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Abstract

We investigate the impact formation of nitrogen oxides in the model Hadean atmosphere
and the potential for greenhouse warming due to the production of nitrous oxide (N5O).
N5O has been considered to be a relatively stable greenhouse gas produced by impact
plasma. However, its warming potential strongly depends on its production rate and its
stability in the early atmosphere. The high-energy-density synthesis efficiencies of NO,
N>O, and NOsy are evaluated for gas mixtures representing an early Earth atmosphere
by simulating an impact plasma with terawatt-class laser-induced dielectric breakdown
(TC-LIDB) using the terawatt-scale Prague Asterix Laser System. Manifestations of laser
induced high-energy-density plasma, such as a plasma temperature exceeding 10 000 K,
high electron densities and large interaction volume, make this one of the best available
laboratory models for simulating the chemical consequences of a meteoroid atmospheric
entry. The measured yields of NO, N,O, and NOy have been found to reach 6 x 10'6,

2 x 10'%, and 2 x 10'® molec J ~1, respectively. The N,O yield is far above an upper limit
determined from a previous tabletop LIDB experiment, while the NO and NOs yields
are in broad agreement with a range of LIDB and electric-discharge experiments. Us-
ing the yield estimated for TC-LIDB plasma simulating an asteroid impact and a one-
dimensional photochemical model of the Hadean atmosphere undergoing heavy bombard-
ment, we find a large source flux of N5O, but its steady-state partial pressure is still in-
sufficient to warm the climate. These findings support a scenario of early Earth warm-
ing by other greenhouse gases, a significant source of NoO other than impacts, or a rel-
atively cold climate during part of the Hadean eon plausible for lower global tempera-
tures due to anticipated lack of solar flux or depletion of greenhouse gases such as CO4
on young early Earth.

Plain language summary

The climate of the Earth 4.5 to 4 billion years ago is not well known but geolog-
ical evidence suggests the presence of liquid water. Although subglacial occurrence of
liquid water cannot be excluded, some theories assume that this is at odds with the pos-
sibility of a very cold, and perhaps completely frozen, early Earth implied by the less-
bright Sun at that time. Extra greenhouse warming of the Earth by atmospheric gases
is then thought necessary to keep the surface temperature high enough for liquid water.
Meteorites impacted the early Earth at a greater rate than today and provided a source

of energy for forming possible greenhouse-gas molecules. In this paper, we mimic the impact-

triggered formation of nitrogen oxide molecules (NO, NOg, N2O) in the laboratory us-
ing a laser-created high energy plasma. We then compute the stable amount of NoO that
might have existed 4.5 billion years ago and find this to be too small to contribute to
greenhouse warming. However, the effect of large amounts of impact-formed nitrogen
oxides may be significant for detailed studies of the short-time consequences of a large
impact on the early-Earth atmosphere, or as chemical inputs to the first stages of bio-
chemistry, or for models of the atmospheres of exoplanets in young star systems encoun-
tering heavy bombardment.

1 Introduction

The geological record of well-preserved rocks from the Hadean eon preceding 4 Ga
is lacking and the physical and chemical environment at that time is obscured. This un-
certainty encompasses the important transition from a hot and hostile world following
the Moon-forming event between 4.51 and 4.47 Ga (Bottke et al., 2015; Lock et al., 2020)
and heavy bombardment and late veneer occurring before 3.5 Ga (Genda et al., 2017;
Bottke & Norman, 2017) to the hot but life supporting Archean ocean planet established
by around 4 Ga (Catling & Zahnle, 2020).
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Extra-terrestrial impacts certainly influenced the Earth over this period, and the
remnant lunar surface (Koeberl, 2006; Ryder, 2002) implies a decreasing number of im-
pactors with solar system age, with the median estimate for a final impact capable of
global ocean vaporisation of 4.3 Ga (Marchi et al., 2014). Lunar studies (Bottke & Nor-
man, 2017) also suggest Earth experienced a late-heavy bombardment (LHB) with in-
creased impact frequency between 4.2 and 3.5 Ga and peaking at (3.85 £ 0.05) Ga (Koeberl
et al., 2000), but its occurrence and timing are not agreed upon (Wetherill, 1975; Boehnke
& Harrison, 2016; Morbidelli et al., 2018; Mojzsis et al., 2019).

Analysis of Ce-anomalies in igneous zircons of crustal origin preceding 4 Ga reveal
a significantly more reduced Hadean continental crust than today, and a progressive ox-
idation between 4 and 3.6 Ga (Yang et al., 2014). This could be the result of massive im-
pact delivery and impact-induced degassing of reduced material (Kuwahara & Sugita,
2015), that is, CO- and Ha-rich volcanic species (Yang et al., 2014) with the probable
addition of CHy-rich fluids, along with a possible contribution to transient highly-reducing
atmospheric states through the reduction of seawater to hydrogen by iron-cored impactors
(Genda et al., 2017; Zahnle et al., 2020). Overall, the degree to which the atmosphere
was reducing and its precise composition remain unknown, and theorising on the evo-
lution of these parameters over geological time is an active field of research (e.g., Shaw
(2008); Lammer et al. (2018); Zahnle et al. (2020)).

Stellar-evolution models maintain that total solar intensity has steadily increased,
with approximately 30% more radiative-energy output today than 4.6 Ga (Feulner, 2012;
Charnay et al., 2020). One dimensional models of radiative transfer in the Archean and
Hadean atmosphere find a lower surface temperature than today to the extent where no
liquid water is expected on the surface (Sagan & Mullen, 1972; Feulner, 2012), in con-
tradiction to analyses of 4 Ga igneous zircons presenting strong evidence for the pres-
ence of liquid water and supracrustal rocks around 4.2 Ga, or possibly as early as 4.325
Ga (Wilde et al., 2001; Cavosie et al., 2005).

Some proposed sources for the extra warming needed to prevent a frozen Hadean,
and subsequent Archean eon, are reviewed by Kasting and Catling (2003), Feulner (2012),
and Charnay et al. (2020), and include Solar mass-change, alteration of the Earth’s albedo
by clouds or continental configuration, an enhanced Solar wind flux, or rotation and oblig-
uity variations. The leading hypothesis is enhanced greenhouse warming due to infrared-
active atmospheric molecules, with arguments set forth proposing COs (Kuhn & Kast-
ing, 1983; Kasting & Catling, 2003; Kasting, 2014), NH3 (Sagan & Mullen, 1972; Kuhn
& Kasting, 1983), and CH, (Kiehl & Dickinson, 1987; Haqg-Misra et al., 2008). Inves-
tigators of greenhouse effects in the more-recent Proterozoic atmosphere predict possi-
ble climate forcing due to NoO (Buick, 2007; Roberson et al., 2011; Stanton et al., 2018)
but require a biologically-mediated source or reasonable Os co-abundance that are un-
likely to apply to the Hadean. Alternatively, Airapetian et al. (2016) proposed an en-
hanced Solar wind flux could have increased the abiotic nitrogen N-fixation rate and lead
to an abundance of NoO. The importance of the species mentioned above to greenhouse
warming hinges on their potential for radiative forcing, source magnitude, and stabil-
ity against photolysis, chemistry, surface deposition, and atmospheric escape. Recently,
three-dimensional global climate models including atmosphere-surface feedback, as re-
viewed by Charnay et al. (2020), find warming of the Archean by an abundance of COq
within geological constraints can be sufficient to prevent a global ice age.

Another motivation for estimating the early-Earth abundance of N,O, species is
to constrain their potential influence on the development of life. The fixation of Ny makes
available a huge amount of energy following the reaction of NO, species (NO and NO3)
with simple prebiotic precursors like cyanate or the derivatives of urea, with the provi-
sion of several hundreds kJ mol! estimated from thermodynamic data (Amend & Shock,
2001) In this context, nitric oxide can drive the abiotic formation of peptide biopolymers
from amino acid derivatives (Taillades et al., 1999). Nitric oxide is also a proposed elec-
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tron acceptor during the evolution of the biochemical metabolisms of aerobic respiration
and oxygenic photosynthesis before atmospheric oxygenation (Ducluzeau et al., 2009;
Gribaldo et al., 2009; Wong et al., 2017).

The formation of NO, by lightning has been well-studied in the laboratory and en-
vironment (e.g., Chameides et al. (1977); Levine et al. (1981); Navarro-Gonzilez et al.
(2001)). Modern-day lightning produces NO, at a rate of 2 x 10! moly~! (Schumann
& Huntrieser, 2007) out of a total natural and anthropogenic source of 1.4 x 102 moly~
(Miller & Stavrakou, 2004). For comparison, the amount of NO, generated by the en-
ergy deposited in a single impact with a large extraplanetary body can also be signif-
icant, or overwhelming, with an estimated 1.25 x 10'°© mol produced by the 1908 Tun-
guska event (Curci et al., 2004) and 1.5 x 104 mol by the Chicxulub impact 66 Ma (Parkos
et al., 2015).

1

In this work, we present new experimental data simulating high-velocity impact
shocks by laser-induced dielectric breakdown (LIDB) and probe the production of ni-
trogen oxides. The measured production efficiency (or yield) of NyO is applied to a pho-
tochemical model of the Hadean atmosphere and the resultant steady-state abundance
and greenhouse warming estimated.

2 Experimental yield of nitrogen oxides
2.1 Method

Terawatt-class laser-induced dielectric breakdown (TC-LIDB) of gas mixtures sim-
ulating possible early-Earth atmospheric compositions was induced by the focused beam
of the Prague Asterix Laser System (PALS) (Jungwirth et al., 2001) in a similar layout
as used during previous studies performed in our laboratory, e.g., Civis et al. (2004); Ferus
et al. (2017); Ferus, Pietrucci, et al. (2019). The TW-class iodine photodissociation laser
generates 350 ps pulses of 1315.2 nm near-infrared radiation and provides one pulse ev-
ery 25 minutes. Each pulse can carry up to 1000 J of radiation energy. The laser beam
was focused by a 15-cm-in-diameter CaFs plano-convex lens with a focal length of 25 cm
through a 10 cm-diameter Pyrex window into a glass cell filled with the atmosphere ana-
logue.

In multiphase experiments, the 800 cm?® sample cell contains not only the gas mix-
ture but also a liquid sample and/or catalytic solids representing planetary and mete-
oritic materials. The height of the laser beam focus above this material is adjusted to
avoid any direct interaction of the focused laser beam with solids and liquids (that is,
the LIDB occurs in gas only) but to secure effective contact between the expanding LIDB
plasma and condensed material.

During the experiments described here, a mixture of gases was typically subjected
to between 11 and 25 pulses with 25 min pauses between subsequent pulses. The pulse
energy was kept constant at 150 J, and the total accumulated energy varied between 1650
to 3750 J. Each pulse interaction results in an expanding plasma mimicking the condi-
tions surrounding a high-velocity extraterrestrial body as it enters the atmosphere, ex-
plodes, or generates an impact plume. The analysis of atomic and molecular emission
lines during our previous PALS TC-LIDB investigations revealed vibrational, rotational,
and electronic excitation temperatures ranging from 4200 to 9300 K, depending on the
sample composition and pressure and irradiation conditions (Babankovd et al., 2006).

In this study, the electron density has been estimated to reach 107 em™=3.

After each laser irradiation series, the gas-phase contents of the irradiation cell are
transferred to a Bruker IFS 125HR high-resolution infrared Fourier-transform spectrom-
eter for constituent analysis. The spectrometer was operated in the mid-infrared between
600 and 4000 cm~! using a KBr beamsplitter and HgCdTe liquid-Ny-cooled detector. The
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Table 1. Formation efficiencies and upper limits in laboratory LIDB experiments

(molecules J71).

Sample composition® NO N20O NO2

N2(80%), CO2(20%)

- 3.0x 1016  37x1016 21 x10'°

v (H20) 23 x 1016 42x10% <3x1014
s(anatase) 2.4 %1016  1.8x10'% 5.4 x 1014
v(H20) s(clay) 1.8 x 1017 4.2 x 10" 8.8 x 10™
v (HCI) s(clay) 8.6 x 1016 2.0x 1016 5.8 x 1015
v (HCl), s(anatase) 1.4 x10%  21x106 <3x10!°
v(H2804), s(anatase) 8.8 x 1015 36 x 10 <3 x 1014

6.8 x 1016 4.5 x10® <6 x 1014
8.6x 1016  6.0x10% < 2x1015

v(H2804), s(anatase), s(clay) 5.0 x 1016 <6 x 105" <6 x 1015
s(anatase)
)

s(anatase
CO(50%), NH3(50%)

- 2.3 x 1016 28x10% <3x1016

v (H20), s(clay) 2.6 x 1016 1.9x 1016 <3 x 1016
v (H20) 3.2x 106 51x10% <2x10'®
v(H20), s(anatase) 1.2 x 1017 1.2x101% <2x10°
Mean yield 6 x 1016 2 x 1016 2 x 101°

% The gas-phase composition is given in bold along with liquid / solution (v) and surface (s) samples

present in the interaction chamber.

resulting spectra are averages of 200 measurements, apodised with a Blackman-Harris

function, and with a spectral resolution of 0.02cm™!. The concentrations of NO, NO,

and NoO were determined by comparison with calibration measurements over a wide range

of partial pressures using standard gases: nitrous oxide (>99.998% purity, Sigma Aldrich),
nitric oxide (98.5%, Sigma Aldrich), nitrogen dioxide (>99.5%, Sigma Aldrich). A ver-

ification of this analysis was made by comparing the observed absorption band profiles

with simulations profiles computed from linelists taken from the HITRAN database (Gordon

et al., 2017). We analysed the NO fundamental band at 1875cm ™!, NO; v3 band at 1618 cm ™!,
and N>O v band at 2224 cm™!. The measured concentrations are converted into pro-

duction efficiencies, that is the amount of product formed per unit of input energy (molecules J~1),
that can be used to scale our laser experiment to an impacted atmosphere.

The PALS laser deposits significantly greater energy than do tabletop LIDB facil-
ities, and generates a greater volume of hotter plasma, with measured electronic and vi-
brational temperatures Tey. = 8000 — 10000 K and T+, = 4200 — 6500 K. The chemi-
cally active plasma has a diameter of about 4 cm and the resulting fireball expands at
a velocity on the order of 300kms~! (Babankova et al., 2006; Ferus, Kubelik, et al., 2019).
The principal limitation of the PALS laser is its long 25 min duty cycle that precludes
the study of a wider range of sample compositions.



104 2.2 Results

105 The measured formation efficiencies for several models of the early Earth atmo-

196 sphere are listed in Table 1 with NO and N>O consistently detected and synthesised ni-

197 trogen oxide (NO3) measured in several cases. All results are for 1atm sample pressure

198 with gas-phase composition corresponding to a redox-neutral atmosphere (N2:COs = 80:20)
199 or reduced state (CO:NHj3 = 50:50). The elemental-nitrogen density is about three times

200 greater in the former case, while the oxygen densities are similar. Additional experiments
201 were conducted with each gas mixture including either liquid/solvent reservoirs (H5O,

202 HCl, HySOy4) or catalysing substrates (mineral anatase and montmorillonite clay). We

203 have also reanalysed spectra taken from experimental campaigns conducted for various

204 objectives (Civi$ et al., 2004; Babankov4 et al., 2006; Civis et al., 2008; Ferus et al., 2011;
205 Ferus et al., 2014; Ferus et al., 2015; Civis et al., 2016; Ferus et al., 2017; Ferus et al.,
206 2017; Ferus, Pietrucci, et al., 2019). Regarding differences in yields of N2O in particu-

207 lar mixtures with different gas phase and solid phase composition, we adopt for the model
208 of planetary chemistry the mean production yield of each species.

200 The full range of measured NO production yields spans a factor of 20 with a mean

210 of 6 x 10 molec J 1. The mean N,O yield is 2 x 109 molec J = and varies by more than
a1 a factor of 100 between experiments, which reduces to a factor of 10 when neglecting two
212 measurements with anomalously low NoO yields below 10'® molecJ ~!. A factor of 20

213 variation encompasses all measured NOs yields and upper limits, with a mean of 2 x 10*® molecJ 1.
214 Only upper limits for NO5 are available for the reducing-atmosphere CO:NHj3 experi-

215 ments because of a strong overlap of NH3 absorption with the NO5 v3 band.

216 2.3 Discussion

217 A comparison of newly-measured yields with previous shock-chemistry experiments
218 producing nitrogen oxides is given in Table 2 (see also the data reviewed in Lawrence

219 et al. (1995) and Rahman and Cooray (2008)). Most existing data is collected in the in-

220 terests of quantifying lightning-initiated nitrogen fixation in modern-Earth air, but some
21 data exists for exotic gas mixtures and energy sources.

22 The NO yields in Table 2, or NO, yields when NO is not discriminated from NO,

23 but likely to be the dominant product, are generally consistent within a factor of ten and
204 our measurement falls near the middle of their distribution. Significantly lower NO yields
25 are measured when generated in a coronal discharge, which may be due to a higher de-

226 gree of ionisation and lower temperature generated in these experiments relative to spark
227 discharges and LIDB (Nna Mvondo et al., 2001). The measured 106 to 5 x 107 molec J ~*
208 NO yields are well-modelled by their thermochemical equilibrium abundance assuming

229 a freeze-out temperature between 2000 to 5000 K in the rapidly cooling experimental plas-
230 mas and shocks (Chameides, 1979; Chameides & Walker, 1981; Mancinelli & McKay, 1988;
231 Navarro-Gonzéalez et al., 2001). Their consistency persists over a large range of deposited

2 energies (e.g., Table 1 of Cooray et al. (2009)); when generated by LIDB (e.g., Nna Mvondo
233 et al. (2001); Navarro-Gonzalez et al. (2001); Rahman and Cooray (2003)), pulsed light-

o3 ning or coronal electric discharges (e.g., Levine et al. (1981); Stark et al. (1996); Nna Mvondo
235 et al. (2001)), continuous plasma (Hill et al., 1988; Kim et al., 2010) or particle beams

236 (Rahman et al., 2006). The NO yield is maximised for an approximately even Ny:COq

237 mixing ratio in the measurements of Nna Mvondo et al. (2001), which is also consistent

238 with a low yield in the nitrogen-depleted Venus-analogue probed by Levine et al. (1982).

239 In experiments where the relative yield of NO and NOs is estimated, the produc-
240 tion of the former is dominant. This is consistent with the 30:1 mean NO:NOy produc-
2a1 tion ratio measured by us. In electric discharges, NOs may form after high-temperature
242 shock conditions have dissipated from the NO primary-product (Chameides et al., 1977;
203 Stark et al., 1996; Kim et al., 2010), and its abundance is enhanced by environmental



Table 2. Comparison of measured N,O, yields.

Simulated Yield (molec. J~1)
atmosphere NO,? NO NO2 N2O  Reference

Experimental method: LIDB

Early Earth® 6 x 1016 2 x 101° 2 x 106 This work®

Modern Earth 3 x 10 Navarro-Gonzalez et al. (2001)%
Modern Earth 1.5 x 107 Navarro-Gonzélez et al. (2001)¢
Modern Earth (6.7 40.5) x 1016 (4.6 +0.5) x 106 Rahman and Cooray (2003)
Early Mars/ 4.1 x 1016 Navarro-Gonzalez et al. (2019)
Venus?y 1.3 x 1016 Nna Mvondo et al. (2001)

Experimental method: spark electric discharge

Modern Earth (1.1 4£0.2) x 1016 Cook et al. (2000)

Modern Earth 4.6 x 1017 Wang et al. (1998)

Modern Earth 5 x 1015 Stark et al. (1996)

Modern Earth 1-2 x 1016 Cooray and Rahman (2005)"
Modern Earth (6+1) x 106 Chameides et al. (1977)
Modern Earth (3.0 4£0.2) x 1016 (2.8 +0.2) x 106 Rehbein and Cooray (2001)
Modern Earth 4 x 102 Levine et al. (1979)

Modern Earth (5£2) x 106 Levine et al. (1981)

Venus? (3.74£0.7) x 101? Levine et al. (1982)

Experimental method: coronal electric discharge

Modern Earth 3.6-5.7 x 1014 Rehbein and Cooray (2001)
Early Earth/ 1.3 x 10 1.2 x 10'3  Nna Mvondo et al. (2001)
Modern Earth (1.440.7) x 1016 (1.040.5) x 1017 Hill et al. (1988)*

Experimental method: Sample flowed through a continuous microwave plasma
Modern Earth 0.5-0.8 x 1016 9-14 x 106 Kim et al. (2010)
Experimental method: Flowing sample subjected to a-particle irradiation

Modern Earth 2 x 1017 Rahman et al. (2006)

% Odd-nitrogen species are not discriminated.

"Nz : CO2 =80:20 or CO : NHsz = 50: 50

¢The estimated uncertainty is a factor of 10.

4 This is a partial yield measured in an expanding shock wave surrounding the laser-generated plasma.
¢ This is a partial yield measured in the core of laser-generated plasma.

fCO2: N3 : Hy =40:40: 20

I9N2 : CO2 =20:80

hIn a positive-streamer discharge.

Ny :CO2 =4:96

J Measured for a range of N2:COg2 mixing ratios, with the listed peak yields for a 1:1 mixture.
k¥ Pulsed discharge in a flowing cell.
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Figure 1. Simplified network of N;O, high temperature and pressure chemistry derived from

Glarborg et al. (2018).
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ozone (Levine et al., 1981; Stark et al., 1996; Hill et al., 1988), which is absent in our anoxic
experiments related to Hadean atmosphere lacking molecular oxygen.

Only a few measurements of NoO yield exist and their multiple-order-of-magnitude
disparity suggests that NoO is not a thermochemical primary product in the laboratory-
generated plasma and shock waves. Instead, it likely forms during the equilibration of
heated and dissociated matter and is sensitive to the experiment-specific details of this
cool down (Donohoe et al., 1977; Hill et al., 1988). A large-scale lightning simulator is
used by Levine et al. (1979) to subject air to 17.5kJ of electrical energy and produced
a low 4 x 102 molec J 7! yield of NyO, while Nna Mvondo et al. (2001) produced a sim-
ilar yield, 1.16 x 103 molecJ !, in a table top coronal discharge in a 1:1 mixture of Ny
and COz. However, Nna Mvondo et al. (2001) detect no N3O under the same sample
conditions subjected to LIDB, despite generating 100 times more NO than with an elec-
tric discharge. They attribute this difference to the equilibriated high-temperatures and
neutral-radical chemistry generated by LIDB versus the relatively-low-temperature ion
chemistry occurring in the discharge. However, in a coronal discharge through flowing
air, Hill et al. (1988) find a substantial optimal yield of (1.0 £ 0.5) x 10'" molec.J ! and
a strong flow-rate dependence, attributing its dominant formation to electronically-excited
No.

Our N,O TC-LIDB yield of 2 x 10 molecJ ~! is well above the apparent detec-
tion limit of the table-top LIDB experiment of Nna Mvondo et al. (2001), and in between
the range of electric-discharge yields listed in Table 2. We do not attempt to constrain
the dominant N5O formation mechanism in our experiment in the absence of a more sys-
tematic set of measurements but the reaction O(*P)+Ny+M — NoO+M was pro-
posed by Donohoe et al. (1977), and Hill et al. (1984) identify its generation as arising
from electronically-excited Ny in the A3%F state. A schematic network of high-temperature
and pressure chemistry leading N,O, species drawn from a recent review of NO, com-
bustion chemistry (Glarborg et al., 2018) is shown in Fig. 1.

In the following application of extraterrestrial impacts, we prefer to use our mean
N5O yield over other values in Table 2 because the high peak temperature and low elec-
tron density generated by the PALS TC-LIDB bears greater similarity to the conditions
in an impactor ablation plasma than do the lightning-analogue laboratory electric dis-
charges of Levine et al. (1979) and Hill et al. (1988), and the large shocked volume con-
stitutes a better simulation than does the tabletop LIDB experiment of Nna Mvondo et
al. (2001).



278 3 Nitrogen oxides in the Hadean atmosphere

279 3.1 Production rate
280 Laboratory measured and theoretically calculated N,O, chemical production ef-
281 ficiencies have been previously adapted to models of their impact production (e.g., Park

282 (1978); Fegley et al. (1986); Prinn and Fegley (1987); Kasting (1990); Silber et al. (2018);
283 Curci et al. (2004); Parkos et al. (2015); Navarro-Gonzdlez et al. (2019)). Theoretical

284 and laboratory-informed computations of the primary NO yield aim to match the phys-
285 ical extremes and time scales occurring in the ablative or explosive shock wave gener-
286 ated by a descending impactor or its post-impact plume for a range of masses, compo-
287 sitions, velocities, and incidence angle. Photochemical and dynamical atmospheric mod-
288 els including surface deposition are needed to estimate the time-dependent abundance

289 of NO; following an impact (e.g., Curci et al. (2004)), while the impact-formation of NoO
200 is not comprehensively studied.

Here, global impact-generated surface fluxes, ®, of NO3, NO, and N,O are com-
puted directly from the mean yields, S, in Table 1 and assuming a steady impact-energy
deposition rate, E’T, and its efficient conversion into shock products. The surface flux
of N;O, products is then

SEr
- 1
47 R? (1)
201 where R is the Earth radius. We adopt properties of the late-heavy bombardment as sum-
202 marised by Abramov et al. (2013). We assume impactors with a single velocity of 20 kms~*

293 deposit a total mass of 2 x 102 kg over a period of 100 Myr. The average impact-energy
204 deposition rate is then 1.3 x 103 Js~! and leads to NO, N,O, and NO, surface fluxes

205 of ® = 1.5 x 10", 5 x10'%, 5 x 10°cm 257!, respectively, under the assumption of

206 complete conversion of impactor kinetic energy into an atmospheric shock. This latter

207 assumption overestimates the calculated fluxes, with estimated conversion efficiencies

208 (Chyba & Sagan, 1992) falling between 1 and 1/60, depending on the impactor mass and
200 with the lowest efficiencies occurring for the largest impactors that also deliver most of
300 the impactor energy.

301 The N3O impact-generated surface flux is significantly larger than the 8.3 x 103 cm=2s7!
302 attributable to modern-day lightning (Schumann & Huntrieser, 2007). Chyba and Sagan
303 (1992) estimate a 4.8 x 10'° Js~! lightning and coronal-discharge energy dissipation rate
304 at 4 Gya that corresponds to 300 times less NoO produced than for the impact rate es-
305 timated here when assuming the same chemical formation efficiency.

306 3.2 Steady-state abundance

We estimate the lifetime of impact-generated nitrogen oxides in a model Hadean
atmosphere with the ARGO one-dimensional Lagrangian photochemistry and diffusion
program. This code and the accompanying STAND photochemical reaction network are
designed for general planetary-atmosphere applications, have been described in detail
elsewhere (Rimmer & Helling, 2016; Rimmer & Rugheimer, 2019), and previously ap-
plied to studies of lightning- and impact-induced chemistry of the early and modern Earth
(Ardaseva et al., 2017; Ranjan et al., 2019; Rimmer et al., 2020). The ARGO model prop-
agates a parcel of atmosphere from the surface to a maximum height and back again while
time-integrating its photochemistry and partially mixing it with an initially-approximate
ambient atmospheric composition at each vertical grid point traversed The differential
equation solved at each step is

dn; 09;
=P L (2)
dt Ox
307 where n; (cm™?) is the height-dependent concentration of species i, P; and L; (cm~2s™1)
308 are its chemical production and loss rates, and ®; (cm~2s7!) is the combined flux due
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Table 3. Surface mixing ratio and modelled N2O lifetimes.

Surface mixing ratio N,O
Model N, CO; NH; H,O H, CO lifetime (y)
Neutral redox — fiducial model 08 0.2 0 001 1073 10°° 2.2
Neutral redox — enhanced CO5 06 04 0 001 103 105 2.9
Neutral redox — reduced CO 095 0.05 0 0.01 10=3 105 1.5
Reduced redox — NH3/CO dominated 0 0 0.5 0.01 1073 05 2.7
N Neutral redox

= E fiducial model.
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Figure 2. Temperature profile of the neutral redox and reduced atmosphere models.

to eddy and molecular diffusion. A height-independent eddy diffusion of coefficient of

K = 10°cm?s7! is adopted in all models presented here. By means of Eq. (2), diffu-

sion is modelled in an efficient Lagrangian manner (Rimmer & Helling, 2016) and a steady
state is reached between the propagated parcel and the atmospheric column after repeated
traversals.

All models computed here have a 1bar surface pressure and the major constituents
of the fiducial case are Ny and CO3 in a 80:20 ratio. Fixed surface densities of the dom-
inant species in this case, and for some comparative models, are listed in Table 3. The
Hadean-eon solar photon flux at the top of the atmosphere is taken from the 3.8 Ga case
computed by Claire et al. (2012) and as used by Rimmer et al. (2019). Fluxes longwards
of 200 nm are reduced on average by 23% from the modern day, while shorter-wavelength
radiation is progressively enhanced, reaching a factor of 5 by 100nm. The pressure and
temperature profiles are computed from a one-dimensional climate model as in Rimmer
et al. (2019) and plotted in Fig. 2. The version of the STAND reaction network used here
to compute kinetic and photolytic rates is described in Rimmer et al. (2021).

The computed densities of some species in the fiducial model are shown in Fig. 3
neglecting the N;O, impact production. The N2O density plotted in Fig. 3 is driven by
its production from the reaction

N; 4+ O('D) + M — N,O + M. (3)

NO in the impact-free model is, broadly speaking, the product of N2O photodissocia-
tion and is itself the precursor of NOg, primarily through the reaction NO+HO; —
NO; + OH.

—10-
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Figure 3. Solid lines: Densities computed by the fiducial atmospheric model with
N2:C02=80:20 and without impact formation. Broken line: An N2O density of 200 ppb after

consideration of its impact formation.
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Figure 4. Dominant destruction mechanisms of NO, NOg, and N;O in the neutral redox

atmosphere.
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If the photochemical destruction of continuously impact-generated N,O, species
is irreversible, their steady-state column density sustained in the atmosphere is given by

N=7xd (4)

where 7 is a photochemical lifetime. The rates for the dominant processes destroying N,O,
species computed with ARGO are plotted in Fig. 4, with NoO being nominally more sta-
ble than NO or NOy. However, products of the leading NO and NOs destruction pro-
cesses shown in Fig. 4 are, respectively, NOs and NO, forming a closed cycle that inval-
idates the use of Eq. (4). Instead, we assume that the rapid conversion of NO and NOq
into HNO5 and HNOg, followed by their dissolution and wet deposition is sufficient to
eliminate these gases from the atmosphere such that no significant steady-state abun-
dance is maintained, as is the case in the modern Earth atmosphere.

The photolysis of NyO branches to produce both Ny +0(*S) and Ny +O('D) but
most metastable O(*D) is irreversibly collisionally de-excited before it can reform NyO
by Eq. (3), and we adopt Eq. (4) to estimate the equilibrium N2O abundance. We make
a simplifying assumption that the mixing ratio of impact-generated N2O is independent
of altitude. Then, the column-averaged NoO destruction rate, J,y,, computed from the
photodissociation rate, J(z), shown in Fig. 4 is

fOtOp J(z)n(z) dz (5)
fotOp n(z) dz

and corresponds to an average NoO lifetime of 2.2 years in the fiducial model. This is
significantly reduced from the 130 year lifetime of NoO in the present-day atmosphere
(Prather et al., 2012) which is greatly extended by ultraviolet shielding from Os and Oj
(Roberson et al., 2011). The equilibrium column density of impact-sourced NoO accord-
ing to Eq. (4) is then 4.0 x 10! cm~2, corresponding to an average mixing ratio of 200 ppb.
This is similar to the present-day mixing ratio of 300 ppb (Prather et al., 2012), despite
the shortened lifetime, because of the sheer magnitude of the impact source term. The
density of impact-generated NoO thus computed is compared in Fig. 3 with its purely
photochemical production.

Jav =

A greater mixing ratio of NoO could occur if its impact production predominantly
occurs where it is effectively shielded from ultraviolet radiation, that is, below 20 km.
In this case the 10° cm?s~! eddy-diffusion coefficient adopted in our model implies a mix-
ing timescale from the surface up to 20km of about a year, such that the steady-state
N5O column density may increase by a factor of a few.

Further models with the CO5 mixing ratio increased to 40% and decreased to 5%
were used to compute further NoO lifetimes, listed in Table 3. These lifetimes are affected
by the presence of more or less ultraviolet shielding by COs and vary within 40%. We
also compute the NoO destruction rate under the assumption of a reducing atmosphere
with dominant components NH3 and CO, as listed in Table 3, and find a 20% increased
N> O lifetime when assuming its mixing ratio to be height independent. This small change
following a complete chemical substitution of the atmosphere arises from a balance be-
tween modelled NoO photodissociation rates below 45km and above, combined with its
chemical destruction below 8 km by

N5O + CO — COy + No, (6)

as shown in Fig. 5. In the lower atmosphere, a multiple-orders-of-magnitude reduced pho-
todissociation rate is the result of more effective shielding of NoO photodissociation by
NHj3 than by COs in the primary model. At higher altitudes, the greater solar photol-
ysis rate of NH3 relative to COs reduces its abundance dramatically and leaves NoO un-
shielded. The location of NoO impact production will then have a greater impact on its
residence time in an NHgs-rich atmosphere than for the Ny + CO» case.

—12—
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Figure 5. Dominant destruction mechanisms of N2O in the reduced redox atmosphere.

Airapetian et al. (2016) compute the N,O formation due to charged particles in-
jected by flaring of the highly-active young Sun into an early-Earth atmosphere similar
to the one modelled here (80% Nz and 20% CO3). They find the potential for an enhanced
N30 abundance well above our impact-estimate at altitudes above 30km, but signifi-
cant less below this and when integrated over the full atmospheric column.

3.3 N3O greenhouse warming

Greenhouse warming in the modern atmosphere is sensitive to the N3O abundance
(Myhre et al., 2013) and Roberson et al. (2011) use a one-dimensional climate model to
evaluate the warming potential of elevated levels of this molecule during the Protero-
zoic, finding approximately 8 K climate warming following the addition of 30 ppm N2O
and 1K of warming for 2 ppm. Byrne and Goldblatt (2014) computed radiative forcing
for a range of greenhouses gases in an Archean atmosphere, and find good agreement with
the climate model of Roberson et al. (2011) for an assumed climate sensitivity to NoO
consistent with the modern Earth. They also compute the reduction of N3O radiative
forcing due to its spectral overlap with CO; and CHy, finding approximately 33% reduc-
tions for abundances of 10000 and 100 ppm, respectively. The radiative forcing due to
N2O will be reduced further in our model Hadean atmosphere composed of 20% COs,
but, in partial compensation, the N2O lifetime is simultaneously increased from the ul-

traviolet shielding of enhanced COz and CHy.

A decrease of the 100 Myr duration of the LHB assumed in Sec. 3.1 will increase
the production rate of N2O and its warming potential. However, to achieve 1 K warm-
ing, according to the Proterozoic climate model Roberson et al. (2011), an LHB span-
ning only 10 Myr is needed, and would then have only a transient influence on the Hadean
eon. Furthermore, an LHB extended in time is also possible, or a non-cataclysmic steadily-
decreasing late accretion that deposits its energy (on average) more gradually. Our as-
sumption in Sec. 3.1 of continuous energy deposition further overestimates the steady-
state abundance N9O, with most energy actually delivered episodically by large impacts
(Abramov et al., 2013). A larger transient column density of N3O than computed may
then occur following a large impact, but its climatological influence would be likely over-
shadowed by direct impact effects. In view of the above discussion it is clear that the
excess of impact-generated N2O computed here is insufficient to meaningfully warm the
Hadean climate.
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4 Conclusion

TC-LIDB chemistry initiated by a 150 J-per-pulse laser system is used as an ana-
logue to the high-energy chemistry accompanying a meteor impact, and provides a bet-
ter model of this process than small-scale LIDB experiments or high-temperature chem-
istry initiated by pulsed electric discharges. By post-analysing the products of shock chem-
istry we determine the final abundances of NO, N2O, and NOy when probing two pos-
sible compositions of a Hadean-eon Os-free atmosphere, 80% Ny with 20% CO, and 50%
CO with 50% NHj3. The NO and NO, yields in these anoxic mixtures are consistent with
existing experimental data for the modern and early Earth. The measured N5O yield
falls between 4 x 10 and 4 x 10'®molecJ ~! and is higher than implied by its non-detection
in a tabletop LIDB experiment (Nna Mvondo et al., 2001), while previous electric-discharge
yields are divergent (Levine et al., 1979; Hill et al., 1988).

We compute the steady-state abundance of NoO in a photochemical model of an
N, and CO5 dominated Hadean atmosphere to be 200 ppb, when assuming an impact-
generated NoO flux consistent with a late-heavy bombardment of 100 Myr duration. The
computed N3O impact production rate far exceeds its generation by photochemical means
or modern-day lightning production. The greenhouse warming attributable to the com-
puted N5O abundance is insufficient to raise the climatic temperature by a significant
amount. Nonetheless, given the large NoO yield found relative to other sources, the tran-
sient impact-generation of NoO on the Hadean Earth or exoplanets undergoing heavy
bombardment should be considered in comprehensive models of their chemistry and as
a source of nitrogen fixation that may be significant for early-Earth and astrobiological
prebiotic chemistry
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