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Chemical effects of large impacts
on the Earth’s primitive atmosphere
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Intense bombardment of the moon and terrestrial planets ~3.9—
4.0 x 10° years ago"” could have caused the chemical reprocessing
of the Earth’s primitive atmosphere®. In particular, the shock
heating and rapid quenching caused by the impact of large bodies
into the atmosphere could produce molecules such as HCN and
H,CO* which are important precursors for the abiotic synthesis
of complex organic molecules™”’. Here we model the production
of HCN and H,CO by thermochemical equilibrium and chemical
kinetic calculations of the composition of shocked air parcels for
a wide range of temperatures, pressures and initial compositions.
For atmospheres with C/O =1, our results suggest that bolide
impacts cause HCN volume mixing ratios of approximately 107>
to 107° in the impact region and global average ratios of 1075 to
1072, The corresponding H,CO mixing ratios in the impact region
are 107 to 10~°; no-global mixing can occur, however, as H,CO
is rapidly destroyed or rained out of the atmosphere within days
to hours. Rainout to the oceans of 3-15% of the HCN produced
can provide ~(3-14) x 10" mol HCN per year. This is somewhat
larger than other predicted sources of HCN® and H,CO® on the
primitive Earth.

The atmosphere appeared on Earth very early in its history.
Argon and xenon isotope geochemistry'®!! indicate that the
mean age of the atmosphere is 4.4x10°yr. The carbonate-
bearing sedimentary rocks in the Isua, Greenland supracrustal
rocks further suggest the presence of an atmosphere-ocean sys-
tem 3.8 x 10° yr ago'®. To evaluate the effects of impacts on this
early atmosphere we consider a suite of more than 100 pressure
(P) and temperature (T) composition points in the H-C-N-O
tetrahedron ranging from chemically reducing to chemically
neutral atmospheres, shock pressures from 107° to 10° bar, and
shock temperatures from 500 to 5,000 K. Although precise
knowledge of the composition of the pre-Archean atmosphere
is unavailable, a plausible range of primitive atmosphere compo-
sitions can be defined by considering the oxidation states and
compositions of present-day volcanic gases, of volcanic gases
in equilibrium with metallic iron and of the outgassing from
chondritic planets'>'*. Plausible atmospheres all contain N,
and small amounts of H,O in equilibrium with liquid water.
Carbon may occur predominantly as CH,, CO, or CO, depend-
ing on the assumed oxidation state and H, may be present in
small amounts conversant with its rapid atmospheric escape.

Thermochemical equilibrium calculations were done using a
Gibbs free energy minimization code'®; thermodynamic data
for more than 50 compounds in the H-C-N-O system were taken
from standard sources'”'®. The quenched abundances of HCN
and H,CO in the shock wave were estimated using the
relationship

tchem( TQ) = tcool( TQ) (] )

where f¢., is the chemical lifetime of HCN or H,CO, teoor 1S
the characteristic cooling time of the shock wave and T, is the
quench temperature. The t., values for HCN and H,CO were
estimated using kinetic data for the relevant destruction reac-
tions of CN and HCO (see Table 1)'°-?". This treatment is valid
when HCN and CN, and H,CO and HCO remain in equilibrium
(which we verified). Analogous calculations have also been done
by previous investigators estimating NO, production from high
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Table 1 Reactions and rate constants used to estimate ., values for HCN and

H,CO
Reaction Rate constant Source
(1) CHO+H-CO+H, 6x 10" exp(—2,500/ T) 19
(2) CHO+M->CO+H+M 7x10i;ex]1:/>£—7,550/7') 19*
2x10" T'2 exp(—14,000/ T)
(3) CHO+0->CO+0OH 3x10" 19
(4) CHO+0-CO,+H 3x10" 19
(5) CHO+OH - CO+H,0 6x10'? 19%
3x10"?
(6) CHO+0,-CO+HO, 3x10" 19*
6x10'2 exp(—3,650/ T)
(7) H,CO+H,->OH+CH, 1.4% 10" exp(—36,200/ T) 21
(8) H,CO+M->HCO+H+M 4% 10" exp(-18,500/ T) 22%
(9) CN+NO->CO+N, 8.9x10" 20%
(10) CN+NO-NCO+N 1.0x 10" exp(—21,190/ T) 23
(11) CN+CN>C,+N, 2.5%10"7 exp(—48,000/ T) 20*
1.6x 10" exp(—21,700/ T)
(12) CN+0->CO+N 1.0x10" 20
(13) CN+0,>CNO+0 2.4x10" exp(—450/ T) 20
(14) CN+C->N+C, 3.0x 10" exp(—18,000/ T) 20
(15) CN+N->C+N, 4.4x10" exp(—4,600/ T) 20
(16) HCN+H,- CH,+NH 6.5x 10" exp(—~70,456/ T) 24
(17) HCN+M->H+CN+M 1.0x 10'® exp(—54,650/ T) 25
(18) HCN+0->NCO+H 7.2x 10" exp(-7505/ T) 26

Units for two-body rate constants are cm® mol™'s ™.
* Calculations done with both expressions.

T Also see Bowman™’ for a similar expression.

i Average of values given by Baulch et al®°.

temperature shock phenomena (such as nuclear explosions*-32,
lightning discharges®* and large impacts in the atmos-
phere**3°).

The calculated thermochemical equilibrium mixing ratios of
important species in the shocked air parcels are illustrated in
Fig. 1. These profiles are representative of those obtained by
shocking atmospheric compositions which are chemically
neutral (Fig. 1a) or chemically reducing (Fig. 1b). The major
species produced from a CO,-rich atmosphere are CO, O,, H,
and NO; CO-rich atmospheres yield primarily CO,, H,, CH,,
HCN, NH; and H,CO. Graphite precipitation is also possible
in CO-rich systems but may be kinetically inhibited if nucleation
is slow relative to f.,,.

Calculations over a wide range of assumed atmospheric com-
positions show that the C/O atomic ratio strongly influences
the yields of the shock products (see Table 2). Our calculated
HCN and NO abundances follow the same pattern first noted
by Chameides and Walker®. We find that the interconversions
between HCN and NO for different major carbon-bearing
species are described by the reversible equilibrium reactions:

2NO+2C(gr)+3H, = 2HCN+2H,0 (2)
2NO+2CH, = 2HCN+2H,0+H, (3)
2NO+2CO+5H, = 2HCN +4H,0 (4)
2NO+2CO0,+7H, = 2HCN+6H,0 (5)

The thermochemical equilibrium calculations also show that the
HCN volume mixing ratio near T, is not sensitive to large
changes in the total pressure. It decreases by only two orders
of magnitude as P varies from 10° to 10~ bar. However, the
H,CO mixing ratio varies as P above the graphite condensation
temperature and is pressure independent below this point.

Calculated chemical lifetimes for HCN and H,CO are com-
pared with the radiative cooling time for the shocked air column
in Fig. 2. The HCN quench temperatures vary from 1,560 to
2,100 K depending on the specific HCN destruction reactions.
The H,CO quench temperatures are in contrast <1,110K. If
reaction (2) in Table 1 is relatively fast, H,CO may remain in
equilibrium below 650 K. The corresponding mixing ratios for
HCN (T, ~1,600 K) and for H,CO (To=1,000 K) from Fig.
1b are 10~ and 107%, respectively. For the range of reducing
atmospheres studied we calculate HCN mixing ratios of 1073
to 107 at T, and H,CO mixing ratios of ~10~" to 10~° at T,
in the impact region.
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Fig. 1 Equilibrium abundances of important species in a cooling
parcel of shocked air. a, Neutral atmosphere of

90% N,, 9% CO,, 1% H,0 at a shock pressure of 10 bar. HCN,
H,CO, NH; and many other species with mixing ratios <107° are
not shown here. b, Reducing atmosphere of
49.5% N,,49.5% CO, 1% H,O at a shock pressure of 100 bar.
Graphite precipitation occurs at 1,556 K; it is a major carbon sink
by 1,000 K. All hydrocarbons (except C,H, and C,H,) have mixing
ratios <107°. In both cases increasing dissociation of molecules
to radicals, atoms, and ions occurs with increasing temperature.

Globally averaged HCN mixing ratios were estimated using
a simple model developed to describe NO, production by the
putative Cretaceous/Tertiary impactor’®. We take the HCN
production efficiency as 10’ molecules erg™' (for a CO+ N,
atmosphere) from Chameides and Walker®. This efficiency is
strongly composition-dependent ranging from ~10'° molecules
erg”' (CH4+N,) to ~10° molecules erg™ (CO,+N,+H,0)*.
From Lewis et al.** we take the energy deposited in the atmos-
phere by a 10" g metal-rich impactor (vertical entry angle
~12kmss™') as ~10*>® erg and the energy deposition by a
10'® g cometary impactor (grazing entry angle ~65kms™') as
~10°"? erg. The estimated HCN yields are in the range of
10**-10*” molecules per impact and the fraction of the atmos-
phere shocked per impact is in the range 107%-10" (assuming
HCN mixing ratios of ~107> to 107> at T, and the present
atmospheric mass of 5.1x10?!'g). Corresponding globally-
averaged HCN and H,CO mixing ratios would be from 107° to
1072 and from 107" to 107'°, respectively. However, these
globally-averaged values are relevant only if the chemical life-
times of the species are longer than the global atmospheric
mixing time of 1-3 yr.

Several potential loss mechanisms for HCN and H,CO are
possible; we qualitatively discuss these by analogy with these
processes in the present-day terrestrial atmosphere. Precipitation
can transport HCN and H,CO to the primitive oceans where
abiotic syntheses of complex organic molecules may occur®™*'%,
Cicerone and Zellner*® deduced that HCN has a long rainout
lifetime of about 34 yr; H,CO is much more soluble (it polymer-
izes in aqueous solution) and has a rainout lifetime®’ of about
10 days. Both species are also destroyed by solar ultraviolet
photolysis and by reaction with OH. The HCN and H,CO
chemical lifetimes in the present day atmosphere are ~1-5
years®’ and ~3 hours®®, respectively. However, the latter value
refers to the sunlit troposphere at 30° N and at noon; a diurnal
average is probably 3-4 times longer. These general consider-
ations suggest that isolated impacts are a negligible global H,CO
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Fig. 2 Calculated chemical lifetimes for H,CO (a) and HCN (b)
for the reducing atmosphere shown in Fig. 1b. The numbers refer
to the reactions in Table 1; reaction 16 has a 1., very similar to
those for reactions 12, 13, 15 and is not shown. The radiative
cooling time is calculated from the Stefan-Boltzman law. For
T>To, tchem <lcoor and the HCN and H,CO remain in equili-
brium, while for T< Ty, f .0 > .00 and the HCN and H,CO are
quenched at their mixing ratios established at T = T, where t.,.,, =
leoo- The Ty values used for HCN and H,CO in our discussion
are 1,600 K and 1,000 K respectively. However, H,CO may remain
in equilibrium below ~650 K if reaction (2) is fast.

source relative to possible photolytic sources”; only small, tem-
porally and spatially localized production may occur. However,
these considerations are consistent with a significant global
source of HCN from isolated impacts.

To a first order, 1/34 to 5/34 of the HCN produced in a single
impact event will be rained out of the atmosphere based on the
lifetimes quoted above. Taking the present globally averaged
rainfall rate’” of 3.3x 107 gcm ™5™, a Henry’s law constant®®
of 4x10* and a HCN global mixing ratio of 107™° we derive a
HCN rainout rate of 3 to 14x 10'' mol yr™'. This is somewhat
larger than predicted H,CO (from photolysis)® and HCN (from
lightning)® rainout rates on the primitive Earth of
~10" mol yr .

Impactor fluxes on the primitive Earth are not well con-
strained. However, a few large impacts every 1-5 yr will maintain
the globally averaged HCN mixing ratios and rainout rates
calculated above. More frequent impacts will lead to increasing
HCN abundances. .

Preliminary stages of this work were supported by NASA
grant NGR-22-007-269 to Harvard University. The final part
was supported by NSF grants ATM-84-01232, NAG9-108 and
NAGW-114 to MIT.



Table2 Equilibrium mixing ratios of HCN, NO and H,CO for different assumed

atmosphere compositions at 2,000 K and shock pressures of 10 and 100 bar

p =10 bar log,o mixing ratios
Starting composition HCN NO H,CO
44.4% N,.44.4° CO. 11.1% H,*t -2.6 -9.3 —6.6
14.3% N,,57.1% C0O,22.6% CH,t T 26 -9.6 —6.0
9% N,,90.1° CO, 1% H,0 -5.0 -1.5 =72
49.5% N,.49.5°, CO, 1% H,0 -52 -7.0 -7.5
1% N,,98% CO. 1% H,0 -5.4 -8.1 -7.2
70% N,, 26.4°% CO-,2.6% CO, 1% H,0 -9.9 —4.1 -10.4
80% N,, 17.3°, CO,, 1.7% CO, 1% H,0 -10.0 —4.1 -10.6
80% N,, 19° CO-, 1% H,0 -12.2 -32 -123

p =100 bar log,, mixing ratios
Starting composition HCN NO H,CO
10% N, 80°% CO, 10% H, * . =32 -8.8 -6.3
9% N,,90% CO, 1% H,0 -4.0 -8.0 -6.2
49.5% N,,49.5% CO, 1% H,0 —4.1 -7.4 -6.5
1% N,,98% CO, 1% H,0 -4.4 -8.5 -6.2
70% N,, 26.4% C0O,,2.6% CO, 1% H,0 -8.9 -4.6 -94
80% N,, 17.3% CO,, 1.7% CO, 1% H,0 -9.0 -4.6 -9.6
80% N,, 19% CO,, 1% H,0 -12.0 -34 -11.9

* High H, mixing ratio cannot be sustained for long periods. This case is shown

for illustrative purposes only.

+ Graphite saturated system. This case is shown for illustrative purposes only.
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