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A B S T R A C T

Micrometeorites (MM) that undergo low heating could have provided a source of organic material to the
Earth during the Archean (4-2.5 Ga ago) before life emerged, given that the density of interplanetary dust
and larger grains were much higher than today. Amino acids are destroyed on atmospheric entry if the
temperature rises above the pyrolysis temperature of few hundred degrees Celsius, depending on type of
amino acid. A numerical study was carried out to obtain temperature statistics along relatively rare grazing
angle trajectories in the Quaternary (modern) and Archean atmospheres to determine the probability of ‘‘cold
capture’’ below pyrolysis temperatures. Effects of the thermospheric temperature and density was considered
for the Quaternary atmosphere, and an extended hydrogen/helium envelope remnant from the protosolar
nebula was considered for the Archean atmosphere.

An important result for the Archean is an elevated ‘‘cold capture’’ probability (twice the capture probability
of the modern atmosphere, up to 7%–8%) for low heating below 500 ◦C of small asteroidal grains around 20 μm
in diameter, and geocentric velocities in the range 3–5 km/s, provided that there was a remnant envelope.
Cometary 20 μm grains of higher geocentric velocities did not have such an elevated capture probability. If
the Archean atmosphere did not have an envelope, it was found that these capture probabilities were lower
than for the modern atmosphere for both cometary and asteroidal grains, due to smaller density scale height
of the lower Archean atmosphere leading to faster heating rate. Radiative degradation of amino acids in these
relatively small grains should be considered more closely since the X-ray and XUV-flux from the Sun was larger
by a factor of about 5–10 in the Archean.

Very low maximum temperatures were found for 20 μm asteroidal and cometary grains in the Quternary
atmosphere, with temperatures in the range 150–200 ◦C, but with a very small capture probability in this
range of typically less than 0.3%. All 300 μm asteroidal grains were heated to temperatures above 500 ◦C for
all atmosphere models. The probability of heating to temperatures < 500 ◦C of 100 μm asteroidal grains, was
estimated to 0.3% or less for all models. Most 100 μm cometary grains were heated to temperatures > 500 ◦C
for all models.
1. Introduction

It is probable that life on Earth emerged in water with an abundant
supply of amino acids as the essential building blocks for proteins
and enzymes. Did the amino acids form on the Earth or did they
come from space carried by meteorites or dust? Amino acids and other
biochemical monomers can be produced from reduced gas mixtures

∗ Corresponding author at: Institute for Energy Technology, Instituttveien 8, Kjeller, 2007, Norway.
E-mail address: roar.skartlien@ife.no (R. Skartlien).

such as H2O,CH4,H2 and NH3 or N2, as shown by the famous Miller–
Urey experiment. However, a weakly reducing or neutral atmosphere
is more in agreement with most current models for the early Earth,
with a dominance of CO2 and N2, and this makes it difficult to explain
synthesis of amino acids on Earth without any other additives. Cleaves
et al. (2008) argued that synthesis from neutral atmospheres may
be more important than previously thought, and significant amounts
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of amino acids could still be produced in the presence of oxidation
inhibitors, such as ferrous iron.

Exogenous or extraterrestrial delivery from space via interplanetary
dust, grains from comets and asteroids, and larger meteorites may
alleviate the problem of a neutral or weakly reducing atmosphere, and
is an alternative route for supplying organic material to the surface of
the Earth (Glavin and Bada, 2001). Carbonaceous chondrite meteorites
have high concentrations of carbon and contain organic compounds
including amino acids, and an increasing number of amino acids have
been identified in the Murchison meteorite, with a total of 86 by
2017 (Koga and Naraoka, 2017). Canepa (2013) showed that a constant
supply of extraterrestrial amino acids to the oceans of the early Earth
could allow for the spontaneous formation of catalytic polypeptides
without prior complex RNA-based chemistry (assuming the present day
volume of the oceans). Supply of amino acids was found to be one of the
key parameters regulating the maximum length of polypeptide chains
that could spontaneously form in the primordial ocean (Canepa, 2016).

It has been estimated that about 30 000 tons/year of interplanetary
dust particles (IDP) from microns and up to millimeter size is accu-
mulated by the Earth each year, and that 300 tons/year is subject to
heating of less than 600 Celsius (Flynn 2004). The results of Carrillo-
Sánchez et al. (2016) indicate that the Jupiter family of comets (JFC)
contributes with a large fraction of the input mass with (43 ± 14
ons/day) or 15 700 tons/year to the top of the atmosphere. Updated
alues from Carrillo-Sánchez et al. (2020) indicate JFC mass flux contri-
utions of 70% for Earth, 68% for Venus, and 52% for Mars, providing
total of 28 ± 16 tons/day 31 ± 18 tons/day, and 2 ± tons/day,

respectively. The mass contribution of asteroidal dust particles were
found to be 9% for Earth, 6% for Venus, and 14% for Mars. According
to Anders (1989) and Glavin and Bada (2001), IDP’s supply the Earth
with 3−40×105 kg/year (300–4000 tons/year) of carbonacious material
(assuming 10 percent organic carbon by mass in IDP’s). This flux may
have been 5 × 107 kg/year (50 000 tons/year, or roughly between 10
and 100 times larger) during the late heavy bombardment 4.1-3.8 Ga
ago (Chyba and Sagan, 1992). Hence, IDP’s could potentially have been
a source of pre-biotic organics in addition to larger meteorites.

A major problem with MMs larger than about 100 μm is heating to
very high temperatures due to friction. Entry velocities are typically
in the range from the escape velocity of 11.2 km/s to about 70 km/s,
depending on the orbital parameters. Several MM models have pre-
dicted typical heating to well above 1500 ◦C, and Farley et al. (1997)
stimated that less than 1% of the total mass of IPD’s are heated to
ess than 600 ◦C, and that the total mass is essentially zero for heating
elow 400 ◦C. The peak mass flux entering below 650 ◦C was found
t to occur at 20 μm diameter. Amino acids in MM are likely to be
ompletely destroyed above 500-600 ◦C, and Weiss et al. (2018) found
hat the eight amino acids G, C, D, N, E, Q, R and H that are essential
o life are decomposed at quite low temperatures between 185 ◦C and
80 ◦C. These experiments were performed with pure amino acids. The
egradation temperature of amino acids in meteoritic material may
e higher, depending on the interaction forces between the material
nd the amino acids, and Anders (1989) assumed an average pyrolysis
emperature for organic compounds in meteorites of 900 K, or 627 ◦C.

Glavin et al. (2004) performed amino acid analyses of antarctic MM
(AMM) and found that less than 5% of all AMMs in the 50–400 μm
size range contain detectable levels of AIB (𝛼-aminoisobutyric acid).
The authors argued that if AIB is abundant in micrometeorites prior to
their fall to Earth, then the lack of AIB in AMMs suggests temperatures
> 550 ◦C in this size range. Glavin and Bada (2001) found that all
amino acids in the Murchison meteorite were destroyed at 550 ◦C.
Simulation of micrometeoroid trajectories by Canepa (2020) in the size
range 10–70 μm indicated significant retention of glycine for geocentric
elocities below about 3 km/s, assuming an incidence angle of 45
egrees, and the corresponding maximum temperatures were about
00 K or 227 ◦C. Based on the information above we assume that

◦
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temperatures above 300 C corresponds to the onset of degradation e
of some amino acids, and temperatures above 500 ◦C corresponds to
degradation of most amino acids delivered by MM’s.

The outlook for surviving amino acids delivered from space in
MM then appears to be relatively grim due to the low fraction of
trajectories that undergo low heating. However, the probability in-
creases for smaller MMs with diameter less than 100 μm, and the exact
numbers depend on the atmospheric density profile. This small fraction
of trajectories with grazing angle incidence and low heating may also
explain why less than 5% of all AMMs in the study of Glavin et al.
(2004) contained amino acids. In the context of the origin of life during
the Archean, the atmospheric density profile was different than in the
current atmosphere, with the dominance of CO2 and N2 and with the
possibility of a remnant and very dilute hydrogen/helium envelope
extending to several Earth radii (Lammer et al., 2014). One would
expect higher capture probability of MM that undergo low heating with
such an envelope. The main focus of the current work was to determine
the temperature statistics of unmelted MM for different atmospheric
density profiles, with special focus on the Archean.

An alternative route of delivery is sublimation of amino acids from
the MM surface before significant heating of the MM occurs. Amino
acids have relatively high vapor pressure and can sublime under low
pressure conditions above about 150 ◦C. Glavin and Bada (2001) stud-
ied sublimation of glycine (G) from the Murchison meteorite material
and argued that sublimation is a way for amino acids to survive (or
escape) atmospheric entry heating. The sublimated amino acids might
combine with ice crystals, despite that the mesosphere and stratosphere
are presently extremely dry, and then spend most of their time in sulfate
aerosol that finally rain. Current stratospheric aerosol show that about
half of the particles contain 0.5 to 1.0 weight percent meteoritic iron
by mass (Cziczo et al. 2001). This transport mechanism could also work
in the Archean but the aerosol and moisture contents in the Archean
atmosphere are uncertain.

A third route of delivery is larger meteorites that may only experi-
ence significant heating in the surface layers on the journey through the
atmosphere depending on size, heat conduction, and the duration of the
heating pulse. The interior chonditric material may keep a sufficiently
low temperature, but he main bottle neck with the larger meteorites
is impact heating. Bertrand et al. (2009) studied the effect of ground
impact heating on amino acids.

1.1. Examples of micrometeorites

Micrometeorites can also be collected in urban areas, as demon-
strated by J. Larsen and collaborators (Larsen, 2016; Genge et al.,
2017). These display a large variety of heating histories, and Fig. 1
shows three examples of MM with diameters close to 300 μm. They
were magnetically extracted from urban roof tops by J. Larsen, and
the samples were filtered according to size, and then manually sorted
under a microscope (Larsen, 2016). Top left: (a) NMM 2752 heated
to above 2000 ◦C. It consists of melted glass with a thin crystallized
zone towards a sulfide edge which borders to a nickel-iron alloy (on
the top). (b) NNM 2081 (top right) of barred olivine with yellow-
white platina nuggets, heated to 1800 ◦C. Specimen (c), NMM 2123
(bottom left), is a good candidate for a MM that has experimenced
a grazing angle, low heating trajectory. It is characterized by partial
melting with an irregular, but aerodynamic shape, and a crystallized
glass-protuberance. The glass protuberance at the top has probably
been formed by air friction dragging the melted surface layers to the
back, before crystallizing. Genge et al. (1996) found textural indications
for grazing angle incidence with at least two aero-breaking events for
a similar glassy spherule found in Antarctica. This MM had a glass core
with four peripheral glass lobes. The peak temperature in the first pass
was estimated to 1400 ◦C or more, for melting and formation of an
nternal glass spherule. The peak temperature in the second pass was

◦
stimated to below 1100 C based on surface textures. This particular
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Fig. 1. Micrometeorites collected from urban roof tops by J. Larsen. Top left: (a) NMM 2752 (melted glass) heated to above 2000 ◦C. Top right: (b) NNM 2081 (barred olivine)
heated to about 1800 ◦C, with multiple yellow-white platina droplets. Bottom left: (c) Grazing angle candidate NMM 2123, with partially melted glass forming an aspherical
irregular shape, with estimated heating up to 1400 ◦C. The decelerating force has been acting upwards (moving downwards), with heavy elements sinking to the front, forming
a metal bead. Bottom right: (d) NMM 1918 is a grazing angle candidate of the unmelted type, and it has been heated to less than 1350 ◦C. It must be noted that only unmelted
MM can deliver organics to Earth. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Images by J. B. Kihle and J. Larsen.
MM had a diameter of 60 μm, and possibly a high entry velocity in
excess of 20 km/s, suggesting cometary origin.

Strictly unmelted MM must have been subject to temperatures
below 1000–1500 ◦C depending on composition (Genge, 2017) (the
melting temperature is about 1200 ◦C for chondrites), and the probabil-
ity of finding unmelted MM is relatively low in general, since less than
a percent of the MM being captured by the Earth have low temperature
grazing angle trajectories (Genge et al., 1996). Many unmelted MM
with highly irregular shape and a porous character, have been found in
Antarctica (Engrand and Maurette, 1998; Taylor et al., 2000; Duprat
et al., 2007; Genge et al., 2008; Folco and Cordier, 2015), and some of
these MM have also proven to contain organic compounds.

Variety (d), NMM 1918 (bottom right Fig. 1), is a rare unmelted
micrometeorite, high in carbon/organics (preliminary analysis), heated
to less than 1350 ◦C. Micrometeorites that can preserve amino acids
are subject to even lower temperatures, below about 500 ◦C, and the
probability of finding these ‘‘colder’’ types is relatively low as we shall
see. This raises the question if the organic contents in these MM had any
significance for the development of life on Earth, compared to organics
from larger meteorites, or from endogenous sources (e.g., underwater
thermal vents).

1.2. Atmospheric entry modeling

Many authors have carried out trajectory calculations under a few
justified assumptions. The mean free path of gases is larger than the
3

MM size in the upper atmosphere (high Knutsen number, Kn) and the
drag force is now purely kinetic due to the change of momentum of
the molecules when they hit the MM surface. A bow-shock will not
be formed, since the impinging gas molecules bounce back with no
or little interaction with incoming gas. Most authors have considered
nearly or complete inelastic collisions in their simulation models (e.g.,
Flynn, 1989a; Love and Brownlee, 1991), and the kinetic energy of
the incoming gas molecules is converted to thermal energy in the MM
material. Some material sublimates or ablates and provides a heat sink
together with radiation cooling. Solar heating maintains a temperature
in vacuum of a few degrees Celsius at 1AU, assuming that the MM is
effectively a black-body. The temperature evolution can be calculated,
given the heat capacity of the MM, together with parameters associated
with the saturation vapor pressure during sublimation or ablation.
Ablation did not occur for the low temperature scenarios we studied
here.

Most entry models assume a spherical representation of microme-
teoroids, and isothermal interiors (Folco and Cordier, 2015). This is
however a coarse simplification since MM’s show a range of textures,
shapes and mineral compositions, and a range of heat conduction and
heat capacities. Cometary grains can also be porous and heterogeneous
with implications for heat capacity and heat conductivity. The heat
capacity determines the timescale of heating, and the temperature lags
the heating rate more for larger heat capacity, and the effect will be
more significant for shorter heating pulses (steeper descent). Approxi-
mate equilibrium is more likely for grazing angles with longer heating
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duration. Flynn (1989a), Love and Brownlee (1991) considered high
Kn-number friction and assumed instantaneous thermal equilibrium,
and inelastic collisions with gas molecules. Genge (2017) followed a
similar approach but solved for the temperature history rather than
assuming equilibrium. All authors considered isothermal MM with a
drag force based on circular cross sections.

The Lorentz force for 0.1 μm grains is comparable to radiation
ressure and gravity, while it is a minor perturbation for 1 μm grains

according to Horanyi et al. (1988). One can then safely ignore the
Lorentz force in the magnetosphere for sizes larger than 1 μm, and the
radiation pressure force is orders of magnitude smaller than gravity.
Hence, it is sufficient to consider only friction and gravity in the
equation of motion for grains in the size range we studied (from 20 μm
and up).

Most trajectory modeling efforts in the past considered the current
atmosphere, with a few exceptions. Lehmer et al. (2020) studied chem-
ical synthesis on the MM surface during descent in CO2-rich Archean
atmospheres. Lighter gases in the current atmosphere do have an im-
pact on satellite drag, including very dilute and extended hydrogen and
helium envelopes, despite the fact that these gases are slowly depleted
over time by diffusion into space. Hence, one would expect a larger
effect of these gases on drag in the Archean atmosphere if it had a
significant hydrogen and helium exosphere.

2. The trajectory model

We also assume non-equilibrium temperature evolution, isothermal
conditions throughout the MM, spherical shape, and with the pos-
sibility of sublimation. We focus on grazing angle trajectories only,
and incorporate any multi-aerobraking history until descent. A pre-
cise tuning of the initial conditions is required to realize a sufficient
number of trajectories in the narrow entry corridor that corresponds
to grazing trajectories and descent. Previous work often limited the
number of passes through the atmosphere (terminating the calculations
after a fixed number of passes, before descent could occur) mainly to
reduce the computational load. The current work can be regarded as
a generalization where all MM are tracked until descent to the Earths
surface occurs. The computations are made efficient by incorporating
adaptive timestepping with large time steps in vacuo and small time
steps in the atmosphere. This enables continuous trajectory simulations
to avoid book-keeping with respect to exit and entry conditions into
the atmosphere, and it allows for the inclusion of very dilute extended
atmospheric envelopes. The time-step in vacuum was controlled by
the local acceleration, with gradually diminishing time steps closer to
the Earth. A small fixed time-step was used in the atmosphere, and a
density-dependent weighting was performed between these two limits.

2.1. The model equations

The standard fourth order Runge–Kutta method was used for in-
tegrating the equation of motion and the thermal energy equation,
including ablation and radiation. The equation of motion involves solv-
ing for position given the velocity, and solving for the velocity given the
acceleration. These two equations must be staggered in the RK4 schema
to evaluate the four intermediate derivatives and to obtain sufficient
accuracy. This approach in combination with adaptive time-stepping
was tested on Keplerian orbits in the two-body problem to ensure
energy conservation to very high accuracy. Friction was then added,
and the solver was then tested for correct terminal velocity during the
vertical descent phase. The acceleration in the low Kn-regime is given
by (Love and Brownlee, 1991; Genge, 2017)

𝐯̇ = −4
3
𝜌𝑎(𝑡)
𝜌𝑝

1
𝑟𝑝(𝑡)

|𝐯|𝐯 + 𝜇
|𝐑|3

𝐑, (1)

here 𝐑 is the radius vector from Earth’s center, 𝜇 = 𝐺𝑀 , where 𝑀
s the mass of the Earth, 𝜌 is the atmospheric density at the particle
4

𝑎

Table 1
Grain parameters.

Asteroidal grains Cometary grains

Geocentric velocity 𝑣∞ 3 km/s 5 km/s 7 km/s 12 km/s 15 km/s 18 km/s
Density 𝜌𝑝 3.4 g/cm3 1 g/cm3

Diameter 2𝑟𝑝 300 μm, 100 μm, 20 μm 100 μm, 20 μm

position and 𝑟𝑝 is the MM radius. The latter two are generally time
dependent as the particle experiences higher gas density as it descends
and the radius decreases if the material sublimates. At sufficient atmo-
spheric density, the mean free path of the gas molecules is reduced with
increasing collision frequency, and the drag term must be derived from
fluid dynamics, not kinetics. This has no consequence for the study if
the heating phase is completed before these lower altitudes are reached
where the Knutsen number is of order unity.

For the low temperature scenarios we studied, none of the MM’s
sublimated, and the radius stayed constant. The orbit and temperature
history is then the same for all particles that satisfy the same size-
density product. The energy equation depends on the mass loss rate,
MM volume, and radiative heating and cooling. These two equations
were also staggered according to the RK4 schema. The internal energy
equation in terms of temperature 𝑇 can be written (e.g., Genge, 2017)

𝑟𝑝(𝑡)𝜌𝑝𝐶
𝜕𝑇
𝜕𝑡

= 3
8
𝜌𝑎(𝑡)|𝐯|3 + 3𝐿𝑣

𝜕𝑟𝑝
𝜕𝑡

− 3𝜎𝜖𝑇 4 + 3
4
𝑃𝑠𝑜𝑙𝑎𝑟, (2)

where 𝐶 is the heat capacity, 𝐿𝑣 is the latent heat of sublimation,
𝜎 is the Stefan–Boltzmann constant representing isotropic radiation
cooling, 𝜖 is the radiative emissivity. 𝑃𝑠𝑜𝑙𝑎𝑟 is the solar radiative flux
density at 1AU, with a current average value of 1361W∕m2. The solar
luminosity was about 30% lower in the Archean. The factor 4/3 is due
to anisotropic solar heating on one side of the MM. The emissivity
is taken to be unity, assuming a black-body approximation for the
MM surface, and Öpik (1959) finds relatively low albedos of stony
meteorites in the range 0.27-0.62. The heat capacity and density values
are discussed in the next section.

The mass loss, or loss of radius due to sublimation (if it occurs) is
given in terms of the Langmuir-Hertz formula and the saturation vapor
pressure 𝑝𝑣, and for spherical grains Krivov et al. (1998) find

𝜕𝑟𝑝
𝜕𝑡

= −𝐶𝑒
𝑝𝑣
𝜌𝑝

√

𝑀
𝑇

(3)

where 𝐶𝑒 = 4.377 × 10−3 is the Langmuir constant of evaporation,

𝐶𝑒 =
√

𝑚𝑢
2𝜋𝑘𝐵

, (4)

and 𝑀 is the mean molecular weight relative to one atomic mass unit
𝑚𝑢 = 1.66×10−27 kg. The vapor pressure model with its potential sources
of error are discussed in more detail in the Appendix.

It is noted that (2) is valid up to the melting point, where the
latent heat of solidification would act as a heat sink to maintain the
melting temperature. We are not concerned with melting in this work.
Furthermore, the ‘‘cold cases’’ we studied did not display any significant
mass loss, as governed by (3).

2.2. Geocentric velocity, grain density and grain size

Most interplanetary dust and grains originate from comets and
asteroids. The realization of multi-aerobraking scenarios are inherently
very sensitive to the orbital elements of the incoming MM relative to
the Earth. Based on Flynn (1989b), Jackson and Zook (1992), represen-
tative geocentric velocities are about 5 km/s for asteroidal grains and
about 15 km/s for cometary grains for eccentric orbits with perihelia
less than 1 AU. The computations of Jackson and Zook (1992) indicate
a variation of the velocity distribution with grain size due to radiation
pressure, Poynting-Robertson (PR) drag, and solar wind. The orbits of
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particles in the size range from 5 to 50 μm in diameter are significantly
erturbed by solar radiation (Flynn et al., 2008), and the PR drag force
auses a 10 μm IDP to spiral towards the Sun, and a particle starting
n the asteroid belt reaches 1 AU in 20,000 to 100,000 years (Flynn,
989a). Particles produced by collisions in the Kuiper Belt spiral into
he Sun on a time-scale short compared to the age of the Solar System.

The mean orbital velocity of the Earth is 29.78 km/s and influences
he relative (geocentric) velocity, and hence high inclination cometary
rbits (including retrograde motion) increases the geocentric velocity
p to high values near 70 km/s (Hughes and Williams, 2000). The
hange of potential energy from large distance and to the upper at-
osphere of the Earth adds to the kinetic energy, corresponding to an

dditional 11.2 km/s (escape velocity) to the initial geocentric veloc-
ty. The rotational velocity of the Earth is a minor contribution with
.46 km/s at the equator, and can be ignored to first approximation.

The grain material density (before heating) depends on porosity and
ineral composition. Unmelted chondritic particles smaller than 15 μm

ollected in the stratosphere have densities ranging between 0.3 and
.2 𝑔∕𝑐𝑚3, averaging at 2.0 𝑔∕𝑐𝑚3 (Love et al., 1994). The lower range
f density values indicate porous, primitive, uncompacted parent bod-
es. The same study showed that chondritic spherules (melted particles)
ad densities near 3.4 𝑔∕𝑐𝑚3. Genge (2017) adopted the same value for
asaltic MM prior to melting, and Öpik (1951) adopted the same value
or conditric asteroidal dust.

Cometary dust grains collected in the stratosphere have an average
ensity of roughly 1.0 g∕cm3 (Joswiak et al., 2007), and are largely

dominated by high internal porosities and anhydrous mineralogy. The
asteroidal IDPs in the same study had much higher average density
of 3.3 g∕cm3. The size and density of individual dust particles from
comet 81P/Wild 2 collected by the Stardust spacecraft indicated porous
particles with 0.35 ± 0.07 g∕cm3 and a bulk density of all particles of
.49 ± 0.18 g∕cm3 (Niimi et al., 2012). For asteroidal grains, we adopt
.4 g∕cm3, and 1.0 g∕cm3 for cometary grains.

The grain size have a broad range for both cometary and asteriodal
rains. We consider grain diameters in the range 20–300 μm similar to
arlier modeling efforts (Genge, 2017; Jackson and Zook, 1992; Flynn,
989b). Dust particles from comet 81P/Wild 2 display sub-micron sizes
o several hundred microns (Hörz et al., 2006) with the majority of
rains at smaller sizes. This is consistent with dominance of small grains
n the coma of C/1995 O1 Hale–Bopp and 1P/Halley (Lasue et al.,
009). We chose two populations to represent asteroidal grains and
ometary grains (Table 1).

The heat capacity is in the range 100–1000 J/kg/K. For meteoritic
tone Öpik used 895 J/kg/K and a material density of 3.4 g∕cm3.

One would expect lower heat capacity, heat conduction and effective
density for more porous grains. However, we will use the same heat
capacity for all particles (895 J/kg/K), but vary the material density.

2.3. Initial conditions and determination of the entry corridor

Heliocentric trajectories are deflected towards the Earth by gravity
and the total cross section for capture at infinite distance and in the
absence of an atmosphere is Öpik (1951), Kortenkamp and Dermott
(1998),

𝜎𝑐,∞ = 𝜎𝐸𝑎𝑟𝑡ℎ

(

1 +
𝑣2𝑒
𝑣2∞

)

, (5)

here 𝜎𝐸𝑎𝑟𝑡ℎ is the cross section of the Earth, 𝑣∞ is the geocentric
elocity prior to acceleration by the Earth, and 𝑣𝑒 = 11.2 km∕s is the
scape velocity. Lower velocities 𝑣∞ may increase the cross section
ramatically, and impact of asteroidal grains are more likely than
ometary grains with higher geocentric velocity. However, the likeli-
ood of grazing angle low temperature histories of asteroidal versus
ometary grains requires a closer examination since this is largely
etermined by the evolution of the trajectory through the atmosphere.
5

It was chosen to define the initial condition for each trajectory
alculation in terms of the impact parameter 𝛥 [m] and the velocity
0 [m/s] at a certain distance 𝑥0 from the Earth center (Fig. 2). It

was convenient to use the perigee point 𝑅𝑃 in the absence of an
atmosphere as the variable input parameter, with 𝑅𝑃 slightly larger
than the Earth radius corresponding to a grazing encounter with the
atmosphere. 𝑅𝑃 equal to the Earth radius guarantees a descent in
any atmosphere and a sufficiently large value of 𝑅𝑃 leads to a brief
encounter with the atmosphere, but with the grain escaping the earth
on a zero-energy parabolic orbit. This particular value corresponds to
an impact parameter that defines the total cross section at infinity that
incorporates all captured MM. 𝑅𝑃 can be determined from conservation
of angular momentum, giving

𝑣0𝛥 = 𝑣𝑃𝑅𝑃 , (6)

in terms of the respective tangential velocities as shown in Fig. 2. The
perigee velocity in vacuum is given by

𝑣𝑃 =
√

𝑣2∞ + 2𝜇∕𝑅𝑃 (7)

in terms of the geocentric velocity 𝑣∞. The corresponding impact
parameter can be found for a chosen 𝑅𝑃 ,

𝛥(𝑅𝑃 ) = 𝑅𝑃 𝑣𝑃 ∕𝑣0 = 𝑅𝑃

√

1 + 2𝜇(1∕𝑅𝑃 − 1∕𝑅𝑖𝑛𝑖𝑡)∕𝑣20, (8)

where 𝑅𝑖𝑛𝑖𝑡 is the initial radius vector (Fig. 2), and the initial velocity
is 𝑣0 =

√

𝑣2∞ + 2𝜇∕𝑅𝑖𝑛𝑖𝑡. It can be shown that (5) is recovered from (8)
by setting 𝑅𝑃 = 𝑅𝐸𝑎𝑟𝑡ℎ and 𝜎𝑐 = 𝜋𝛥2. Hence, (5) can be generalized to
any distance from earth, but with 𝜎𝑐 shrinking closer to Earth as the
trajectories focus on the Earth.

A family of trajectories were generated spanning from a simple
descent trajectory, to multi-skip trajectories and to a hyperbolic bypass
trajectory. For each 𝑣∞, a set of impact parameters 𝛥 ∈ [𝛥𝑚𝑖𝑛(𝑅𝑙𝑜𝑤𝑒𝑟),
𝛥𝑚𝑎𝑥(𝑅𝑢𝑝𝑝𝑒𝑟)] were generated using the limits 𝑅𝑙𝑜𝑤𝑒𝑟 = 𝑅𝐸𝑎𝑟𝑡ℎ + 𝑧𝐿 and
𝑅𝑢𝑝𝑝𝑒𝑟 = 𝑅𝐸𝑎𝑟𝑡ℎ + 𝑧𝑈 for 𝑅𝑃 , adjusted by trial and error to obtain the
desired set of trajectories. As 𝑅𝑢𝑝𝑝𝑒𝑟 is increased, lower heating occurs
with atmospheric entry at higher altitudes. Further increase leads to
multi-skip elliptical orbits that are gradually circularized for every pass
through the atmosphere. These scenarios correspond to orbital energies
less than zero (elliptical orbits), with energy lost to friction for each
pass.

A certain 𝛥∗
𝑚𝑎𝑥 corresponds to a zero energy parabolic trajectory

after contact with the atmosphere, and impact parameters less than this
value corresponds to capture. Only a very small fraction of the grains
inside the cross section 𝜎𝑐 = 𝜋(𝛥∗

𝑚𝑎𝑥)
2 enters the atmosphere with a

low heating trajectory. This corresponds to a narrow outer band of the
circular cross section 𝜎𝑐 , with area 𝛿𝜎𝑐 ≃ 2𝜋𝛥∗

𝑚𝑎𝑥𝐷 with 𝐷 = 𝛥∗
𝑚𝑎𝑥−𝛥𝑚𝑖𝑛.

The relative area

𝛿𝜎𝑐∕𝜎𝑐 = 2𝐷∕𝛥∗
𝑚𝑎𝑥 (9)

is the fraction of particles, or the probability of entering in the narrow
band 𝐷. This fractional area can be quite small; only on the order of
0.3% of all grains experience at least one grazing incidence (Genge
et al., 1996). It can be shown that the relative area is independent of the
evaluation distance from Earth, 𝑥0. The absolute cross section evaluated
at large (infinite) distance from the Earth is

𝛿𝜎𝑐,∞ = 𝛿𝜎𝑐

(

1 +
2𝜇

𝑅𝑖𝑛𝑖𝑡𝑣2∞

)

, (10)

and the total mass accumulated per time unit depends on atmospheric
structure, material density, initial diameter and the distribution of geo-
centric velocities. The total number of grazing angle particles entering
the Earths atmosphere per time unit can be expressed as

𝑑𝑁∕𝑑𝑡 = ∫

∞

0 ∫

∞

0
𝑛𝑝(𝑣, 𝑟𝑝)𝛿𝜎𝑐,∞(𝑣, 𝑟𝑝)𝑣𝑑𝑣𝑑𝑟𝑝, (11)

here the integral runs over all geocentric velocities (here 𝑣 = 𝑣∞ for

notational simplicity), and 𝑛𝑝(𝑣, 𝑟𝑝) is the number density distribution
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Fig. 2. Definition of the impact parameter 𝛥, the initial velocity 𝑣0, and the position
𝑥0 at some distance from Earth from which the calculations are started. The red vectors
are perpendicular to the radius vector 𝑅𝑃 and the line corresponding to 𝛥. With no
atmospheric friction, the impact parameter can be found from a specification of 𝑅𝑃
using energy and angular momentum conservation. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Jacchia modern atmosphere for two different thermospheric temperatures and
the Archean atmosphere with and without an extended H and He envelope. The
envelope density is scaled down by a factor of 0.1 to account for mass loss up to
1 Ga after the sun settled on the main sequence at zero age (ZAMS). The density
profiles are polynomial/exponential fits used in the trajectory simulations.

over velocity and size. The mass rate [kg/s] is obtained by replacing the
number density distribution with the mass density distribution 𝜌(𝑣, 𝑟𝑝) =
4∕3𝜋𝑟3𝑝𝜌𝑝𝑛𝑝(𝑣, 𝑟𝑝).

3. Atmosphere models

The lower atmosphere in the Archean below 100 km altitude had
a steeper density profile than the current atmosphere, due mainly to
the heavier gas mixture with the larger fraction of CO2 (Fig. 3), and
a temperature that was comparable to the current lower atmospheric
temperature. The upper atmosphere may have had a significant density
from a remnant hydrogen/helium envelope from the protosolar nebula
that had not yet dissipated fully after 1 Ga. This thin envelope could
be more dense than the current thermospheric/exospheric density by
two orders of magnitude or more, depending on height. The current
thermospheric density and temperature varies with geomagnetic and
solar activity, and can thus increase the capture rate of small MM
with higher temperature and density. The main differences between
the Archean and the Quaternary (current) atmospheric density profile
6

is that the current atmosphere has a larger density scale height of
the lower atmosphere (less steep gradient), but a more dilute upper
atmosphere (the thermosphere) with a more steep density profile as
shown in (Fig. 3). These differences create different temperature histo-
ries along the trajectories, given the same initial velocity and position
of the MM.

3.1. The modern atmosphere, including the thermosphere

For the current atmosphere we used the semi-empirical Jacchia-77
model (Jacchia, 1977) that has been used to predict satellite drag, and
which incorporates the thermosphere as well as the stratosphere and
mesosphere. The atmospheric density is dominated by nitrogen in the
lower layers, by mono-atomic oxygen in the lower thermosphere due to
photodissociation of O2, and by helium in the upper thermosphere. Hy-
drogen only has a small contribution. The gas density and temperature
in the thermosphere is sensitive to solar irradiation, and geomagnetic
activity. The global average temperature is about 1000 K (Emmert
et al., 2021), and for high geomagnetic activity levels, it can reach 2000
K at higher geographic latitudes larger than 30 degrees (Jacchia, 1977).
We chose 1000 K and 2000 K for the trajectory calculations.

For numerical purposes, one can interpolate in the Jacchia model
mass density to any height along the MM trajectory. However, a more
computationally efficient approach (speed is important due to the large
number of evaluations along the trajectory) is to fit the density profile
to a limited number of exponentials with different scale heights and
reference densities,

𝜌𝑎(𝑧) = 𝜌0𝑒
−𝑧∕𝐻𝑙𝑜𝑤𝑒𝑟 +

∑

𝑖
𝜌𝑖𝑒

−𝑧∕𝐻𝑖 , (12)

where the sum represents the fit to the thermosphere, while the first
exponential represents an approximation to the lower atmosphere. This
expression is evaluated every time step without interpolation (Fig. 3).

3.2. Archean atmosphere with extended hydrogen and helium exosphere

The composition of the Archean atmosphere is the most interesting
in the context of MM supplying carbon compounds before life emerged.
There is consensus in the literature that CO2 and N2 were the main
constituents in the lower atmosphere (e.g., Catling and Zahnle, 2020;
Kasting, 2014). Hydrogen was also contributing with larger number
density and larger scale height than CO2 from about 30 km above
the homopause (Zahnle et al., 2019). The hydrogen mixing ratio was
between 10−4 to 10−3 below 100 km altitude (Kasting, 2014).

The density profile in the lower atmosphere was generated using a
1D radiative-convective model with in the Platform for Atmosphere,
Land, Earth and Ocean (PALEO, https://github.com/PALEOtoolkit)
modeling framework (Eager-Nash et al. in preparation). The model
atmosphere extends to 80 km with a composition of N2, 10% CO2 and
0.18% CH4, using values from Catling and Zahnle (2020) for the begin-
ning of the Archean, with a surface pressure of 1 bar. Radiative transfer
was calculated using the Suite Of Community RAdiative Transfer codes
(SOCRATES), based on Edwards and Slingo (1996) and Manners et al.
(2017), with a convective adjustment based on Manabe and Strickler
(1964), with a pseudoadiabatic lapse rate. Tropospheric water vapor
decreases with pressure (Manabe and Wetherald, 1967) with a pre-
scribed surface relative humidity of 0.7. Above the tropopause, the
water vapor mixing ratio is fixed at the tropopause value. A Solar
constant of 75% of the modern value is used based on Gough (1981).

The content of hydrogen and helium in the exosphere out to several
Earth radii is highly uncertain. Despite thermal escape over time, it
is reasonable to assume that the old exosphere had elevated density
levels of hydrogen and helium, and could therefore collect more dust
due to a larger effective cross section. Recent exoplanet data show
low-mass planets possessing hydrogen dominated atmospheres accreted
from the protoplanetary disk. This proto-atmosphere is potentially lost

https://github.com/PALEOtoolkit
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at a rate that depends on the XUV luminosity of the young Sun, its
rotation rate and initial amount of accreted hydrogen. If the Sun was
a ‘‘rapid rotator’’, most of the hydrogen atmosphere could be removed
in about 400 million years, but for the ‘‘slow rotator’’ sceanrio with
lower XUV flux, 70% of the hydrogen atmosphere could remain at 1 Ga
after accretion from the proto-planetary disk was completed (Johnstone
et al., 2015).

Lammer et al. (2014) calculated the loss rates of hydrogen due
to the soft X-ray and extreme ultraviolet (XUV) flux of the young
Sun/star. It was found that ‘sub-Earth’ and Earth-mass planets can
lose their captured hydrogen envelopes by thermal escape during the
first 100 Myr after the protoplanetary disk dissipated. However, if
the protosolar nebula was sufficiently depleted of dust and the pro-
toplanetary luminosity was sufficiently low, it is possible that even
Earth-mass planets would keep their hydrogen envelopes for a much
longer time. Dust grains decouple dynamically from the gas and fall
towards the protoplanetary surface, reducing the dust contents and
opacity of the nebula so that the gas temperature and mass loss rate
are reduced. Temperature-, density profiles, and outflow velocities in
hydrogen envelopes that were exposed to 100 times higher XUV fluxes
relative to the current solar value were calculated by Lammer et al.
(2014). This corresponds to the situation 0.1 Ga after accretion was
completed. For an Earth-mass planet at 1 AU from the early Sun, the
hydrogen number density varied from about 4 × 1012 cm−3 at the base
of the thermosphere at a radius 𝑅0 = 1.15×𝑅𝐸𝑎𝑟𝑡ℎ, to about 107 cm−3 at
bout 10 𝑅0 (their Fig. 4). Most of the hydrogen was dissociated into
tomic hydrogen by XUV and EUV radiation.

We adopted the density profile of Lammer et al. (2014), and scaled
own this profile by a factor of 0.1 to account for a 90% mass loss
ver 1 Ga, up until the early Archean. This large reduction is within
he reported model variations and it is adopted to not overestimate
he effect of the envelope. The scaled hydrogen (H) density at the ho-
opause is then about 4×1011 cm−3. Some of the hydrogen should have

ssociated into H2 by 1 Ga, when the solar XUV flux had diminished to
bout 5-10 times the current value. A number density of 2 × 1011 cm−3

orresponds to complete association. Zahnle et al. (2019) discussed the
ydrogen escape rates with constraints based on the current Xenon
oncentrations, and hydrogen was now assumed to derive mostly from
ater, and not from accretion of gases from the protosolar nebula.
he H2 number density at the homopause in their nominal model with
0 times elevated XUV+FUV flux representing the early Archean, was
round 1011 cm−3, which is consistent with the hydrogen contents in
he scaled down model we adopt.

The full Archean total mass density profile (lower atmosphere and
pper hydrogen envelope) including the primordial fraction of helium
elative to hydrogen, was fitted with an exponential-algebraic function
f the form (12), and as shown in Fig. 3. A smooth transition was
rovided between the density profile for the lower atmosphere and the
nvelope density, at about 150 km altitude. This is obviously a crude
odeling approach, but it suffices to demonstrate the differences in the

apture rates of ‘‘cold’’ MM between Archean atmospheres with and
ithout a dilute envelope.

. Results

A number of velocity values 𝑣∞ were chosen according to Table 1
nd 15-30 trajectories in the range [𝛥𝑚𝑖𝑛, 𝛥𝑚𝑎𝑥] were calculated (in
ach atmosphere) for each population of given diameter, velocity and
aterial density. The range of impact parameters was such that 𝑅𝑢𝑝𝑝𝑒𝑟−

𝑅𝑙𝑜𝑤𝑒𝑟 was typically less than 100 km. A total of 1260 trajectories
were calculated to cover all cases in Table 1. The number of timesteps
for each trajectory was between 60 000 and 180 000, to obtain the
needed accuracy and numerical stability, and to follow the MM until
descent to the surface. The maximum temperature along the trajectories
was recorded. Fig. 4 shows a few trajectories of 100 μm cometary and
steroidal grains in the modern atmosphere, and the same color marks
7

t

the trajectory of a single MM trajectory with specified initial conditions.
All trajectories come in at the upper left in the figure. Some MM are
captured and some bypass the Earth on a hyperbola if the contact with
the atmosphere was at too large altitude.

4.1. Temperature histories

The temperature history as function of time is very intermittent
with sharp ‘‘spikes’’ when the MM trajectory crosses the atmosphere.
It is better to plot the temperature as function of velocity to compare
the trajectories. This also reveals the multi-skip character of the orbits.
Fig. 5 shows two examples of the trajectories of cometary and asteroidal
grains in the average modern atmosphere. The trajectories start with
low temperature set by solar radiation (lower right in the figure), and
then the velocity increases until the atmospheric friction starts to act.
The temperature increases to several hundred degrees. It decreases
again as the velocity is reduced by friction (paths in the counter-
clockwise direction). The grain can either escape, reaching the original
temperature, or re-enter the atmosphere again, producing one or more
heating events with successively lower velocity.

The maximum temperature is reached during the first pass, or in a
subsequent pass, depending on initial velocity, diameter, and material
density. The left panel in Fig. 5 for cometary grains shows that the
highest temperatures are reached at first contact, followed by a direct
descent. As the impact parameter increases, the maximum temperature
at first contact decreases, and the MM returns for a second contact
with a second temperature maximum (e.g., blue line). As the impact
parameter is increased further, a temperature maximum is reached at
first pass (here, around 600 ◦C) but the MM leaves the Earth on a
hyperbolic trajectory (orange, green, red and violet paths).

For the asteroid grain example shown in Fig. 5, right panel, it is seen
that the maximum temperature may occur in the final descent phase af-
ter several aerobraking events, rather than at first contact. For example,
the trajectory marked with a turquoise line show two encounters with
the atmosphere, before the final descent where maximum temperature
is reached at about 350 ◦C.

4.2. Statistics of peak temperatures

The maximum temperature was recorded for each trajectory that
led to descent to the surface of the Earth. These maximum temperatures
are plotted as a function of fractional cross section in Figs. 6 and 7. The
fractional cross section 𝑎𝑖 is the relative cross section of an annulus with
outer radius 𝛥∗

𝑚𝑎𝑥 and inner radius 𝛥𝑖,

𝑎𝑖 = 2(𝛥∗
𝑚𝑎𝑥 − 𝛥𝑖)∕𝛥∗

𝑚𝑎𝑥, (13)

where 𝛥𝑖 is the smaller impact parameter and 𝛥∗
𝑚𝑎𝑥 is the maximum

impact parameter that leads to capture. The total cross section of
all captured MM is given by 𝜋(𝛥∗

𝑚𝑎𝑥)
2. A lower value of the impact

parameter 𝛥𝑖 corresponds to a larger cross sectional area of the annulus
and a higher value of 𝑎𝑖.

The maximum temperature over all trajectories with impact param-
eters in the range [𝛥𝑖, 𝛥∗

𝑚𝑎𝑥] usually occurs for 𝛥𝑖 that corresponds to
entry into the deepest layers of the atmosphere at first impact. Hence,
trajectories entering in the fractional cross section 𝑎𝑖 corresponds to
heating below the temperature 𝑇𝑚𝑎𝑥(𝛥𝑖). In other terms, the probability
of heating below 𝑇𝑚𝑎𝑥(𝛥𝑖) is equal to the fractional cross section 𝑎𝑖. The
ncoming mass flux to the top of the atmosphere for a certain grain
opulation (of a given grain size and geocentric velocity) can then be
caled with this probability to obtain the corresponding mass flux to
he surface.



Icarus 410 (2024) 115908R. Skartlien et al.
Fig. 4. Orbits of 100 μm MM grains in the modern (Quaternary) atmosphere. Left: cometary grain, Right: asteroidal grain. The thermospheric temperature was set to 1000 K,
representing the average temperature. The incoming section of the MM orbit (top left) is generally hyperbolic relative to the Earth, and the variation of the impact parameter
in the incoming trajectory is very slight (and invisible in the plots). For capture to occur, the orbit must become elliptical after the first encounter with the atmosphere. Each
trajectory is marked with a unique color, here displaying one- or two-skip orbits. Some trajectories remain hyperbolic with lowered energy and the MM escapes the Earth after
being slightly heated. The distance is in units of Earth radii.
Fig. 5. Examples of velocity–temperature histories, corresponding to Fig. 4, and using the same color coding. Left: Cometary grain. Atmospheric entry at the highest altitudes
generates one-skip trajectories (blue and turquoise) with highest temperature (about 650 ◦C) in the first pass, and 250–300 ◦C in the second pass. Lower entry altitudes generates
direct descent with higher temperatures above 700 ◦C. Right: Asteroidal grain with two-skip trajectories (e.g., turquoise, light green and gray), now with the last descent phase
giving the higher temperature in some cases. Again, lower entry altitudes generates direct descent (blue) with higher temperatures, here above 500 ◦C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
Cometary grains. All the results for cometary grains are shown in Fig. 6.
Most cometary grains experienced the highest temperature in the first
pass due to their relatively high geocentric velocities, and the maximum
temperature curves were monotonically increasing as function of in-
creasing fractional cross section, as the MM entered at lower altitudes.
There is typically a linear trend in the curves (exponentially increasing
on the log-plots), and then a logarithmic trend (linear on the log-plot)
for the higher maximum temperatures.

The smaller grains at 20 μm may have experienced surprisingly low
maximum temperatures from below 200 ◦C in the modern atmosphere
(upper row). The cross sectional fractions, or capture probability, was
1%–4% for maximum temperatures below 500 ◦C for the 20 μm grains,
depending on geocentric velocity. For 100 μm grains, only the lowest
velocity of 12 km/s produced temperatures below 500 ◦C. The ther-
mospheric density is higher for higher thermospheric temperature, but
this had a relatively small effect (by comparison of the left and right
panels in the upper row). The reason for this is that the thermospheric
friction does not produce a large reduction of orbital energy during
the small number of orbits in the dilute thermosphere, and the main
8

heating occurs in the lower atmosphere. There was however a small
shift of the curves to lower maximum temperatures for higher thermo-
spheric temperature due to increased mass density and friction in the
thermosphere.

For the Archean atmosphere without an envelope (lower left panel),
the cometary particles descended mostly in a direct trajectory as for
the current atmosphere, but the maximum temperatures were overall
larger. This is because the Archean lower atmosphere has a smaller
density scale height than the modern one, and the frictional heating
occurred over a smaller time interval.

The situation is different with an envelope (lower right panel).
First, the grains decelerated in the extended envelope at quite low
temperature (Fig. 8), and then they descended at a higher temperature
in the lower atmosphere. Here, the smallest cometary grains maintained
a low temperature around 300 ◦C for the smaller 𝑎𝑖 (the larger impact
parameters). For higher 𝑎𝑖, the grains performed a direct descent and
the maximum temperature increased monotonically with smaller im-
pact parameter. The curves in lower left panel in Fig. 6 are then not
monotonically increasing, and typically there is a temperature plateau
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Fig. 6. Cometary grains in different atmospheres. Average modern atmosphere with a thermospheric temperature of 1000 K (upper left) and 2000 K (upper right). Archean without
envelope (lower left), and with envelope (lower right). The first point to the left on all curves are for zero area (corresponding to 𝛥𝑖 = 𝛥∗

𝑚𝑎𝑥) is arbitrarily set to a small value of
0.01, to comply to the log-plot.
due to heating in the final descent phase (the smaller 𝑎𝑖), and then
a monotonically increasing maximum temperature for direct descent
trajectories. The temperatures stayed below 500 ◦C for fractional cross
sections up to 1%–6%, depending on geocentric velocity between 18
and 12 km/s. The area fractions were lower and below 1.5% if the
Archean had no envelope (lower left panel). Hence, there is a factor
of 5-6 increase of the capture rate of these low temperature MM if
an Archean envelope was present. However, it must be noted that the
cross sectional fractions for heating below 500 ◦C in the Archean at-
mosphere with envelope are comparable to the fractions in the modern
atmosphere (upper right, versus lower right panels).

None of the 100 μm cometary grains stayed below 500 ◦C for the
Archean atmosphere, in contrast to the modern atmosphere. The reason
for this is that the larger grains are less affected by friction if an
envelope was present, and the grains are heated mainly in the lower
atmosphere. The scale height is smaller there than for the modern
atmosphere, and hence the heating pulse has a shorter duration with
higher temperature to dissipate the same amount of kinetic energy.

Asteroidal grains. The asteroidal grains (Fig. 7) have smaller geocentric
velocity than the cometary grains (on the average), resulting in more
9

complex trajectories and multiple aerobraking events with temperature
maxima that could occur in the final descent phase, (as shown in the
right panel in Fig. 5). Again the curves display a temperature plateau
from heating in the final descent phase, and then a monotonically
increasing maximum temperature due to direct descent heating.

All the 300 μm asteroidal grains were heated to above 500 ◦C,
regardless of the type of atmosphere. These grains are unmelted, but
the temperature is high enough to break down any amino acids. The
100 μm grains stayed below 500 ◦C for cross sectional fractions below
0.3% for the modern atmosphere (upper row). Again, there was not a
dramatic difference with variation of the thermospheric temperature.
The cross sectional area for the same temperature limit was below
0.2% for the 100 μm grains in the Archean without an atmospheric
envelope, but nearly all 100 μm grains were heated above 500 ◦C, with
an envelope. It is surprising that 300 and 100 μm grains were heated to
higher temperatures with an envelope added (lower left vs lower right
panels). This is because the envelope decelerates the 100 and 300 μm
grains so that the lower atmosphere is entered at a steeper angle.

In contrast, the 20 μm grains could be heated to very low maxi-
mum temperatures with relatively high probability with an Archean
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Fig. 7. Asteroidal grains in different atmospheres. Average modern atmosphere with a thermospheric temperature of 1000 K (upper left) and 2000 K (upper right). Acrhean
without envelope (lower left), and with envelope (lower right).
envelope. The probability for temperatures below 500 ◦C was 7%–8%
(lower right) for the 3 km/s case, and this was the largest relative
cross section of all cases studied. Many of these trajectories correspond
to the multi-skip variety with the mentioned ‘‘temperature plateau’’,
where the deceleration in the envelope is important. The probability
was about 1% without an envelope (lower left, red line), where most
trajectories corresponded to direct descent.

The 20 μm grains could also experience very low maximum tem-
peratures between 150 and 200 ◦C in the modern atmosphere, up to
probabilities of 0.6% depending on thermospheric temperature. This
will indeed preserve the amino acids, but then with relatively low
probability. For the same grains, the temperatures stayed below 500 ◦C,
with a probability below 3% for 3 km/s geocentric velocity, and about
1.5% for 7 km/s geocentric velocity.

5. Discussion

The current mass flux that will interact with the atmosphere is
about 600 tons/year (6 ×105 kg/year) in the mass range 10−7 to
10−8 g, corresponding to diameters of 10-20 μm (Flynn et al., 2004;
Love and Brownlee, 1993). We found that the cross sectional area
10
fractions corresponding to low temperature for these grains is 1%–4%
in the modern atmosphere, depending on geocentric velocity. If we
can assume an average probability of 2% over all velocities, only 12
tons/year of MM in this size range is heated to less than 500 ◦C. This
is significantly less than the estimate of Flynn et al. (2004) of about 70
tons per year in the same size range and for temperatures below 600 ◦C.
The total organic content is at least 3%–4% according to Flynn et al.
(2004). This implies only about 0.5 tons of preserved organics per year,
carried by of 10-20 μm MMs through the current atmosphere. Anders
(1989) estimated that only 6×10−3g∕cm2 of intact organic carbon would
accumulate in 108 yr (0.1 Ga) from small grains, at present rates.

The situation may have been more favorable in the Archean with
capture probabilities up to 8% for small asteroidal grains provided that
the atmosphere had an extended envelope. Elevated capture probability
in combination with higher dust density by a factor of at least 100 after
the late heavy bombardment would elevate the mass flux accordingly. It
is still uncertain if the material would provide sufficient concentration
of amino acids in water to be of significance to the formation of life.
Pooling and sedimentation of this material could be possible over long
periods of time, but it is uncertain if stable conditions would prevail
long enough to accumulate sufficient material locally over the required
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Fig. 8. 20 μm cometary grains with low heating in the Archean atmosphere with envelope. Left: Temperature histories. The blue and orange lines (near 250 ◦C maximum
temperature) represent direct descent. Some orbits with smaller impact parameters and higher temperature are not shown. The violet track marks a transition to orbits with descent
at second contact after coming back from an orbit around the Earth. The temperature plateau for the lower area fractions in the lower right panel in Fig. 6, corresponds to the
group of orbits with max temperature of near 300 ◦C during second contact. Right: Corresponding orbits. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
timescales on the order of 108 yr. More research on local accumulation
effects in the Archean would be needed to determine if sufficient con-
centrations of amino acids could be obtained for life synthesis. Three
plausible mechanisms for further investigation are suggested. (1) Wind
trapping is proven to concentrate MM in Antarctica after being released
from ice, and 100 μm particles can be trapped in depressions or eddies
behind rocks. Urban micrometeorites are also subject to wind trapping
effects on flat roofs, with increased concentration along edges and in
corners. (2) Ice trapping effects. Dust that falls on the Greenland ice
for a few thousand years moves to the warm ice margin where it melts
and leaves MM dust concentrated by many orders of magnitude. This is
an efficient process that could have happened in the Archean, but also
at the end of the Snowball Earth/Cryogenian era about 700-650 Myr
ago. (3) Ocean current winnowing. MM particles on the ocean floor
are much larger than the sub-micron clay particles that dominate deep
ocean sediments, and ocean currents could have provided winnowing
effects that made outcrops of MMs. This might have been prominent on
an early Earth with reduced land mass.

We speculate that larger meteorites in the Archean were an equally
probable transport mechanism, since they could deliver larger local
surface concentrations of amino acids. Furthermore, impact in shallow
seas offers a promising scenario that could limit the impact heating,
while at the same time deliver higher concentrations of meteoritic
material directly in water. On the other hand, larger meteorites or
fragments thereof sink to the ocean floor where they may become
covered with hydrated silicate sediment and become isolated with their
relatively small area/mass ratios. Chyba et al. (1990) estimated that
during the heavy bombardment of the inner solar system, that started
about 4 Ga ago, the Earth could be accreting 106 to 107 kg/yr of intact
organic material by comet impact if the Earth had a CO2 atmosphere
with 10 bar ground pressure. Only 1% of this material was taken to
be amino acids, based on carbonacious chondrite abundances. Impact
velocities in the ocean had to be low enough to permit organics to
survive heating below 1800 K for less than a second (below about
9 km/s), and the dominating mass flux was due to 100-200 meter
cometary objects. Most current models for Archean atmospheres have
a much lower ground pressure around 1 bar, and the corresponding
infall rate of intact amino acids was therefore probably lower due less
friction and higher ground impact velocities. Chyba et al. (1990) found
that comets or asteriods as small as 100 meters could not be aerobraked
to impact velocities less than 10 km/s in a 1 bar CO atmosphere.
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Infall of meteorites and smaller particles could therefore have been be
the main source of intact amino acids in these lower density Archean
atmospheres, rather than larger objects.

Organic compounds may also have accumulated on the primitive
Earth via other mechanisms including atmospheric synthesis and deep-
sea hydrothermal vent synthesis (Cleaves, 2012), and abiotic synthesis
of amino acids in the oceanic lithosphere (Ménez et al., 2018). This
raises the question of the relative significance of the various endoge-
nous sources in comparison to exogenous delivery by meteorites and
micro-meteorites.

The time frame for prebiotic chemistry is uncertain. There are indi-
cations of isotopically light carbon in 3.7 Ga sedimentary rocks (Ros-
ing, 1999; Catling and Zahnle, 2020), and prebiotic chemistry relevant
for life could therefore have occurred already in the Hadean (from solar
system formation at 4.567 – 4.0 Ga), after a few 100 My after a Moon
forming impact.

The origin of the proposed hydrogen envelope is highly uncertain.
An alternative scenario would be a steady-state source–sink balance
between tectonic degassing and hydrogen escape. Zahnle et al. (2019)
discussed the associated hydrogen escape and constraints based on the
current Xenon concentrations, and found an escape rate of 1.9 × 1014

mol H2 yr−1 at the homopause, at 82% of the diffusion-limited flux,
whereas higher H2 atmospheres, including the cases considered by Lam-
mer et al. (2014) and Johnstone et al. (2015), escapes by radiative
heating (energy input from FUV/XUV photons vs. energy needed to lift
hydrogen out of the potential well). The mass of a high H2 atmosphere
will (using a rough approximation to the numbers in Zahnle et al.
(2019), Fig. 5, where 𝑆 is XUV + FUV fluxes relative to the modern Sun)
decrease linearly at ∼ 8×1014 mol H2 (𝑆∕10) yr−1, or 1 Earth ocean per
100 (𝑆∕10) My, suggesting a short-lived transient H2 envelope in this
scenario, until a steady-state balanced by tectonic inputs is reached. It
is also noted that impact degassing is a possible additional source of H2
atmospheres (e.g., Schaefer and Fegley, 2010).

An important aspect is radiative degradation of amino acids in space
over long time periods (Kobayashi et al., 2021), and shielding becomes
ineffective in the X-ray range for sub-millimeter meteoritic grains. Once
the grains are released from the parent body, they are exposed to
radiation, and the probability of bond breaking in amino acids increases
with time. Ions from the solar wind may also have contributed to degra-
dation. Iglesias-Groth et al. (2011) found that the 20 proteinaceous
amino acids can survive relatively large amounts of gamma radiation
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doses of 14 MGy delivered by the decay of radionuclides during the
lifetime of the Solar system, at a depth of 20 m or more of the parent
object. The contribution from cosmic rays to this total dose is negligible
at these depths because of shielding.

The analysis of Flynn et al. (2008) indicate that organic matter may
still survive exposure to radiation in the inner Solar System for 20,000
to 100,000 years in particles as small as 10 μm. However, depending on
energy, X-rays may have a characteristic penetration depth much larger
than a micron, and hence small grains with diameter below 100 μm are
subject to penetrating radiation, and the probability of bond breaking
determines the survival probability of amino aids over a long time.

The solar X-ray and XUV flux in the Archean in the wavelength
range 1-960 Å was about 5-10 times larger than the current value (John-
stone et al., 2015), or about 0.01 W∕m2 at 1AU. At 1 Å, or energies on
the order of 10 keV, the penetration depth is about 100 μm in meteoritic
material (Uesugi et al., 2010). For 30 Å or energies on the order of 400
eV, the penetration depth is about 0.1 μm, and would be insignificant
for a 10 μm MM. Intermediate energies would be able to degrade amino
acids in a large fraction of the volume of MM with diameters less than
100 μm, and Zubavichus et al. (2004) studied the decomposition of
amino acids for soft X-rays up to about 500 eV.

The average irradiation in the Archean was in the range 10−4 to
10−3 W∕m2∕nm in the X-ray to XUV range (Cnossen et al., 2007). This
corresponds to about 5–50 interactions over the cross section of a 20 μm
diameter MM, per second, per nm, near an X-ray photon energy of
10 keV, at 1 AU distance from the young Sun. If 1% of the volume
was organic matter, it would be exposed to roughly 1-10 hard X-ray
photons per second (and more for softer X-rays). The molar mass of
amino acids is on the order of 100 g/mol, and if we can assume that
1 wt% of a 20 μm MM was amino acids, then 10−8 g or 6 × 1013

amino acid molecules would be exposed to 1-10 X-ray photons per
second. Over 100 000 years, this would be 3–30 × 1012 X-ray photons,
comparable to the number of amino acid molecules in the same MM.
Furthermore, variability of the early Sun in the form of flares would
elevate both the X-ray and gamma ray fluxes to much higher levels,
but over limited time intervals (a factor of 10 intensity increase for
events lasting only a few hours for the current Sun). Possible amino
acid degradation via ionization or oxidation effects subject to the X-ray
flux in the Archean should be examined closely to determine if the these
grains could preserve intact amino acids over timescales of at least 100
000 years after release by the parent object.

The maximum temperature of the MM’s during the flight through
the atmosphere depends on their heat capacity. The effective heat
capacity per volume unit is lower for higher porosity, and so cometary
grains may be heated to higher temperatures than solid chonditric
material for the same size and frictional heat input. Hence, our tem-
perature estimates are ‘‘best case scenarios’’ for the cometary grains, as
we assumed the same heat capacity as for chonditric material. Likewise,
the heat conduction coefficient is also uncertain for heterogeneous
and porous material. However, the conduction timescale is probably
short enough so that isothermal conditions is a reasonable assumption
for the size range of MM we have studied, and ‘‘thermal shielding’’
of the interior would be inefficient. Further complications include
situations where there are phase changes that include dehydration
of phyllosilicates and sublimation of organics. These processes act as
heat sinks before melting silicate components with the lowest melting
point. Aerobraking trajectories minimize 𝑇𝑚𝑎𝑥 but they also increase the
heating duration that may influence the effect of heat sinks due to phase
changes.

Aerobraking trajectories are sensitive to the density profile above
150 km, as shown by the varying results for the different atmospheric
density profiles shown in Fig. 3. Small friction in higher atmospheric
layers above 200 km at first pass may be enough to capture some
MM in elliptical orbits for subsequent aerobraking to occur, thereby
increasing the ‘‘cold capture’’ probability. The density profile of the
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current atmosphere is dependent on the thermospheric temperature
that varies with solar activity. The solar activity level was higher and
more variable in the Archean and the higher average X-tay flux was
accounted for in the model for the hydrogen and helium envelope.
Short-time variation of the solar flux was however not considered.
Elevated densities and therefore larger cold capture probabilities than
those calculated could have occured intermittently also in the Archean.

Of effects that could influence entry speeds of asteroidal grains and
comet dust are circularization due to the Poynting Robertson (PR) effect
and orbit perturbations due to Jupiter (Yang and Ishiguro, 2018). We
implemented geocentric velocities from Jackson and Zook (1992) that
accounted for radiation pressure, PR-drag and solar wind. Nesvorny
et al. (2010) argued for relatively low atmospheric entry speeds of
100 μm JFC cometary and asteroidal grains with average values of
14.5 km/s, and 12.5 km/s respectively. For 200 μm diameter, the
majority of JFC cometary grains and asteroidal grains had entry speeds
in the 11.2–15 km/s range (implying near zero geocentric velocity
at large distance from the Earth). The reason for the relatively low
entry speeds in their model was PR drag which circularized the orbits
before reaching the Earth. These estimates are lower than the values
we implemented from Jackson and Zook (1992) (adding 11.2 km/s to
the geocentric values in the values in Table 1.)

6. Conclusion

A numerical study was performed for MM with low entry heating
in the modern (Quaternary) and Archean atmospheres. Cometary and
asteroidal grains in the range 20–300 μm were considered, with geo-
centric velocities in the range 12–18 km/s for cometary grains and
3–7 km/s for asteroidal grains. The main result is that delivery of
intact amino acids from space via small grains near 20 μm was possible
in the Archean atmosphere with elevated probability for asteroidal
grains or comparable probability for cometray grains, (relative to the
Quaternary atmosphere) provided that the Archean atmosphere had
a dilute hydrogen and helium exosphere. The capture probability for
heating to less than 500 ◦C for asteroidal grains was about twice the
value obtained for the Quaternary atmosphere, with a probability of
about 8% for a geocentric velocity of 3 km/s, and lower probability for
higher velocity. Smaller grains were more affected by the drag force
in the envelope and the velocity was reduced more before entering the
lower atmosphere, limiting the heating there. Small cometary grains of
20 μm could be heated to maximum temperatures below 500 ◦C with a
probability of about 6% for a geocentric velocity of 12 km/s, and lower
probability for higher velocity. If the Archean atmosphere did not have
a remnant envelope, these probabilities were below 1.5%, less than for
the Quaternary atmosphere.

The Jacchia-77 model (normally applied to calculate the effects of
satellite drag) was used for the modern (Quaternary) atmosphere, and
the thermospheric temperature was varied from average to elevated
values during higher solar and geomagnetic activity. Increased thermo-
spheric temperature corresponds to higher thermospheric density and
larger drag. Increased temperature and density in the thermosphere
lowered the maximum temperatures of the MM only slightly. We
found very low maximum temperatures in the range 150–200 ◦C, for
20 μm asteroidal and cometary grains in the Quaternary atmosphere for
trajectories entering at the highest altitudes, but the capture probability
in this temperature range was typically less than 0.3%. The 100 μm
asteroidal grains were heated to less than 500 ◦C with probability
of 0.3%. These values are consistent with Farley et al. (1997) which
estimated that less than 1% of all MM are heated to less than 600 ◦C
in the modern atmosphere.

It is important to note that larger grains have smaller probabilities
of low heating in general, but their larger volume may compensate such
that comparable amounts of intact amino acids could potentially be de-
livered from larger grains. However, there is a cutoff value where large
grains will be heated to above pyrolysis temperature (corresponding to

zero cold capture probbaility). For example, all the 100 μm cometary
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grains were heated to above 500 ◦C for the Archean atmosphere. Hence,
he exact amounts of intact amino acids delivered to the surface of the
arth depends on the grain size distribution weighed against the cold
apture probabilities.

It is however too early to conclude with regards to the role of MM
ith respect to the origin of life on Earth. A closer look at radiative
egradation in space of amino acids in small grains is encouraged, since
he X-ray flux from the Sun in the early Archean was 5-10 times larger
han it is today (e.g., Johnstone et al., 2015), and smaller grains with di-
meters below about 100 μm may not have provided efficient long-time
hielding against radiation energies above a few hundred eV. Another
ottle neck that needs further attention is that local accumulation of

intact extraterrestrial amino acids from micrometeorites in water could
have been insufficient in order to reach critical concentrations for life to
form, both due to the limited influx rate and the need for environmental
and geological stability so that local accumulations could be preserved
for sufficiently long times.
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Appendix. Sublimation thermodynamics, vapor pressure, and a
clarification

A generalized form for the sublimation rate (3) can be achieved
by accounting for the fractal dimension of the grain (Krivov et al.,
1998), resulting in a scaled evaporation constant 𝐶𝑒 (the value in (4)
represents the special case of a spherical grain). The saturation vapor
pressure is in general (Krivov et al., 1998)

𝑝𝑣 = 𝑝0 exp
(

−
𝑀𝑚𝑢𝐿𝑣
𝑘𝐵𝑇

)

≡ exp
(

−𝐵
𝑇

+ 𝐴
)

. (14)

he latter traditional form is given in terms of the Antoine coefficients
and 𝐵, and we note that 𝑝0 = 𝑒𝑥𝑝(𝐴). The majority of stony meteorites

re chondrites consisting of cemented granules of chondrules and we
dopted A and B values for meteoritic stone as given by Öpik (1959).
e could not find updated values in the literature, and most work on
M entry adopt these values.

There has been a fair amount of confusion in the literature regarding
he use of different units for the pressure (SI or cgs) and type of
ogarithmic base (natural or base 10). The source of the problem is that
he Antoine coefficient 𝐴 must be supplied with this information, and
his is rarely the case. If the units and logarithmic base are unspecified,
he corresponding numerical value of the scaling factor 𝑝0 remains
rbitrary, which is obviously a potential source of grave error. The
apor pressure formula by Öpik (1959) is in terms of the base 10
ogarithm and in dynes per square centimeter (cgs units),

𝑜𝑔10(𝑝𝑣) = 10.6 − 13500∕𝑇 (d∕cm2, cgs). (15)

o convert from cgs units to SI, with 0.1 Pascals for 1 dyne/square
entimeter, one obtains

𝑜𝑔10(𝑝𝑣) = 10.6 − 1.0 (N∕m2, 𝑆𝐼) − 13500∕𝑇 (N∕m2, 𝑆𝐼). (16)

enge (2017) used in fact A = 9.6, and B = 26700 based on a range
f values given in Love and Brownlee (1991), but apparently the
xponential form (or natural logarithm) was used rather than base 10.

To convert to the exponential form (14) in SI,

𝑛(𝑝𝑣) = 2.3(10.6 − 1.0 − 13500∕𝑇 ) = 22.08 − 31050∕𝑇 (17)

sing 𝑒2.3 = 10. The value B = 31050 K corresponds to a mean molecular
eight of 42.7 using Öpiks value for the latent heat of 𝐿𝑣 = 6.05e6J/kg,
nd Genge (2017) used a molecular weight of 45. We used this B-value
nd A = 22.08 in the exponential form (14) to generate the same vapor
ressure as Öpik.

For amino acids, B is in the range 13-16000 K and A is in the range
1-37 ((Volkova et al., 2015), in SI and exp-form). However, the amino
cids are embedded into the MM material and values for pure amino
cid would probably produce too high vapor pressures and would not
e representative for sublimation of amino acids from MM material. For
ure carbon, 𝐴 = 36 and 𝐿𝑣 = 7.27e7 J/kg giving B = 104940 K, and
or silicate, 𝐴 = 30 and 𝐿𝑣 = 7.12e6 J/kg giving B = 57383 K (Kimura
t al., 1997) (both in SI and exp-form).
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