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Abstract Cyanide compounds are amongst the most important molecules of the origin
of life. Here, we demonstrate the importance of mid-size (0.1–1 km in diameter)
hence frequent meteoritic impacts to the cyanide inventory on the early Earth.
Subsequent aerodynamic ablation and chemical reactions with the ambient atmosphere
after oblique impacts were investigated by both impact and laser experiments. A
polycarbonate projectile and graphite were used as laboratory analogs of meteoritic
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organic matter. Spectroscopic observations of impact-generated ablation vapors show
that laser irradiation to graphite within an N2-rich gas can produce a thermodynamic
environment similar to that produced by oblique impacts. Thus, laser ablation was
used to investigate the final chemical products after this aerodynamic process. We
found that a significant fraction (>0.1 mol%) of the vaporized carbon is converted to
HCN and cyanide condensates, even when the ambient gas contains as much as a few
hundred mbar of CO2. As such, the column density of cyanides after carbon-rich
meteoritic impacts with diameters of 600 m would reach ~10 mol/m2 over ~102 km2

under early Earth conditions. Such a temporally and spatially concentrated supply of
cyanides may have played an important role in the origin of life.

Keywords Hydrogen cyanide . Redox-neutral atmosphere . Hypervelocity impacts .

Aerodynamic ablation . Mass spectrometry . Emission spectroscopy

Introduction

The geologic record on the Moon investigated by the Apollo Project showed that the impact
flux on Earth at >3.8 Ga during the heavy bombardment period was at least ~103 times more
than that on the present Earth (e.g., BVSP 1981; Ryder 1990; Chyba 1991). During the
heavy bombardment period, the influx of both material and energy into the Earth may have
been the largest during its history. Such intense bombardment may have controlled the
evolution of surface environments on the early Earth. Geologic evidence suggests that the
emergence of life occurred ~3.8 Ga (Schidlowski 1988; Rosing 1999), at the termination of
the heavy bombardment period.

Cyanides are considered as being amongst the most important and necessary compounds
in the chemical evolution phase of the origin of life (e.g., Ferris and Hagan 1984). For
example, concentrated solutions of HCN (0.1–0.01 mol/L) can produce nucleic acid bases
(e.g., Chang et al. 1983; Ferris and Hagan 1984; Miyakawa et al. 2002a, b). Moreover,
mixtures of HCN, NH3, aldehyde compounds, and nitrile compounds can produce amino
acids (e.g., Chang et al. 1983; Ferris and Hagan 1984; Miyakawa et al. 2002a, b). Thus, a
number of cyanide production processes on the early Earth have been proposed, including
lightning (e.g., Miller 1953; Chameides and Walker 1981; Miller and Schlesinger 1983;
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Stribring and Miller 1986), photochemistry driven by ultraviolet (UV) light from the Sun
(Zahnle 1986; Sekine et al. 2003), and meteoritic impacts (Fegley et al. 1986; Mukhin et al.
1989). Lightning and photochemistry form HCN constantly. However, after HCN is produced
it is also destroyed continuously; efficient accumulation would not have occurred in the redox-
neutral early Earth atmosphere. In contrast, meteoritic impacts would cause episodic production
and concentration of cyanides. Furthermore, the continuous existence of life may have begun
3.8 Ga at about the time of the termination of the heavy bombardment period as mentioned
above (e.g., Tera et al. 1974; Schidlowski 1988; Rosing 1999). Thus, meteoritic impacts might
have played a key role in the origin of life.

Chyba and Sagan (1992) classified organic supply mechanisms by meteoritic impacts into
three categories: (1) atmospheric heating due to fast-expanding vapor plumes, (2) post-impact
recombination, and (3) delivery of intact extraterrestrial organic matter in impactors. The first
category was proposed by Fegley et al. (1986), whose thermo chemical calculations clearly
showed the importance of meteoritic impacts to the cyanide inventory on the early Earth. A
reducing atmosphere (C/O molar ratio >1) is, however, required for efficient HCN production
because the production efficiency of HCN in a redox-neutral atmosphere (C/O molar ratio <1) is
rather low (Chameides and Walker 1981; Miller and Schlesinger 1983; Fegley et al. 1986).
Although the exact chemical composition of the early planetary atmosphere is still a matter of
controversy (e.g., Kasting 1990, 1993; Sagan and Chyba 1997; Hashimoto et al. 2007; Schaefer
and Fegley 2010; Zahnle et al. 2011), recent theories for planetary formation suggest that a highly
reducing atmosphere may not occur with the presence of a deep magma ocean (e.g., Hirschmann
2012), which likely form during the final stage of planetary accretion through giant impacts (e.g.,
Canup 2004). Subsequently, the early atmosphere will be oxidized due to the hydrodynamic
escape of hydrogen driven by intense UV radiation from the young Sun (e.g., Kulikov et al.
2007). Furthermore, volcanic gases on the early Earth should have been redox-neutral (N2–CO2–
H2O) given the oxidation state of Hadean mantle at 4.35 Ga is similar to the present-day mantle
(Trail et al. 2011). Thus, atmospheric heating due to meteoritic impacts was not likely to have
been the dominant process in cyanide production on the early Earth. The second process was
experimentally studied by Gerasimov et al. (1998) and Mukhin et al. (1989). These authors used
laser pulse heating techniques to simulate the post-impact chemistry in vapor plumes. An
unexpectedly large amount of oxidized gases, such as CO and CO2, were detected along with
a small amount of HCN using a gas chromatographmass spectrometer (GCMS). Gerasimov et al.
(1998) and Mukhin et al. (1989) concluded that oxygen released from thermally decomposed
silicates efficiently oxidized carbon species to CO and CO2. In this process, the amount of HCN
produced is limited by the nitrogen content of the impactors. Nitrogen in chondritic material is
highly depleted compared with microbial biomass (e.g., Wasson and Kallemeyn 1988; Chapin et
al. 2008; Sugita and Schultz 2009). The final process was studied by hydrocode calculations (e.g.,
Pierazzo and Melosh 2000) and shock recovery experiments (Blank et al. 2001). Given that
carbonaceous chondrites contain complex organic molecules (e.g., Hayatsu and Anders 1981;
Cronin et al. 1988; Cooper et al. 2001; Pizzarello 2012), these materials may have delivered
organic compounds to the early Earth if they survived the impact shocks. Hypervelocity oblique
impact experiments (Schultz and Gault 1990) and the hydrocode calculations (Pierazzo and
Melosh 2000) indicate that a large fraction of the impactor does not experience an extremely high
shock pressure at low-angle oblique impacts. However, subsequent aerodynamic heating after
oblique impacts must be considered to determine the fate of organic matter in meteorites. When
hypervelocity oblique impacts occur, a large fraction of the impactor does not undergo vapori-
zation but retains a downrange motion at velocities comparable to the initial impact velocity
(Schultz and Gault 1990; Schultz and Sugita 1996), and this downrange-moving material suffers
intense heating due to aerodynamic ablation (Sugita and Schultz 2003a). Hence, the vast majority
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of the organic molecules in impacting carbonaceous chondrites are expected to have thermally
decomposed, even if they survived the impact shock (Sugita and Schultz 2009), although a small
but considerable fraction of organic matter at a small translational velocity to the ground may
have been supplied to the surface of the early Earth (e.g., Blank et al. 2001).

In this study, we focus on the fate of the destroyed organic matter, which is most of the
meteoritic organic molecules delivered to the Earth and planets with an atmosphere, due to
aerodynamic heating after oblique impacts. Previous impact experiments showed that CN
radicals were produced around fast moving, fine-grained projectile fragments from carbon in
the impactor and nitrogen in the ambient gas (Sugita and Schultz 2009). This implies that
impact-induced aerodynamic interactions are likely to produce a local and transient chemical
environment that favors efficient cyanide production (Sugita and Schultz 2009). Hence, it is
possible that destroyed organic matter from meteorites due to aerodynamic ablation is
converted to cyanides via subsequent chemical reactions in the ablation vapor and its wake.
However, the chemical composition and abundances of the final chemical products have not
been well studied as the emission spectroscopy used in Sugita and Schultz (2009) is unable
to quantify the chemical composition at a quenching temperature. The CN radicals may react
with water vapor in an ambient atmosphere and generate HCN and nitrile compounds, but
they may also be converted to CO and NO through oxidation by CO2 in the ambient
atmosphere. Thus, quantitative measurements of the conversion ratio from vaporized carbon
to HCN in a redox-neutral atmosphere are necessary to assess the role of mid-size impacts to
cyanide inventory. It should be noted that a large impactor (>10 km) does not interact with
an ambient atmosphere efficiently because its size is larger than the scale height of the
atmosphere (~8 km). As such, we studied relatively small-scale impact phenomena where
the size of the impactor is 0.1–1 km.

In this study, to evaluate cyanide production processes in early Earth’s atmospheres due
to mid-size impactors (0.1–1 km in diameter), we have investigated impact-driven aerody-
namic ablation by hypervelocity impacts and laser ablation. A series of laser ablation
experiments were conducted to investigate the chemical compositions of the final products
in the gas-and condensed-phase after laser ablation. The effects of oxidation by CO2 on the
amount of HCN in the final chemical products were investigated over a wide range of CO2

mixing ratios. Also, we conducted hypervelocity oblique impact experiments to confirm that
laser ablation can simulate CN production processes due to aerodynamic ablation after
oblique impacts based on diatomic molecular emission.

First, we describe the impact and laser experiments in detail (Section 2) and the results are
presented (Section 3). Then, in Sections 4.1 and 4.2, we show that laser ablation of a
graphite target in a N2-rich gas can simulate impact-induced aerodynamic ablation. The
advantage of impact-induced aerodynamic ablation on the HCN production compared with
the other impact-driven processes is discussed in Section 4.3. Based on the experimental
results, the implications of our results for the cyanide inventory on the early Earth (the
column density of HCN on the surface of the early Earth after a mid-size oblique impact) are
discussed in Sections 4.4 and 4.5. Finally, the conclusions are presented in Section 5.

Impact and Laser Experiments

We conducted two types of experiments; hypervelocity impacts and laser ablation. In the
two-stage gas-gun experiments, chemical analyses of the final chemical products are diffi-
cult to make due to chemical contamination from the acceleration gas and gun debris.
Although Kurosawa et al. (2012) developed an experimental procedure to measure inorganic
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gas-phase products after an impact in an open system using a two-stage light gas gun,
analysis of minor organic compounds of ppm level is still technically challenging because
they used a plastic diaphragm to minimize the intrusion of the acceleration gas into an
experimental chamber. Thus, a Nd: YAG laser was used to investigate the fate of impact-
generated CN radicals in this study. High-temperature CN radicals can be produced by laser
irradiation of a graphite target in a N2-rich gas via fluid instability near the boundary
between the carbon vapor plume and the ambient gas (e.g., Vivien et al. 1998; Sharma
and Thareja 2005; Kurosawa et al. 2009). Given that the laser pulse penetrates through a
glass view port, experiments can be conducted in a closed vacuum chamber. The final
chemical products can then be measured to high accuracy with little risk of chemical
contamination (e.g., Mukhin et al. 1989; McKay and Borucki 1997; Gerasimov et al.
1998; Ohno et al. 2004; Ishibashi et al. 2006, 2013). The differences between the thermo-
dynamic state of impact-and laser-generated CN radicals, however, has not been well
studied. Chemical reactions are strongly dependent on the thermodynamic path and, as
such, differences should be examined by conducting impact experiments prior to applying
the results of laser experiments to real impact phenomena. Given this, the fate of hot CN
radicals was investigated in detail using laser ablation.

Hypervelocity Oblique Impact Experiments

The two-stage light gas gun with 7 mm bore diameter (Physics Applications Inc.) in the Space
Plasma Laboratory in Institute of Space and Astronautical Science (ISAS) of the Japan
Aerospace and Exploration Agency (JAXA) was used for hypervelocity oblique impact
experiments. We carried out high-resolution spectroscopic observations to determine both the
vibrational structure and translational–rotational temperature of impact-generated CN radicals.

Experimental Setup

Our experimental system consists of four components; a two-stage light gas gun, a vacuum
chamber, a gas cylinder of N2, and a high-speed optical spectrometer using a intensified
charge-coupled device (ICCD) camera (Acton, SpectraPro 2750 and Roper Scientific,
PI-MAX). Figure 1a is a schematic diagram of the experimental system. The focal
length of the spectrometer is 750 mm. We used two gratings with different groove
densities. Wavelength resolutions and coverage are about 0.6 nm and 0.03 nm (full width at half
maximum; FWHM) and 200 nm and 10 nm for the gratings with groove densities of 150 and
2,400 grooves/mm, respectively. Calibration experiments for both wavelength and irradiance
were carried out with a mercury lamp (Electro-Technic Inc., MODEL SP 200) and a NIST-
traceable tungsten halogen quartz lamp (ORIEL corporation, Model 63355), respectively. A
photomultiplier tube was used to detect muzzle flash and to provide a trigger for the measure-
ment system.

Experimental Conditions

Polycarbonate sphere (7 mm in diameter) and copper block (50 mm×100 mm×20 mm) were
used as the projectile and target, respectively. Nitrogen was used as the ambient gas in the
chamber. The total pressure in the chamber was fixed at 30 mbar. The impact angle was fixed
at 30˚ from the horizontal and the impact velocity was ~7 km/s. The diameter of the field of
view (FOV) of spectroscopic observations was fixed at ~3 cm, and the exposure time of
ICCD camera was fixed at 30 μs after impact.
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Experimental Procedures

After a copper target was placed on the stage, the vacuum chamber was evacuated to a
residual pressure of 8×10−2 mbar before each shot. N2 gas was then introduced into the
chamber before shooting a projectile into the target. An emission spectrum of self-luminous
impact-induced vapor was recorded by the ICCD camera.

Laser Experiments

A Nd: YAG laser at the University of Tokyo was used to investigate the final chemical
products. Two types of chemical analyses were conducted; mass spectrometry of the gas-
phase products, and elemental analysis and infrared (IR) spectroscopy of the condensed-
phase products deposited on a substrate. For the gas-phase products, we quantitatively

Fig. 1 A schematic diagram of the experimental system for impact (a) and laser experiments (b). Note that
the glass view port at the side of the chamber for the laser experiments was used for spectroscopic
observations in the study by Kurosawa et al. (2009)
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measured the amount of HCN per laser shot as a function of the partial pressure of CO2

(hereafter referred to as PCO2). The relative amounts of the other gas-phase products were
measured based on the integrated peak area of the monitored ion current. For condensed-
phase products, the mass contents of total nitrogen and carbon (hereafter referred to as TN
and TC, respectively) were measured with an elemental analyzer. In addition, the effects of
the partial pressure of N2 (hereafter referred to as PN2) on the chemical structure of the
condensed products, such as the absorption depth of the C=N and C≡N bonds, were also
investigated using a Fourier transform infrared spectrometer (FT-IR).

Experimental Setup

The system for laser experiments consists of a Nd: YAG laser, a vacuum chamber, gas
cylinders, and a GCMS (Shimadzu Corporation, QP2010). A small tank filled with pure
water was connected to the chamber to introduce water vapor up to a saturated vapor
pressure of ~30 mbar. A gas chromatograph column suitable for inorganic and light organic
gas analysis (Agilent Technologies, GS-Q) was used. The laser experimental system is
shown schematically in Fig. 1b.

In order to collect the condensed products from the laser-generated ablation vapor, we
placed a CaF2 disk (2 mm thick, 25 mm diameter; IR Systems) at ~6 cm beside the laser spot
on the target. To examine the effect of distance between the laser spot and the condensation
disk, we conducted the same experiment with a disk placed at a different distance ~11 cm
from the laser spot. Elemental analysis was performed with an online system comprising a
Finnigan Delta Plus XP isotope ratio mass spectrometer coupled to a Flash EA1112
elemental analyzer (EA/IRMS system) at the Japan Agency for Marine-Earth Science and
Technology (Ohkouchi et al. 2005). Infrared absorption spectroscopy was carried out with a
FT-IR (Perkin Elmer, Spectrum 2000) at the University of Tokyo.

Experimental Conditions

A sintered graphite pellet (C=99.999 wt%; Kojundo Kagaku) was used as the target. The
laser wavelength was 1,064 nm and the laser pulse width was ~13 ns. The energy of the
laser pulse was fixed at ~380 mJ/pulse. The diameter of the laser beam on the target
surface was ~2 mm, resulting in a laser intensity of 0.9 GW/cm2, which was sufficient to
evaporate graphite. The irradiation frequency of the laser pulse was fixed at 2 Hz. All
laser experiments were conducted in a vacuum chamber with a volume of 890 mL. The
vacuum chamber had four gas inlets in order to introduce a variety of gases individually.
A manometer was used to adjust the partial pressure of each gas.

The experimental conditions for gas-phase chemical analysis are as follows. The total
pressure in the chamber was fixed at 1,060 mbar. Two series of experiments were conducted.
Firstly, four gas mixtures (Ar [N- and H-free], H2O–Ar [N-free], N2–Ar [H-free], N2–H2O–Ar)
were used to examine the effects of the presence of H2O andN2 on HCN production. The partial
pressures of N2 and H2O were fixed at 930 mbar and 30 mbar, respectively. Secondly, the
effects of oxidation by CO2 on the amount of HCN and the other products were investigated
using N2–CO2–H2O–Ar gas mixtures with different CO2 mixing ratios. In order to examine
the effects of PN2 on HCN yield, we used two values of PN2 (920 mbar and 500 mbar).
PCO2 was varied from 0 mbar to 110 mbar and 0 mbar to 530 mbar, respectively. Argon
gas was used to adjust the total pressure in the chamber to a constant value of 1,060 mbar.
During the experiments, the temperature of the wall of the vacuum chamber was kept at
350 K to prevent water condensation.
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The experimental conditions for condensate analysis are as follows. Water vapor was not
used in condensate analysis to enhance the condensation of chemical products. The objective
of the condensed-phase analysis was to examine whether fixation of CN bonds into the
condensate occurred. Mass flow controllers and a vacuum pump were used to minimize
changes in the chemical composition of the ambient gases. Flow-system experiments were
necessary for the condensed-phase analyses because a large number of laser shots were
necessary to collect a sufficient amount of condensed products for solid-phase chemical
analyses. Necessary laser shots for condensed phase analyses is more than five times those
for gas-phase analysis. We used N2–CO2–Ar gas mixtures with a variety of PCO2 and PN2

values. The equilibrium total pressure in the chamber was fixed at 13 mbar using Ar gas to
adjust the total pressure in the chamber in the same way as the gas-phase analysis.

Experimental Procedures

A graphite target was placed on the stage in the chamber, and the position and the diameter
of the laser beam on the target were adjusted. The vacuum chamber was then evacuated
to ~10−6 mbar and the chamber wall heated to 350 K. The gas mixtures were then
introduced into the vacuum chamber and laser irradiation started. As no clear signal
could be detected after a single laser shot during chemical analyses, 300 and 1900 laser
shots were accumulated for gas-and condensed-phase analysis, respectively. If the same
point on the target was irradiated with the laser beam repeatedly for a long time, it
gradually forms a pit, which would affect the condition of the carbon vapor and CN
radicals. Thus, the position of the laser focus point on the target was changed continuously.
After laser irradiation, 1 mL of the final gas-phase products was sampled using a syringe and
analyzed with the GCMS. For condensed-phase analysis, the CaF2 substrate was removed from
the chamber and analyzed by FT-IR in order to measure the absorption depth due to nitrogen-
bearing chemical bonds, such as C=N and C≡N, in the products. Following this, 1–10 mg of the
condensed products were transferred into pre-cleaned capsules and introduced into the
EA/IRMS system. The amounts of N2 and CO2 produced in the EA/IRMS system yielded
the TN and TC in the condensed products, respectively.

Experimental Results

The main result of our study is the quantification of the conversion ratio from vaporized
carbon to gaseous HCN as a function of PCO2. Our spectroscopic results support the
applicability of the conversion ratio obtained by laser ablation to real impact phenomena.

Spectroscopic Comparison Between Impact-and Laser-Induced Vapor Clouds

We obtained emission spectra from impact-generated ablation vapors produced at ~7 km/s
under 30 mbar of N2. Figure 2 shows high-speed photographs during impacts. A fast
downrange-moving, self-luminous component was observed. Figure 3 is a comparison of
the spectral outlines between impact-and laser-generated ablation vapors. The main emission
source in both experiments is molecular emission from CN and C2. The observed spectrum
produced by impacts results in a strong continuum emission. The radiation source of the
continuum emission is expected to be impact-generated fine-grained fragments, including
melt droplets (Sugita and Schultz 2003b). Although strong continuum emission was not
observed in laser experiments, the observed spectrum produced by impacts is similar to that
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produced by laser ablation. The blackbody temperature was estimated by Planck function
fitting to the continuum spectra.

We then compared the vibrational state of CN in both types of vapor clouds. Figure 4 shows
high-resolution spectra from impact (Fig. 4a) and laser ablation (Fig. 4b) experiments. For
comparison, a theoretical synthetic spectrum in thermal equilibrium (7,000 K) is also shown in
Fig. 4c. The computer software package SPRADIAN (structured package for radiation analysis)
(Fujita and Abe 1997) was used to calculate the theoretical synthetic spectrum. This comparison
clearly shows that the impact-generated CN radicals were not in vibrational equilibrium in the
same way as the laser-generated one reported by the previous study (Kurosawa et al. 2009),
because the ratio of intensities of different band heads deviates strongly from a Boltzmann
distribution. The characteristic time scale of CN band emission due to transition from the upper
quantum state to the lower one is ~60 ns (Hertzberg 1950), which is much shorter than the
relaxation time scale for the vibrational state of ~1 μs (Slack 1976). Thus, the observed non-
equilibrium CN is evidence for fast CN production via vaporized carbon and nitrogen from the
ambient atmosphere in both the impact-and laser-generated ablation vapors.

Finally, we quantitatively compared the translational–rotational temperature of CN and C2 in
both vapors. The band-tail fitting method (Kurosawa et al. 2009) was used to measure the
translational–rotational temperature for CN and C2 as this method can be applied to molecular
spectra from matter in vibrational non-equilibrium. The results of band-tail fitting for CN and
C2 in the impact vapor are shown in Fig. 5. The band-tails of the observed spectra and best-fit
synthetics are in good agreement. Table 1 shows the summary of the obtained translational–
rotational temperatures for CN andC2 and blackbody temperatures. The translational–rotational
temperatures of C2 are nearly equal to the blackbody temperatures. This coincidence between
C2 translational-rotational and blackbody temperatures is consistent with the previous impact

Fig. 2 High-speed photographs of a polycarbonate impact into a Cu target within 30 mbar of N2 gas. The
distance between the impact point and the field of view of the spectroscopic observation is 12 cm (the projectile is
0.7 cm in diameter)
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experiments by Sugita and Schultz (2003a). The initial translational–rotational temperatures (2–
4 μs) of CN and C2 produced by laser ablation at 0.9 GW/cm2 are also shown in Table 1. The
translational–rotational temperatures of both CN and C2 produced by impacts at ~7 km/s are
similar to those produced by laser ablation. In both experiments, the translational–rotational
temperature of CN is ~2,000 K higher than that of C2. This difference is caused by the
conversion of kinetic energy from the ablation vapor into the internal energy of CN due to
aerodynamic deceleration. This phenomena is widely known as “collisional heating” in laser
ablation studies (e.g., Wee and Park 1999).

The above spectroscopic results that both non-equilibrium CN and coincidence between
translational-rotational temperature of impact-and laser-generated ablation vapor strongly
suggest that very similar physical and chemical conditions occur in the two different types of
experiments. This will allow us to use laser experiments to examine the chemical conse-
quences of impact-generated high-temperature CN radicals observed by Sugita and Schultz
(2009). The validity of using a simulation of aerodynamic interaction after oblique impacts
by laser ablation is also discussed in Sections 4.1 and 4.2.

Cyanide Production due to Laser Ablation in a Redox-Neutral Gas Mixture

The Effects of the Composition of the Ambient Gas Mixture on HCN Production

Four gas mixtures were used to investigate the effects of the composition of the gas mixture on
HCN production. We found that HCN formation by chemical reactions between laser-induced
hot CN radicals and N2 and H2O in an ambient atmosphere occurs as follows. Figure 6 shows
chromatograms, which are the total ion currents as a function of retention time, obtained with

Fig. 3 A spectral comparison
between impact-(a) and laser-
induced (b) ablation vapors. The
identified molecular emissions
are shown on the figure. The
emission spectrum from the laser-
generated ablation vapor is taken
from Kurosawa et al. (2009). The
best-fit Planck function is also
shown in (a)
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four gas mixtures after 300 laser shots. The experimental results are also given in Table 2. These
results clearly indicate that the chemical composition of the gas-phase products strongly
depends on the composition of the ambient gas mixture. If a gas mixture included H2O,
hydrocarbons were formed. If a gas mixture included N2, cyanide compounds were formed.
In an Ar gas, HCN was not formed, and only a small peak of C2H2 was detected. C2H2 is likely
to have formed by chemical reactions between the laser-induced carbon vapor and a contam-
inant gas (e.g., water vapor and/or hydrocarbons) in the chamber. In a H2O–Ar gas mixture,
some hydrocarbons were detected, such as C2H4, C2H2, and C4H2, but HCN was not detected.
In a N2–Ar gas mixture, a large peak of C2N2 and a small peak of HCN was detected. The
detected HCN was possibly formed by chemical reactions between hot CN and contaminant
gases in the chamber. In a N2–H2O–Ar gas mixture, a large peak of HCN, C2H2, and C2N2, and

Fig. 4 High-resolution emission
spectra of the CN Violet band
system. The emission spectrum
from the laser-induced ablation
vapor is taken fromKurosawa et al.
(2009). The vibrational quantum
numbers for each band head are
shown in the figure
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a small peak of nitrile compounds, such as C2H3N, C3H3N, and C3H5N, along with some
hydrocarbons, such as C2H4, C2H6, and C4H2 were detected. It was possible to monitor the ion
current for selected mass numbers (M/Z) using the GCMS and calculate the integrated peak area
for HCN (M/Z=27). Hereafter, the ion current for a specific mass number is referred to as the
monitored ion current (MIC). The integrated peak area of HCN in the N2–H2O–Ar gas mixture
is about 7 times greater than in the N2–Ar gas mixture. These results clearly indicate that
whether or not the ambient atmosphere contains N2 and H2O controls the HCN yield, strongly
suggesting that HCN is produced via chemical reactions between laser-generated carbon vapor
and the ambient gas mixture, not contaminant gases in the chamber.

The Effects of Oxidation by CO2 on HCN Yield

The results of gas-phase chemical analysis in N2–H2O–CO2–Ar gas mixtures over a range of
CO2 mixing ratios were described in this section. We present the empirical conversion ratio

Fig. 5 The results of band-tail fitting for impact-induced C2 (b) and CN (b). Note that the observed spectrum
in (b) is smoothed by Gaussian convolution to reduce the effective spectral resolution. The smoothing is
necessary because it is difficult to reproduce the fine structure of the band system, such as the exact
wavelength of each rotational line in synthetic calculations

Table 1 Summary of the impact experiment results

Shot number Grating [grooves/mm] Impact velocity [km/s] Temperature [K]

CN C2 Blackbody

205 150 7.17 – 4,800±250 4,300

207 2,400 6.9 7,700±190 – –

Laser intensity [GW/cm2]

Laser 150 0.9 – 4,600±300a –

Laser 2,400 0.9 7,500±300a – –

a Data taken from Kurosawa et al. (2009). The time window for spectroscopic observations was 2–4 μs after
laser irradiation
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from C to HCN as a function of PCO2. Figure 7a shows the MIC for HCN with a range of
PCO2 from 0 mbar to 530 mbar. The integrated peak area for HCN strongly depends on PCO2.
To convert from the integrated peak area to the molar mixing ratio of HCN in the produced
gases, a sensitivity calibration for the GCMS was conducted with standard gases with a
variety of HCN mixing ratios (Fig. 7b). Note that the calibration curve is non-linear under
our experimental condition because HCN has a strong polarity. The accuracy of the
calibration is about 6 % from 15 ppm to 87 ppm HCN. The detection limit of HCN is
approximately 4 ppm under the experimental conditions used in our study. The HCN

Fig. 6 Chromatograms with four types of gas mixtures. The compositions of the ambient gas mixtures are
shown on the figure. The retention time for HCN is 11–12 min under these conditions. The chromatogram
between 9 and 11 min is not shown because of a large peak of H2O that appears at this time
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production per laser pulse (NHCN) can be calculated based on the molar mixing ratio, chamber
volume, number of laser shots, and the ideal gas equation of state. We assumed that the
temperature of the produced gases is equal to the temperature of the chamber wall (350 K) in
this calculation. Figure 7a shows NHCN as a function of PCO2 and PN2. NHCN decreases
systematically as PCO2 increases, and a higher PN2 leads to larger NHCN. HCN production
could not be detected under PCO2 values of 530 mbar (i.e., N2/CO2 molar ratio <1). In order to
apply the experimental results to real impact phenomena, the conversion ratio (ϕ) of vaporized
carbon to gaseous HCN is determined as follows. To estimate the total amount of vaporized
carbon Nc, we assumed that the shape of the vaporized region produced by laser ablation is
cylindrical and the depth is equal to the wavelength of the laser pulse (~1 μm), which is a
characteristic scale of energy deposition of laser irradiation. As a result, the amount of vaporized
carbon (NC) is estimated to be ~500 nmol/pulse. The conversion ratio is given by ϕ=NHCN/NC.
Figure 8b shows ϕ as a function of PCO2. The conversion ratio varies from 0.1 mol% to 2 mol%
over PCO2=0–390 mbar. Although ϕ systematically decreases as PCO2 increases, a significant
fraction (0.1–1 mol%) of vaporized carbon is converted to HCN in redox-neutral gas mixtures
containing as much as a few hundred mbar of CO2. It is noted that the HCN energy yield
obtained in our experiments is 1015–1016 molecules/J, which is ~4 orders of magnitude greater
than that in simple gas-phase calculations due to Chameides and Walker (1981) for a redox-
neutral atmosphere (i.e., C/O molar ratio <1). This suggests that the composition of vapor
plumes generated by ablation stay reduced throughout their evolution despite their mixing with
ambient atmospheric gas. The integrated peak area for each identified species, HCN production,
andϕ are given in Table 3. Hydrocarbons, cyanogen, and nitrile compounds were also produced
within the redox-neutral gas mixtures, although the integrated peak area for these species
decreases as PCO2 increases. Quantification of the amount of these species is a potential avenue
for future research.

Chemical Analyses of the Condensates

The conversion ratio from vaporized carbon to gaseous HCN is only 0.1–2 mol% as shown in
the previous section. The fate of other carbon, including spectroscopically detected CN radicals,

Fig. 7 a Monitored ion current for HCN (M/Z=27) as a function of the partial pressure of CO2. b The results
of the sensitivity calibration for the GCMS
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in the ablation vapor is still uncertain. In this section, we examine whether the vaporized carbon
is fixed into a condensed phase by forming CN bond or not. The main result of the chemical
analyses of the condensed phase is identification of the dependence of both TN and the
absorption depth of the CN bond of the condensed products on PN2. We found that nitrogen
in the gas phase was efficiently fixed into the solid products condensed from the laser-induced
ablation vapor. The absorption depth of the CN bond also increases as PN2 increases.

The elemental analysis results of the condensed products are shown in Fig. 9. These
results show that the chemical composition strongly depends on that of the ambient gas. The
condensed products were not observed in the laser irradiation experiments onto a graphite
target in CO2 gas, suggesting that most of the carbon in the laser-generated ablation vapor is
oxidized to CO gas by reactions with ambient CO2 gas. When N2 was used as the ambient
gas, TN reaches up to ~10 wt% in the condensed products. This suggests that nitrogen in the
gas phase is incorporated into the condensed phase (TN ~10 wt%) via chemical reactions
with the laser-induced ablation vapor.

Infrared spectroscopy measurements of the condensed products also support the hypothesis
that N2 in the gas phase is incorporated into the condensed products by reacting with C in the
laser-generated ablation vapor. Figure 10a shows IR absorption spectra of the condensed
products formed by laser irradiation of graphite under various gas mixtures. This figure shows
that the depth of the absorption bands around 2,200 cm–1 increase with the PN2. This band
corresponds to C≡N and −N=C=N bonds (e.g., Rao 1963), and also often seen in Titan tholin
simulants synthesized in laboratory experiments under N2-rich atmospheric conditions (e.g.,
Imanaka et al. 2004). The depth of the absorption bands around 1,600 cm−1 in the IR absorption
spectra, which correspond to C=N bonds, also increase with PN2. Figure 10b shows that the
effects of the distance between the laser spot and the CaF2 disk on IR spectra. This result clearly
shows the distance does not affect the spectral shape qualitatively. Both absorption bands
around 2,200 and 1,600 cm−1 contain contributions from the presence of C≡C and C=C bonds,
respectively, in the condensed products. Therefore, the increase in the absorption depths may
not only be due to the formation of C≡N and C=N bonds. Nevertheless, the observed systematic

Fig. 8 The amount of HCN produced per laser shot as a function of the partial pressure of CO2 (a) and the
conversion ratio ϕ of vaporized carbon to gaseous HCN (b). Squares and circles indicate the data obtained
under PN2=920 mbar and 500 mbar, respectively. The arrows indicate the detection limit under the experi-
mental conditions
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changes in the depth of these absorption bands with PN2 strongly support the presence of C≡N,
C=N, and −N=C=N bonds in the condensed products formed by laser irradiation under N2-
containing gas mixtures.

Discussion

In this section, we discuss whether laser ablation can simulate aerodynamic ablation processes
due to mid-size impacts, based on the results of impact experiments in Section 4.1, the effect of
the scale difference outlined in Section 4.2, the comparison with other impact-driven processes

Fig. 10 The results of infrared spectroscopy for condensates: The effects of the composition of ambient gases
(a) and the distance between the laser spot and the CaF2 substrate. The positions of the absorption bands of
C≡N, −N=C=N, and C=N are shown. In (a), the numbers indicate the difference in the composition of the
ambient gas flow: (1) Ar=13 mbar, (2) N2=3 mbar, CO2=3 mbar, and Ar=7 mbar, (3) N2=6 mbar,
CO2=3 mbar, and Ar=5 mbar, (4) N2=10 mbar and CO2=3 mbar, (5) N2=13 mbar. In experiments (b), we
chose 13 mbar of N2 as the ambient gas flow. The distances between the laser spots and the substrate of each
experiments are shown in the figure

Fig. 9 The results of elemental
analysis for condensed phase
products. The mass contents of
total nitrogen and carbon are
abbreviated as TN and TC

238 K. Kurosawa et al.



in Section 4.3, and the dominant impactor type during the heavy bombardment period in
Section 4.4. Finally, we consider the implications of our study for the early Earth in Section 4.5.

The Thermodynamic State of the Impact-and Laser-Generated Ablation Vapor

The impact experiment results show that laser-and impact-generated ablation vapors qual-
itatively exhibit two similarities in terms of spectral shapes and the nature of vibrational non-
equilibrium, and quantitatively are in accordance with translational–rotational temperatures.

Here, we discuss the location of CN formation and the pressure of impact-and laser-generated
ablation vapors. The equilibration time scale of the translational temperature is very short (~20 ns
for N2 at 10

5 Pa) (Fujita 2007). Thus, the observed CN and C2 in impact experiments are likely to
be spatially separated as the translational temperature of CN is much higher (~2,000 K) than that
of C2. This situation is similar to laser-generated CN and C2 (e.g., Thareja et al. 2002). We then
consider the pressures of both vapors. Although we did not measure the pressure of the impact-
generated ablation vapors, it should be controlled by aerodynamic ram pressure (~ρav

2, where ρa
and v are the atmospheric density and translational velocity of the vapor, respectively) from the
colliding atmospheres. The translational velocities of both vapors are ~10 km/s (e.g., Schultz and
Gault 1990; Kadono et al. 2002) and so the pressures of both vapors are expected to be similar. It
is noteworthy that the typical peak shock pressure at impacts >100 GPa is much higher than the
aerodynamic ram pressure (~0.1 GPa) at a translational velocity of 10 km/s and an atmospheric
density of 1 kg/m3. The possible production and subsequent chemical reaction processes of hot
CN radicals due to both impacts and laser ablation are as follows. Gaseous carbon is produced by
impact/laser ablation, followed by CN radical production near the material boundary due to
mixing between N2 and C2, and then hot CN radicals react further with the ambient atmosphere
in the wake. Both vapors may follow a similar chemical evolution because they follow similar
pressure–temperature paths.

In this study, the absolute CN yield in either experiments is given. The absolute CN yield,
however, is not necessary for obtaining the HCN yield from aerodynamic ablation investigated
in this study because CN is a transient product via chemical reactions under high temperature
conditions. The HCN yield can be estimated from mass spectrometric measurements without
knowing the amount of CN radicals. In this study, CN radicals were used as a tracer to assess the
impact-and laser-induced chemical reaction fields because CN is the evidence of chemical
interaction between the N-free direct vaporization products and the C-free ambient gas. The
observed non-equilibrium nature of the vibrational state of CN radicals in both experiments
indicates that the rate of CN formation by laser ablation is as fast as that by hypervelocity
impacts in terms of the breakdown of vibrational equilibrium in emission spectra. Furthermore,
the series of mass spectrometry using a variety of ambient gases as presented in Section 3.2.1
clearly show that the detected HCN in the laser experiments is resulted from such chemical
reactions between direct vaporization products and the ambient gases. These experimental
results support the validity of the laser experiments to investigate the conversion ratio from
vaporized carbon to HCN because similar chemical reaction fields and reaction paths should
lead to similar final products after the chemically quenching.

Scaling Effects of Vapor Clouds on Cyanide Production

The size of laser-generated ablation vapor clouds in the laboratory is much smaller than the
impactor size colliding with the early Earth. Precise assessment for scaling effects would
require extensive effort and beyond the scope of this study. Nevertheless, the size of hot
vapor possibly affects the mixing efficiency between the ablation vapor and the ambient
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atmosphere and the cooling rate, which controls quenching temperature. Thus, the potential
scaling effects on cyanide production should be discussed. Sugita and Schultz (2009)
pointed out that CN production processes after oblique impacts is controlled by the physical
strength of impactor fragments and their impact velocity, and not by the size of impactor.
Thus, the mixing efficiency between generated carbon vapor and the ambient atmosphere is
not expected to decrease even at planetary scale impacts. An impact-comminuted projectile
is further broken up by high aerodynamic ram pressure after oblique impacts (i.e., ~108 Pa at
the translational velocity of 10 km/s mentioned in Section 4.1). The strength of stony
meteorites and silicate melt droplets are 1–5×107 Pa (e.g., Hills and Goda 1993) and 3–
5×106 Pa (Murase and McBirney 1973; Kadono et al. 2008), respectively, which are both
much smaller than the ram pressure. Therefore, the size of each ablation vapor around
impact fragments may approach that of laser-generated ablation vapors. Thus, laser ablation
may produce similar chemical reaction field, including pressure, temperature, and chemical
composition, as impact-induced aerodynamic interactions because laser-and impact-induced
ablation vapors are likely to allow similar thermodynamic tracks.

Assessment for cooling time scale is more difficult. Based on spectroscopic observations,
the temperature difference between CN and C2 discussed in Section 3.1 indicate that fast
thermal equilibration in a bulk vapor cloud does not occur. Thus, the cooling rate of the
ablation vapor may be controlled by gas dynamics around each small fragment, including
adiabatic expansion, radiation, and collision with cold ambient atmospheric gases, not
impactor size. Then, the cooling rate will be fast; comparable to the cooling time scale of
small laser plumes generated in the laboratory in this study. Then the conversion ratio from
carbon to HCN obtained from the laser experiments in this study will be applicable rather
directly. However, we could not rule out the possibility that individual small ablation vapor
plumes coalesce into a large vapor plume and cool slowly at this stage. The situation would
be more complicated. Thermodynamic calculations indicate that HCN yield does not depend
on quenching temperature (i.e., cooling time scale) when the C/O ratio in a vapor plume is
higher than unity (Chameides and Walker 1981). Then, HCN yield obtained in our laser
experiments is applicable. If the C/O ratio is lower than unity, however, the HCN yield
would decrease by a factor of about hundred as quenching temperature decreases (i.e.,
slower cooling) from 5,000 K to 1,500 K. Nevertheless, because the composition of ablation
vapor is likely to stay reduced throughout its expansion and mixing with the ambient
atmosphere as discussed above in the section 3.2.2, the dependence of HCN yield on scale
would be rather weak. Thus, the carbon conversion ratio to HCN obtained in our laboratory
experiments may serve as a good estimate for mid-size impact events on the early Earth.

Advantages of Impact-Induced Aerodynamic Ablation Compared in Cyanide Production

Chemical reactions during a dynamic event are very complicated. Understanding all the impact-
driven processes at different time scales and location, however, is extremely difficult. Thus, we
did not discuss exact chemical pathways from meteoritic carbon and atmospheric nitrogen to
HCN in detail in this study. Nevertheless, we considered multiple candidate processes for HCN
production associated with impact-induced vapor plume evolution within an atmosphere and
assessed which physical process is the most efficient for HCN production in actual planetary-
scale impacts based on chemical equilibrium. More specifically, three candidates for HCN
production via impact-induced gas-phase chemical reactions are considered: (1) air heating
within a bow shock induced by high-speed downrange-moving impactor fragments emerging
from the impact point, (2) pure vaporization of projectile material, and (3) the aerodynamic
ablation of impactor material investigated in this study. First and second processes, however, are
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likely to be inefficient on the early Earth because of the following reasons. The HCN production
efficiency by first process strongly depends on the redox state in an ambient atmosphere, not the
physical consequence in air heating. Thus, the HCN yield by first process is expected to be low
in the case of oblique impacts because the early Earth’s atmosphere may be redox-neutral as
discussed in the Section 1. The HCN production due to second process is limited by the
nitrogen content in the impactor. In general, chondritic materials are highly depleted in nitrogen
compared with biomolecules on the Earth as discussed in Section 1. Thus, first and second
processes are essentially unfavorable for an efficient HCN production on the early Earth in
terms of chemical composition. The HCN production efficiency is likely to be rather low
independently of the size of vapor plumes. Therefore, third process, aerodynamic ablation
around downrange-moving impactor fragments, is the most plausible process for investigating
the HCN yield because the spectroscopically detected CN radicals clearly shows that the
ablation vapor contains both C-rich impactor materials and an N-rich ambient atmosphere
due to mixing. This process has a great advantage on HCN production because meteoritic
material is highly depleted in nitrogen. Such an efficient mixing process does not occur in the
case of nearly vertical impacts. Furthermore, the ablation vapor has a high temperature due to
energy conversion from the kinetic energy of impactor to the internal energy of the ablation
vapor, resulting in efficient dissociation of the triple bond of atmospheric nitrogen (N2).

Impactors During the Heavy Bombardment Period

Another important consideration is the type of impactors, as carbon-rich impactors are required
for efficient cyanide production. There are two populations of asteroids, which are the near
Earth asteroids (NEA) and the main belt asteroids (MBA). Most of the recent meteorite falls to
Earth are ordinary chondrites that come fromNEA. The dominant type of NEA is S-type, which
is considered to originate from the parent bodies of ordinary chondrites (Binzel et al. 2004). The
size distribution of MBA is similar to the impactor size distribution during the heavy bombard-
ment period (Strom et al. 2005), and the dominant type of MBA is C-type, which is considered
to be the source of carbonaceous chondrites (Bus and Binzel 2002). Thus, carbonaceous
chondrites are expected to have been the most frequent impactors during the heavy bombard-
ment period, and hence the HCN generation mechanism investigated in this study may have
been prominent during the heavy bombardment period.

The Column Density of Cyanides After Impacts on the Early Earth

We have shown above that the production efficiency of HCN obtained by laser ablation
experiments is expected to be applicable to real impact processes.We now estimate the resulting
column density of cyanides after oblique impacts by considering the macroscopic motion of
impactors after oblique impacts, based on the conversion ratio obtained in Section 3.2.2 and a
simple physical model. A downrange moving projectile with lateral dispersal motion is referred
to as a “debris cloud”. The equation of motion of debris clouds is given, for example, by Hills
and Goda (1993):

m v
⋅ ¼ − CD ρa S v2 ;

S ¼ p
Dp

2
þ vdispΔt

� �2

;

vdisp ¼ β vimpact :

where m, v, CD=0.5, ρa=1 kg/m3, S, DP=600 m, vdisp, Δt, β=0.5, and vimpact=17 km/s are the
mass of the debris cloud, translational velocity, drag coefficient, cross section of the debris
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cloud, density of the ambient atmosphere, projectile diameter, lateral dispersal velocity of the
debris cloud, time after the impact, a coefficient estimated by the impact experiments, and
typical impact velocity (e.g., Ito andMalhotra 2006), respectively. We neglected deceleration of
the dispersion velocity and the atmospheric structure for these first-order calculations. The
deposition area is estimated to be ~102 km2. The carbon content of a carbonaceous body
(CI-like) 600 m in diameter is ~8×1011 mol (Wasson and Kallemeyn 1988). Using a
conversion ratio of 0.1 mol% for converting vaporized carbon to HCN, the column
density of HCN after impacts is ~10 mol/m2 over ~102 km2 of surface area. This column
density is equivalent to 500–10,000 years of accumulated HCN production by lightning
within a strongly reducing (i.e., highly fertile) atmosphere (e.g., Stribring and Miller
1986). Cyanides condensates are also produced over this area.

If all produced HCN injected on a lake or shallow marsh 1 m in depth via rain out,
resulting HCN concentration reaches a possible range for adenine synthesis, 0.01 mol/L
[e.g., Chang et al. 1983; Ferris and Hagan 1984; Miyakawa et al. 2002a, b]. Actual chemical
conversion rate from simple cyanide compounds, such as HCN, to more complex biologi-
cally important more complex molecules, such as adenine, depends on many factors, such as
temperature and pH of water (e.g., Miyakawa et al. 2002a). Nevertheless, a large surface
area (~102 km2) covered by fallout from a mid-size impactor, may contain a variety of
surface conditions. Furthermore, the relatively small projectile size considered in this study
would hit the Earth extremely frequently; a projectile 1 km in diameter or larger every
~1 month during the heavy bombardment period (e.g., Bottke et al. 2010). Then a very large
surface area on Earth would have received a high-column density of cyanide many times.
Then, if a temperature and pH conditions suitable for subsequent chemical evolution
occurred near the surface, such sites are very likely to have received thick CN-loaded
deposit. Because of the high concentration of cyanide, such localities may have led to high
abundance of adenine and/or perhaps amino acid.

Note that impactors with <300 m in diameter are burned out during atmospheric passage
under the current Earth’s atmospheric condition [e.g., Melosh 1989]. The HCN production due
to aerodynamic ablation around small high-speed fragments investigated in this study, however,
would occur in a very similar way as discussed in Sections 4.1 and 4.2 even when the impactor
is burned out in the atmosphere. This is because the “burn out” of such small impactors are
estimated to be caused by mechanical disruption by aerodynamic ram pressure [e.g., Melosh
1989; Schultz 1992; Hills and Goda 1993; Artemieva and Shuvalov 2001]. Then, a cloud of
high-speed fragments will form and aerodynamic ablation will occur, which will lead to intense
chemical reaction between impactor-derived material and atmospheric gas.

Conclusions

We have conducted hypervelocity impact and laser ablation experiments within simulated
early Earth’s atmospheres to investigate cyanide production processes due to mid-size
impactors (0.1–1 km in diameter). In situ spectroscopic observation of hypervelocity oblique
impacts provides information on the thermodynamic state of the impact-induced ablation
vapor. We obtained two qualitative similarities (i.e., spectral outline and vibrational non-
equilibrium), and a quantitative agreement (i.e., translational-rotational temperature), between
impact-and laser-induced ablation vapors, demonstrating that laser ablation can simulate CN
production processes due to aerodynamic ablation after oblique impacts, including vibrational
non-equilibrium. A series of laser ablation experiments showed that a part of the destroyed
organic matter in the projectile is converted into cyanide compounds via subsequent chemical
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reactionswith the ambient gases, even though the ambient gases contains as much as ~400mbar
CO2. We found that the conversion ratio of vaporized carbon to gaseous HCN is 0.1–2 mol%
under partial pressures of CO2 from 0 mbar to 390 mbar. The condensed-phase analyses show
that nitrogen in an ambient atmosphere is incorporated into the condensed products by forming
C≡N, −N=C=N, and C=N bonds. These experimental results suggest that the aerodynamic
ablation of carbon-containing impactors in a N2-rich atmosphere could have ultimately pro-
duced complex organic molecules containing cyanides on the early Earth. A simple model for
the fragment dispersal dynamics of impacted bodies shows that the resulting column density is
equivalent to ~1×104 year of HCN production by lightning in a strongly reducing atmosphere.
Such a concentrated supply of cyanides due to small impacts may have played an important role
in the origin of life on Earth.
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