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Spectroscopic signatures of water and hydroxyl radicals have 
been observed on the surfaces of asteroids1–3. As the lifetime 
of the exposed water ice is on the order of 104 to 106 yr in the 
inner asteroid belt4, there must be mechanisms to replenish 
the water in the absence of recent ice-exposing processes. 
However, such regenerative water-ice sources on asteroids 
are still elusive. Here we perform laboratory experiments by 
exposing the samples of the Murchison meteorite to energetic 
electrons and laser irradiation, simulating, respectively, the 
secondary electrons generated by the solar wind as well as 
galactic cosmic ray particles and the micrometeorites impact-
ing on an asteroid. We find that a single simulated space-
weathering component is insufficient and both are needed 
to regenerate water at low temperatures at the desired tim-
escales. We propose that two main mechanisms can be the 
source of surface water on asteroids: low-temperature oxida-
tion of organics and mineral dehydration.

We study the effect of space weathering on asteroid surficial 
water signatures by simulating the effect of cosmic rays and micro-
meteorites in laboratory conditions on a sample of the Murchison 
meteorite. Previous studies that used laser irradiation as a proxy 
of micrometeorite bombardment5,6 and 40 keV He+ and Ar+ ions 
to simulate solar wind irradiation7 observed only a final depletion 
of surface water and/or hydroxyl groups6–8, leaving the question 
of the source of water signatures on asteroids open. To simulate 
space weathering, our experiments were conducted in an ultra-
high vacuum (UHV) surface-science machine operated at a base 
pressure of a few 10−11 torr (a few 10−14 bar). Murchison meteorite 
powder was pressed onto a polished silver substrate and cooled in 
separate experiments to 5.5 ± 0.2 K and 150 ± 0.2 K, which represent 
the temperature limit allowed by our instrument and the charac-
teristic equatorial temperature of asteroids9, respectively. The low 
temperature is comparable to the extreme temperatures in lunar 
permanently shadowed regions below 20 K, which may also exist 
on asteroids. These samples were irradiated: (1) by energetic elec-
trons to simulate the cascade of secondary electrons generated by 
charged particles—primarily protons—from the solar wind and 
galactic cosmic rays while penetrating solids10; (2) by a pulsed infra-
red laser (see Methods) to create rapid thermal events with a maxi-
mum temperature exceeding diurnal temperatures, and similar to 
those experienced during micrometeorite impact events5,6,11; and (3) 
both irradiation sources simultaneously (Supplementary Table 1). 
After the irradiation, the samples were heated at a rate of 1 K min−1 

to 300 K defined as temperature-programmed desorption (TPD). 
During the experiments, the mineral samples and the gas phases 
were monitored via in situ Fourier-transform infrared (FTIR) spec-
trometry and by an on-line quadrupole mass spectrometer (QMS), 
respectively (see Methods). FTIR and QMS data from irradiation 
experiments were compared with data for blank experiments to 
assess the generation of molecular species (see Methods).

Characteristic infrared absorptions of the Murchison mete-
orite connected to hydrated phyllosilicates—oxygen–hydrogen 
(O–H) stretches at 2.73 µm (3,660 cm−1) and 2.94 µm (3,400 cm−1) 
and silicon–oxygen (Si−O) stretches at 9.09 µm (1,100 cm−1) and 
9.90 µm (1,010 cm−1)—and organics—carbon–hydrogen (C–H) 
stretches at 3.38 µm (2,955 cm−1), 3.42 µm (2,922 cm−1) and 3.51 µm 
(2,848 cm−1)—were observed before the irradiation (Fig. 1)6,7. 
Minor differences were observed in the infrared spectra of unirra-
diated samples due to meteorite heterogeneity. After the irradiation 
by electrons or by the laser, no remarkable changes were observed 
in the infrared spectra at 5 K and 150 K. Previous studies of single 
irradiation experiments on Murchison samples also identified unre-
markable changes or an increase in organics6–8.

Simultaneous irradiation with energetic electrons and the laser, 
however, led to the observable degradation of organics (at 5 K and 
150 K) and phyllosilicates (at 150 K) as evident from the decline 
of absorptions of C–H stretches at 3.38 µm (2,955 cm−1), 3.42 µm 
(2,922 cm−1) and 3.51 µm (2,848 cm−1), and the Si–O stretch at 
9.90 µm (1,010 cm−1) (Fig. 1). Simultaneously, strong absorptions 
emerged at 2.96 µm (3,380 cm−1), 4.49 µm (2,225 cm−1), 6.11 µm 
(1,637 cm−1) and 4.27 µm (2,341 cm−1), which can be assigned to 
the O–H stretch of water (ν1/ν3(H2O)), the silicon–hydrogen stretch 
(ν(Si−H)), the bending of water (ν2(H2O)), and the asymmetric 
stretch of carbon dioxide (ν3(CO2)), respectively7. These effects are 
especially remarkable in the 150 K irradiation experiment. In par-
ticular, the ratio of the two new peaks at 2.96 and 6.11 µm agrees 
well with those of solid water-ice12. Figure 2 depicts the tempo-
ral evolution of the integrated areas of organics as monitored via 
the decay of the C–H stretches at 3.38 µm (2,955 cm−1), 3.42 µm 
(2,922 cm−1) and 3.51 µm (2,848 cm−1), and the formation of water 
and carbon dioxide during the irradiation. The decay of the C–H 
stretches of the organics and the concurrent growth of water and 
carbon dioxide were fit via first-order kinetics with rate constants 
of (1.4 ± 0.2) × 10−4 s−1, (9.8 ± 1.4) × 10−4 s−1 and (2.0 ± 0.5) × 10−4 s−1, 
respectively13. After the TPD, a small amount of residual water was 
observed in the infrared spectrum of the sample irradiated at 150 K. 
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The shifts of the Si−O peaks are probably due to a phase change of 
the silicates14.

Having analysed the evolution of the organics, water and carbon 
dioxide via infrared spectroscopy, it is central to relate these find-
ings to the mass spectroscopic analysis of the samples during the 
exposure to radiation and the TPD phase. During the irradiation 
phase, no radiation-generated products are released from the min-
erals into the gas phase, which suggests that the newly formed mol-
ecules either remained within the minerals or existed on the surface 
as ice, for example, as the water and carbon dioxide ices detected 
using FTIR spectrometry (Fig. 1). However, during the TPD phase, 
the samples exposed to simultaneous charged-particle irradiation 
and heating via energetic-pulse-laser irradiation release water and 
carbon dioxide, as detected in the gas phase via their molecular  

parent ions at m/z = 18 (H2O+) and m/z = 44 (CO2
+) (Fig. 3), where 

m/z is the mass-to-charge ratio.
For the sample that was dual irradiated at 5 K, the TPD profile 

of CO2 depicts three maxima, while two peaks are observed for 
water (Fig. 3). The three desorption peaks in the range of 82–110 K,  
135–165 K and 172–235 K are attributed to separate CO2 desorption, 
molecular volcano desorption of CO2 as a result of the phase change 
of water15, and co-desorption of the trapped CO2 with water, respec-
tively16. The temperature ranges are 15–20 K higher than those of 
the pure binary CO2 and water ices, which is probably due to the 
molecular interaction between the water and carbon dioxide and 
between the water and carbon dioxide and silicates. The co-desorp-
tion of CO2 with water (160–235 K; Fig. 3) is also observed in the 
TPD phase of the sample irradiated at high temperature. It should 

2.50 3.33

ν(O–H) ν(C–H)

ν(O–H) ν(C–H) ν(O–H) ν(C–H)

ν(O–H) ν(C–H)

ν(O–H)

ν1/ν3(H2O)

ν1/ν3(H2O)

ν2(H2O)

ν(C–H)

ν(O–H)
ν(C–H) ν(O–H) ν(C–H)

ν(Si–O)

ν(Si–O) ν(Si–O)

ν(Si–O)
ν(Si–O)

ν(Si–O)

ν(Si–O)

ν(Si–H)

ν3(CO2)

ν3(CO2)

ν(Si–O)

5.00 10.00 2.50 3.33 5.00 10.00

0

0.025

0.050

a

b

4,000 3,000 2,000 1,000 4,000 3,000 2,000 1,000

0

0.025

0.050
0

0.025

0.050

0

0.025

0.050

2.50 3.33 5.00 10.00 2.50 3.33 5.00 10.00

0

0.05

0.10

0.15

4,000 3,000 2,000 1,000

0

0.05

0.10

0.15
0

0.05

0.10

0.15

0

0.05

0.10

0.15

4,000 3,000 2,000 1,000

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (µm)

Wavelength (µm)

Wavenumber (cm–1)

Wavenumber (cm–1)

A
bs

or
ba

nc
e 

(a
.u

.)

iv

iii

iii

iv

iii

iii

Fig. 1 | Infrared absorption spectra of the Murchison meteorite. a,b, Spectra taken before the irradiation, after the irradiation and after the completed TPD 
phase are coloured in black, red and blue, respectively. Infrared spectra were acquired for four separate irradiations: blank (top left), electron exposure 
(top right), carbon dioxide laser exposure (bottom left) and electron and carbon dioxide laser exposure (bottom right). Each experimental simulation was 
carried out at two temperatures: 5 K (a) and 150 K (b). All spectra are baseline corrected.
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be highlighted that an irradiation of the Murchison samples with 
only energetic electrons or the laser does not reveal any noteworthy 
ion counts of subliming molecules. These findings are consistent 
with the results of the infrared spectroscopic analysis, which show 
that only a simultaneous space weathering of the Murchison sam-
ples with proxies for charged particle and micrometeorite impact 
bombardment lead to the degradation of organics and concurrent 
formation of carbon dioxide and water.

We attempt to explain the underlying degradation and formation 
mechanisms. The interaction of energetic electrons with silicates like 
phyllosilicates in the Murchison meteorite generates suprathermal 
oxygen atoms, which in turn efficiently oxidize any organics within 
the sample. Since the oxygen atoms have excess kinetic energy, the 
oxidation operates even at temperatures as low as 5 K and leads to 
the formation of water and carbon dioxide, which occurs through 
the reaction of the oxygen atoms with the hydrogen and carbon 
atoms of the organics. This reaction transpires over the typical pen-
etration depth of the energetic electrons, 0.14 µm (Supplementary 
Fig. 1 and Supplementary Table 2). In the Murchison meteorite, the 
organics represent a complex mixture, and their infrared identifica-
tion is based on the CH2 and CH3 stretching modes. Considering a 
hydrogen-to-carbon ratio of the organics in the Murchison mete-
orite of H/C ≈ 2 (ref. 17), the oxidation of each CH2 moiety gener-
ates one carbon dioxide molecule and one water molecule (equation 
(1)). Quantitatively, the oxidation should only result in the forma-
tion of (1.9 ± 0.4) × 1014 H2O, which is equal to the amount of the 
CO2 molecules detected by mass spectrometry (Supplementary 
Table 3). Once formed within the minerals, the intense pulsed-laser 
irradiation might induce thermal diffusion of the water and carbon 
dioxide molecules to the surface, where they can be detected via 
infrared spectroscopy and from where these species may sublime 
during the TPD phase. Furthermore, the simulated micrometeorite 
impact can ‘pre-damage’ or vibrationally excite the Si–O stretches 
in those mineral layers, which are simultaneously exposed to the 
energetic electrons. Here, vibrationally excited molecules have been 

revealed to undergo more efficient bond cleavage processes and 
reactions compared to their counterparts in the vibrational ground 
state18. This in turn may result in an enhanced production of ener-
getic oxygen atoms, which are available for the oxidation process. 
However, considering that (1.9 ± 0.4) × 1014 carbon dioxide and 
(2.0 ± 0.4) × 1015 water molecules were formed during the combined 
irradiation (Supplementary Table 3), the low-temperature oxida-
tion of the organics can contribute at most 10% of the total water 
production. Therefore, a second source of water has to exist. Here, 
dehydration of the hydroxyl bonds may contribute to the formation 
of water in the present experiments. Formally, this can be expressed 
as in equation (2), which represents a condensation of two hydroxyl 
groups under elimination of water and the formation of a Si−O−Si  
moiety19. The fact that these processes do not operate when the 
samples are exposed to laser heating alone suggests that prior bond 
ruptures induced by energetic electrons might be essential to initiate 
the condensation reactions.

CH2 þ 3O ! CO2 þH2O ð1Þ

Si�O�HþH�O�Si ! Si�O�SiþH2O ð2Þ

It should be mentioned that since the infrared absorption coef-
ficient of the O–H stretching mode varies by around two orders of 
magnitude in different matrix environments20, comparison of the 
O–H peak areas of water and phyllosilicates is impracticable for 
verifying the reaction in equation (2). However, an obvious change 
in the Si−O peak is observed upon dual irradiation of the sample at 
150 K (Fig. 1), which endorses the reaction in equation (2).

The existence of two mechanisms for generating water on the 
surfaces of the samples is also supported by the extracted rate con-
stants from the high-temperature irradiation experiment (Fig. 2b).  
Here, the rate constant of the decay of the organics, via equation 
(1), of (1.4 ± 0.2) × 10−4 s−1 agrees well, within the error limits, 
with the rate constant linked to the carbon dioxide rise profile of 
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(2.0 ± 0.5) × 10−4 s−1. If water is only formed via the oxidation of the 
organics, a rate constant for water formation of this magnitude is 
expected. However, the extracted rate constant is (9.8 ± 1.4) × 10−4 
s−1, which is a factor of about five higher than predicted by equa-
tion (1). This discrepancy can only be explained through the exis-
tence of a second water-forming mechanism such as the reaction in 
equation (2). Furthermore, there are only two hydrogen sources in 
the sample: organics and hydroxyl groups. More efficient genera-
tion of water during irradiation at 150 K than 5 K is probably due to 
a greater thermal diffusion effect and the existence of more vibra-
tionally excited molecules at high temperature.

The energetic electrons used in this study only simulate the sec-
ondary electrons generated by the solar wind and galactic cosmic ray 
particles—primarily protons—penetrating the surfaces of asteroids. 
Whether these protons can react directly with the silicates on airless 
bodies, including the Moon, to generate water is a research frontier 
as well. Analysis of lunar samples21,22 and interplanetary dust par-
ticles23 revealed that the exposure of silicates to solar-wind proton  

irradiation may form H2O and OH. However, detailed isotopic 
analysis indicates that the chemical composition in the lunar sam-
ples21,22 was modified by subsequent fractionation and/or admixed 
with other non-solar-wind sources. In addition, experiments using 
protons have yielded a wide range of results. Experiments con-
ducted under high-vacuum conditions between 10−8 and 10−6 torr 
detected only OH signals24 or H2O (ref. 25). Studies conducted under 
UHV conditions (10−10 to 10−9 torr) yielded inconsistent results as 
well23,26,27. In the present study, we have shown that non-reactive 
electrons coupled with intense thermal shock could generate water 
by low-temperature oxidation of organics and mineral dehydration 
without the need for proton irradiation. Although further work is 
needed to untangle the details of the underlying reaction mecha-
nisms on the microscopic level and quantify the contribution of 
these mechanisms to the surface water on asteroids compared to 
other proposed sources such as subsurface reservoirs1 and shock-
induced dehydration28, our findings still clearly reveal the necessity of 
cumulative effects and coordinated exposure of minerals to distinct  
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components of space weathering, and help to rationalize the spec-
troscopic signatures of water and hydroxyl radicals as detected on 
airless bodies and to decipher the contemporary distribution of 
water in our Solar System.

Methods
Simulation experiments. The experiments were conducted in a contamination-
free UHV stainless-steel chamber evacuated to a few 10−11 torr by exploiting 
magnetically suspended turbomolecular pumps backed by an oil-free scroll 
pump10. Within the chamber, a silver mirror substrate is interfaced to a cold head 
cooled to 5.5 ± 0.1 K by a closed-cycle helium compressor (Sumitomo Heavy 
Industries, RDK-415E). A temperature of 150 K could be achieved by heating 
the sample using a cartridge heater. By utilizing a doubly differentially pumped 
rotational feedthrough (Thermionics Vacuum Products, RNN-600/FA/MCO) and 
an UHV-compatible bellow (McAllister, BLT106), the substrate can be rotated in 
the horizontal plane and translated in the vertical plane, respectively. Murchison 
meteorite powder (0.0306 ± 0.0005 g, grain size <45 µm) was pressed onto the silver 
mirror. Taking into account the average density (2.83 ± 0.18 g cm−3) (ref. 29) and the 
area of the solid sample (1.9 ± 0.2 cm2), the average thickness of the samples was 
calculated to be 57 ± 7 µm. Each sample along with the entire chamber was baked 
to 333 K for several days. No surface contamination exists.

The infrared spectra of each sample was measured using a Nicolet 6700 FTIR 
spectrometer in the mid-infrared (6,000 to 400 cm−1) range with 4 cm−1 spectral 
resolution. Each sample was then cooled to 5.5 ± 0.1 or 150.0 ± 0.1 K, whereupon it 
was irradiated by either energetic electrons with an energy of 5 keV from a SPECS 
EQ 22–35 electron gun, by infrared radiation from a SYNRAD Firestar v40 5 kHz 
pulsed carbon dioxide laser (at 14% of full power) (Supplementary Fig. 2),  
or by both (Supplementary Tables 1 and 2). Energetic electron and infrared 
laser irradiation simulate secondary electrons created by the penetration of 
solar-wind ions and galactic cosmic rays into the asteroid and thermal effects of 
micrometeorite bombardments, respectively5,6,10,30,31. The irradiation dose of the 
5 keV electrons as calculated via Monte Carlo simulations (CASINO) and the 
energy deposited by the laser are compiled in Supplementary Table 2. The carbon 
dioxide laser can effectively melt minerals such as olivine to generate chondrule 
analogues32 and cause lattice disturbance33; therefore the laser is able to simulate 
the thermal effects of micrometeorite impact. Researchers studying the effects of 
space weathering in the laboratory simulate micrometeorite impacts by infrared 
lasers with nanosecond30,34–36 and microsecond pulses37–43. The nanosecond laser 
experiments simulate the initial impact-induced shock heating, which results in 
projectile vapourization, whereas the microsecond laser experiments encompass 
the timescale of thermal dissipation to impact-adjacent regions, which eventually 
drives bond-breaking processes and hence the chemistry. The irradiated samples 
were kept at 5.5 ± 0.1 K or 150.0 ± 0.10 K for one hour and then warmed up 
to 300 K at a rate of 1 K min−1. In situ FTIR spectra were collected before the 
irradiation, after the irradiation and after the TPD phase. In situ FTIR spectra were 
also collected in 60-min intervals during the dual irradiation at 150 K.

During all of the experiments, mass spectra of the species in the gas phase 
were recorded using an Extrel 5221 QMS operating in residual-gas-analyser 
mode with an electron impact ionization energy of 70 eV. Blank experiments were 
performed by conducting the same experimental sequence, but without irradiating 
the samples. The column densities of organics, CO2 and H2O in the sample before 
and after dual irradiation at 5 K and 150 K were calculated from infrared data 
(Supplementary Table 3). Since the Murchison meteorite contains a complicated 
mixture of organics, we calculated the column densities based on the C–H stretch 
absorption coefficients of several typical organic molecules12,44. Since the IR 
absorption coefficients depend on the matrix environments20, we calculate the 
column density ranges for these species based on their absorption coefficients from 
distinct experiments (Supplementary Table 3)12,20. The amounts of the sublimed 
CO2 and H2O molecules during the TPD phase were also determined from the 
QMS data (Supplementary Table 3), which agree with the ranges extracted from 
the IR data.

Planetary context for experimental simulations. It is important to relate the 
laboratory simulations to the actual conditions in space. No single simulation 
experiment can reproduce the chemical complexity and diverse radiation 
environment of asteroids and airless bodies simultaneously. Real surfaces of airless 
bodies are exposed to a complex array of processes11 that can be grouped into two 
broad categories: (1) irradiation by electromagnetic radiation or particles from 
the Sun and galactic sources, and (2) micrometeorite impacts. Hence, to gain 
a systematic understanding of the most fundamental processes that lead to the 
formation of water on airless bodies, we carried out simulation experiments with 
well-defined conditions.

Charged-particle irradiation. The particle component of the galactic cosmic 
radiation field consists of about 98% protons (H+) and 2% helium nuclei (He2+) 
and has an energy distribution maximum at about 10 MeV. These and higher-
energy particles can easily penetrate silicates. For example, a 10 MeV cosmic-ray 
proton loses its energy almost exclusively (99.999%) via electronic interaction 

with the target molecules. As a high-energy cosmic-ray particle penetrates a solid, 
it produces a primary ionization track perpendicular to the trajectory within 
which these electronic interaction processes primarily lead to bond ruptures and 
ionization of the molecules. During the ionization process, secondary electrons 
are released, leading to further bond-ruptures via inelastic energy-transfer 
processes. In our experiments, we simulate the effects of energetic charged particle 
implantation such as energetic protons exploiting energetic electrons as a  
proxy10,45–49, which are generated as secondary electron cascades within the track 
of the primary implant once penetrating solid matter such as silicates. These 
processes contribute almost exclusively to the energy loss of the galactic cosmic 
rays50–53. The dose from the electrons generated by penetrating high-energy solar 
protons and galactic cosmic rays in the asteroid belt at a distance of 3 au was 
determined to be 6.9 × 10−6 eV amu−1 yr−1, which is one-ninth of the reported dose 
at a distance of 1 au (6.2 × 10−5 eV amu−1 yr−1) (ref. 54). Therefore, our energy dose 
is equivalent to those received by airless bodies in >106 yr (Supplementary Table 2).

Laser irradiation. We simulate the thermal effects of micrometeorite impacts 
through infrared laser irradiation. The repetition rate, number of shots, energy per 
pulse and irradiation area of the laser are 5 kHz, 9 × 107, 1.12 mJ and 0.7 ± 0.1 cm2, 
respectively. Similar laser parameters (30–40 kHz, 0.6–1.2 mJ per pulse, ~0.1 mm 
diameter) have been used to simulate the thermal effect of micrometeorite 
impact37–43,55 and induced spectral similarity between ordinary chondrites and 
S-type asteroids. Our laser is milder as it was not focused, and replicates the heat 
pulses experienced within the target away from the immediate micrometeorite 
impact zone. While the energy of an individual impact into an asteroid in the 
asteroid belt is lower than for the Moon at 1 au, the accumulated  
micrometeorite impact energy (1,000 J m−2 yr−1) due to a greater flux of 
micrometeoroids is about two orders of magnitude56 higher than that on the Moon  
(10 J m−2 yr−1) (refs. 57,58) as the asteroid belt and Jupiter-family comets are the 
sources for the micrometeorites59. Considering that the exact size distribution of 
the micrometeorites is unknown60, care should be taken to quantitatively compare 
how the timescale in the laboratory relates to the actual exposure in the Solar 
System, and the simulated timescale of >106 years is taken as an approximation30. 
As shown in Fig. 2b, only a few seconds of irradiation, which corresponds to less 
than 105 yr, can generate water.

Laser penetration depth. The penetration depth δ of the laser is defined as the 
power the light has to decrease to reach 1/e of its value at the surface:

δ ¼ λ

4πκ
ð3Þ

where λ is the wavelength of the light (10.6 µm) and κ is the imaginary part of 
the complex refractive index of the Murchison meteorite. The planetary science 
community adopted a κ value for Murchison similar to the κ value of the Tagish 
Lake meteorite for 10.6 µm light, that is κ = 0.04 (ref. 61). Using this value, δ is 
calculated to be 21 µm.

Water-ice calibration. Water vapour was deposited through a glass capillary array 
to a silver mirror. A laser interferogram was obtained by reflecting a HeNe laser 
at λ = 632.8 nm (Melles Griot, 25-LHP-213) off the silver substrate. The incident 
angle of the laser is θ1 = 4o (ref. 62). Supplementary Fig. 3 shows the interference 
plot recorded during ice deposition. At the deposition stop time, m = 2.05 fringes 
had accumulated. Then the thickness of the ice d can be determined using the 
following:

d ¼ mλ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2H2O � sin2 θ1

q ð4Þ

where nH2O

I
 is the refractive index of water. Using the reported12 value of 

nH2O

I
 = 1.27 ± 0.02, the ice was calculated to be 510 ± 10 nm thick.

Then an IR spectrum of the ice was recorded using a FTIR spectrometer 
(Nicolet 6700). The incident angle of the IR beam is θ2 = 43o. Supplementary 
Fig. 4 depicts the O–H peaks of the ice. The absorption coefficient (Aexp) can be 
determined using:

Aexp ¼
lnð10ÞM

R ~v2
~v1
Að~vÞdð~vÞ

2NAdρ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2H2O � sin2 θ2

q

nH2O

ð5Þ

where 
R ~v2
~v1
Að~vÞdð~vÞ

I
 is the integrated peak area (measured in cm−1), M is the molar 

mass of water (18 g mol−1), ρ is the density of the water ice, ~v
I

 is wavenumber 
(in cm–1), and NA is the Avogadro constant62. Using the reported12 value of 
ρ = 0.87 ± 0.03 g cm−3, Aexp was calculated with the present set-up to be 1.3 ± 0.3 × 10−16 
cm molecule−1, which is in good agreement with reported values12 of 1–2 × 10−16 cm 
molecule−1. It is important to note that equation (5) is only valid for ices thinner than 
7 µm (ref. 63). For thicker ices, non-linear effects become substantial63.

Timescales of micrometeorite impact on solid surfaces. We determined the 
timescales of the canonical two-stage crater formation for micrometeorite 
impact. The two stages of cratering are: (1) initial shock heating and (2) 
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subsequent thermal dissipation. Parameters considered in these calculations are 
micrometeorite size (rg), micrometeorite density (ρg), impact velocity (ν0), target 
density (ρt) and an impact angle of 90o (straight on). These conditions establish 
the boundary conditions for the nearly spherical shock wave that is expected to 
penetrate the target and heat the target material.

Initial shock heating. Attenuation of shock wave in target. The initial radius and 
velocity of the shock wave in the target is given by rg and ν0, respectively64–66. The 
attenuation of a spherical shock’s velocity in an ideal incompressible target as a 
function of the distance r away from the point of impact (for r ≥ rg) is given by:

vsðrÞ  v0
rg
r

� �3=2
ð6Þ

It is trivial to solve this equation for the position of the shock front (rs) as a 
function of time by using the fact that vs = drs/dt to show that:

rsðtÞ ¼ rg 1þ 5
2

t
t0

� �� �2=5
ð7Þ

where t0 ¼ rg
v0

I
, is the timescale for shock wave propagation into the projectile.

The impact of the projectile and resulting shock wave heats the target. With 
an equipartition between the kinetic energy and thermal energy, we determine 
the size of the target region that experiences substantial heating by determining 
the radius at which the shock wave velocity has decreased to a fraction f of the 
original shock wave velocity v0. Setting νs = fν0, the radius of this hemisphere that is 
substantially heated is given by:

r ¼ rg
f 2=3

ð8Þ

Analytic determination of shock wave heating timescales. We temporarily defer 
discussion of the fraction f and focus on using this parameter to determine the 
minimum duration of impact-related target heating by setting rs ¼ rg

f

I

 in equation 
(7) and solving for the time t needed for the shock wave to grow to a size rgf

I

. 
Solving for this shock heating characteristic time, we get:

tshock ¼
2
5
t0 f �5=3 � 1
� �

ð9Þ

Equation (9) can be used to determine the characteristic shock heating time as 
a function of micrometeorite size, velocity and f.

Threshold shock wave velocity for substantial heating. To determine the shock 
wave velocities that will result in substantial heating, we exploit the fact that the 
kinetic energy transferred to the target is converted to thermal energy instantly 
once it arrives. Thus, to determine the temperature of a region within the target, 
we equate the kinetic energy delivered by the shock per target molecule to an 
equivalent thermal energy, namely:

1
2
mSiO2 v

2
s ¼ 3kBTs ð10Þ

where Ts is the temperature of the target region and kB is the Boltzmann constant. 
Here, for simplicity, we have used the ‘high-temperature’ heat capacity of solids 
(3kB) to determine this temperature. A more detailed treatment, treating the system 
as a Debye solid with temperature-dependent heat capacity, like that given in 
ref. 65, can be used to obtain a more accurate temperature determination, but we 
emphasize that this approach gives us a lower limit to the temperature increase. The 
local temperature Ts can be express as a function of the shock wave speed as:

Ts ¼ 194
vs

400m s�1

� �2
K ð11Þ

Thus, a shock wave velocity of approximately 400 m s−1 is needed to raise the 
average temperature of a target region by 194 K.

Timescale determination for shock heating of targets (method 1). To keep the 
discussion as general as possible, the timescales of crater heating for various dust 
grain projectile sizes (rg), impact velocities and the critical shock wave velocity νc 
(or equivalently f ¼ vc

v0
I

) are presented in Supplementary Fig. 5. Note that for dust 
grains larger than 10 µm, the timescales for shock heating approach and exceed 
microseconds.

Timescale determination for shock heating of targets (method 2). A more 
conservative approach calculates the radius of the maximum volume heated by 
equating the available kinetic energy (half the kinetic energy of impact) with the 
thermal heat content change of a hemisphere of radius rC heated to an average 
temperature64. This condition is equal to:

1
2
CP

4
3
πr3C

� �
ρtΔTc ¼

1
2

4
3
πr3g

� �
ρgv

2
0 ð12Þ

where TC is the average temperature of the crater, CP is the heat capacity per unit 
mass of the target. Solving for rC, it is easy to show that:

rc ¼ rg
ρg
ρt

� �1=3 v2
0

ΔTCCP

� �1=3

ð13Þ

which is given numerically by:

rc ¼ 1:12 ´ rg
v0

1 km s�1

� �2=3 700 J K�1 kg�1

CP

� �1=3
500 K
ΔTC

� �1=3

ð14Þ

Thus, an impact with a velocity of 1 km s−1 has enough kinetic energy to heat a 
region equal to its radius by about 500 K from the baseline temperature. Note that 
this condition is a relatively weak function of both the heat capacity assumed for 
the target as well as the change in temperature. The corresponding timescales for 
crater growth are plotted in Supplementary Fig. 6.

Timescale determination for shock heating of targets (method 3). Here we present 
a third method to determine the size of the region of direct shock heating using the 
condition that the target will cease to be compressed when the shock wave pressure 
is equal to the target material’s strength (for example, crushing strength or ultimate 
compressive strength). This condition can be stated as:

Pcrush  ρtv
2
s ð15Þ

When taken together with the shock attenuation versus r relation  
(equation (6)), the crater radius is expected to be equal to:

r  rg
ρtv

2
0

Pcrush

� �1=3

ð16Þ

Note that this condition also correctly predicts the v2=30
I

 scaling for the radius 
of a crater as a function of velocity that is seen in the literature. Furthermore, this 
model correctly determines the r/rg of micro-craters produced by v ≈ 6 km s−1 
glass projectile impacts in aluminum targets reported in ref. 67. Using this 
criterion for the final crater dimension, the expected crater growth and heating 
by direct-compression timescales are plotted in Supplementary Fig. 7. Note that 
these radii (and corresponding growth scales) are very similar to those shown in 
Supplementary Fig. 6.

Timescale determination for shock heating of targets (method 4). Numerical 
impact simulations using the iSALE-2D hydrocode68 for a chondritic meteoroid 
(with an impactor mass range from 10−12 to 1 g) striking a chondritic non-porous 
target with a vertical impact speed of 1–10 km s−1 suggested that the duration of 
the impact heating deposition into the target lasts from 10−4 µs for the smallest 
impactor size up to 10 µs for the largest impactor size. The investigated impact 
speed range can affect the energy transfer duration within one order of magnitude, 
for the same impactor size. There are two ways to determine the duration of the 
impact energy transfer. One way (1) is by observing the pressure wave traversing 
back into the projectile, marking the end phase of the energy partitioning between 
the target and the projectile when it reaches the back end of the projectile64. This is 
a mathematical approximation derived from the Rankine–Hugoniot equation for 
planar shock waves and the energy partitioning during impact. The other way (2) 
is by considering the time until the projectile reaches the maximum temperature 
elevation, occurring during the contact and compression stages of cratering. The 
timescales between (1) and (2) mark the two end member values for the heat 
transfer during the earliest stages of impact: the contact and compression stages. 
Numerical simulations agree with the aforementioned methods.

Thermal dissipation. After a crater has stopped growing, there is still a significant 
amount of heat ‘trapped’ within the impactor and crater. The amount of time it 
takes for thermal dissipation, as we show here, is significant and is at least 1 µs for 
micrometeorites greater than 1 µm in radius. Following the approach reported in 
ref. 65, dimensional analysis of the thermal diffusion equation is used:

∂Tðr; t0Þ
∂t

¼ D∇2Tðr; t0Þ ð17Þ

where the thermal diffusivity D of the target is given by:

D ¼ KT

CV
ð18Þ

and r is the radial coordinate, where r = 0 is the location of the impact. t′ is 
the amount of time elapsed since the region of the target with radius rC was 
shock heated. CV is the heat capacity of the shock-heated region per unit mass 
ðCV ¼ CPρtÞ
I

 and KT is the thermal conductivity. Using dimensional analysis of 
equation (17), it is trivial to see that the characteristic thermal dissipation  
timescale tdissipation is:

tdissipation  r2C
D

ð19Þ
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Note that the characteristic thermal dissipation time of a spherical region that 
has been heated to a temperature larger than the surroundings is independent of 
the impact velocity, although higher impact velocities would be expected to achieve 
higher initial temperatures and larger craters.

Minimum thermal dissipation time. Taking the thermal properties of silicates, 
we determine the minimum thermal dissipation timescale by assuming that the 
minimum crater radius is equal to the size of the projectile (rC ≈ rg). Assuming 
CP ≈ 700 J K–1 kg−1, ρt ≈ 2,500 kg m−3 and KT = 1.4 W m−1 K−1, yields a thermal 
diffusivity D ≈ 8 × 10−7 m2 s−1. This yields the following relationship between the 
minimum thermal dissipation time and projectile radius:

tdissipation  1:25
rC

1 μm

� �2

μs ð20Þ

This thermal diffusion analysis alone strongly suggests that the duration 
of the heat pulse that results from micrometeorite impacts is at least 1 µs for 
micrometeorites 1 µm in diameter and increases dramatically for larger dust grains. 
Given that equation (20) is a characteristic time, the amount of time that the  
crater region sustains elevated temperatures will be significantly larger or  
multiples of tdissipation.

Thermal dissipation time determination. More realistic determinations of 
the durations of heat pulses resulting from hypervelocity projectile impact 
can be calculated by setting rC equal to either the radius of the impact crater 
(using methods 2 or 3) in combination with equation (20). The results of these 
calculations are shown in Supplementary Fig. 8.

In conclusion, our calculations show that for impactors with diameters 
from 1 µm to 10 µm, indeed, the initial cratering with the thermal shock of 
micrometeorite impact lasts only 6 ns to 60 ns (Supplementary Figs. 6 and 7). 
However, the subsequent thermal dissipation times are calculated to last a few 
microseconds to a few hundred microseconds (Supplementary Fig. 8). Hence, 
calculated timescales are similar to the heating duration of our carbon  
dioxide laser.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors on reasonable request.

Code availability
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