractionation of at-
mophile and hydrophile volatiles on the growing plan-
et. Thus, the stochastic nature of giant impacts leads to 
variations in the final volatile contents of terrestrial 
planets. 
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For an initial 1:300 atm:ocean mass ratio
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