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ABSTRACT

Aims. The goal of this study is to simulate space weathering processes on primitive bodies. We use ion implantation as a simulation
of solar wind irradiation, which has been suggested by several authors to be the major component of space weathering on main belt
asteroids. The laboratory analogs we irradiate and analyze are carbonaceous chondrites; we started the study with the Allende CV
meteorite and in this companion paper we present results on the Murchison CM meteorite.
Methods. We performed irradiations on pressed pellets of Murchison with 40 keV He+ and Ar+ ions using fluences up to 3 ×
1016 ions/cm2 . Reflectance spectra were acquired ex situ before and after irradiation in the visible to mid-infrared range (0.4–16 µm).
A Raman analysis was also performed to investigate the modifications of the aromatic carbonaceous component.
Results. Our results indicate that spectral variations after irradiation within the visible range are smaller than spectral variations
due to sample grain size or viewing geometry of the Murchison meteorite. The aqueous alteration band profile near 3 µm changes
after irradiation, as adsorbed water is removed, and phyllosilicates are aﬀected. Raman spectroscopy highlights the insoluble organic
matter (IOM) modification under irradiation. We observe a shift of the silicates band at 9.9 µm, probably due to a preferential loss
of Mg (compared to Fe, the lighter Mg is more easily sputtered backward) and/or amorphization of Mg-rich materials. We compare
our results to previous experiments on organic-rich materials (like asphaltite or carbonaceous chondrites), and on ordinary chondrites
and olivine grains. We find that the reddening/darkening trend observed on silicate-rich surfaces is not valid for all carbonaceous
chondrites, and that the spectral modifications after irradiation are a function of the initial albedo.
Key words. techniques: spectroscopic – meteorites, meteors, meteoroids – minor planets, asteroids: general

1. Introduction
The space weathering (SpWe) processes, i.e., particle irradiation
and impact leading to surface alteration of atmosphere-less bodies in the solar system, have been unevenly studied for S- and
C-complex asteroids. This disparity can be explained because
SpWe was first discovered on the Moon and then applied to the
abundant ordinary chondrites (OCs) that are linked to the S-type
asteroids, which are easier to observe thanks to a relatively high
albedo. Two of these near-Earth bodies have been visited by
space missions, NEAR-Shoemaker on 433 Eros and Hayabusa
on 25 143 Itokawa. The well-known spectral reddening and
darkening trends have been observed in the visible-NIR range
(see Clark et al. 2001; Ishiguro et al. 2007, respectively), most
probably as a consequence of the formation of finely dispersed
opaque minerals (Noble et al. 2007). This has been confirmed
by laboratory analysis of Itokawa grains (Noguchi et al. 2011)
brought back to Earth thanks to the sample return Hayabusa mission. The nanophase reduced iron (npFe0) are the compounds
that have been suggested as the major cause of SpWe spectral
eﬀects on OCs, that is to say the reddening and darkening of the

VIS-NIR spectrum (see review in Clark et al. 2002). The eﬀects
of the npFe0 have been modeled analytically by Hapke (2001).
However, OC-like material represents only a small fraction
of the asteroid belt. Half of the main belt asteroids belong to
the primitive (low albedo, rich in organic compounds) C-, P-,
D-, B-, F-, and G-types (Gaﬀey et al. 2002; DeMeo & Carry
2014), while only 5% of meteorites are carbonaceous chondrites
(CCs, the meteoritic analogs of some classes of primitive asteroids; Grady 2000), probably because of large biases influencing the meteorite collections. So far, we have few clues to how
SpWe acts on primitive bodies and if it is the same that acts on
S-types, i.e., dominant eﬀects from npFe0 formation. Predictions
for these bodies suggested a possible limited eﬀect on the spectral slope (Pieters et al. 2000), or even an opposite eﬀect defined
as blueing of the slope (Nesvorný et al. 2005). Contradictory
results have also been obtained in laboratory SpWe ion irradiation experiments performed on primitive materials: spectral reddening on Allende (Lazzarin et al. 2006; Brunetto et al. 2014)
and Frontier Mountain 95002 (Lazzarin et al. 2006), and blueing on asphaltite (Moroz et al. 2004a) and Tagish Lake meteorite
(Vernazza et al. 2013) have been observed. Tagish Lake also
shows a significant spectral flattening after pulse laser irradiation

Article published by EDP Sciences

A41, page 1 of 9

(Hiroi et al. 2013). The CM Mighei meteorite was studied after laser treatment as a simulation of the micrometeoritic impact
melting, and spectral brightening and reddening (in the whole
VIS-NIR range) were observed (Moroz et al. 2004b). It is interesting to note that if one focuses on the visible range, the result of
the experiment is a slight blueing. Scanning electron microscopy
study (Shingareva et al. 2004) showed that the laser treatment
mostly resulted in the formation of spherical glassy droplets
that contain Fe-rich inclusions. The same conclusions have been
made on synthetic analogs of CM chondrites by Shingareva et al.
(2003).
Space weathering experiments on CCs can also provide valuable support to the forthcoming asteroid sample return missions that will visit primitive asteroids expected to be rich in organic materials: OSIRIS-REx/NASA (launch planned in 2016)
on B-type 101955 Bennu (Campins et al. 2010) and Hayabusa2/JAXA (launch at the end of 2014) on C-type 1999 JU3 (Takagi
et al. 2011). Instruments on board the spacecrafts will collect
spectra in the VIS-NIR range (∼0.5–5 µm) to characterize the
surface and to assess whether organic compounds are present.
The spectral study of irradiated organics and meteorites in the
laboratory can provide important indications of SpWe eﬀects on
the surface of asteroids and thus help select the best sampling
site.
We have started a systematic experimental study on ion irradiation of CCs to better constrain the SpWe of dark objects.
Testing several classes of CCs will give us a larger view of SpWe
influence on the primitive dark asteroids. In a previous paper
(Brunetto et al. 2014) we studied ion irradiation of CV Allende
meteorite. Here we focus on the CM2 Murchison chondrite because of the well established link between the CM meteorites
and the C-class asteroids (see, e.g., Burbine et al. 2002). This
meteorite also has a matrix that has undergone a certain degree
of aqueous alteration (Buseck & Hua 1993) and the CM-class
can be easily used to look for similarities with primitive asteroids
(Lantz et al. 2013; Fornasier et al. 2014). Furthermore, we chose
the Murchison meteorite to test the presence of the organic compounds after irradiation through the analysis of the aliphatic CH
stretching bands at 3.4 µm, by analogy to what is observed on
some C-class asteroids (e.g., 24 Themis, Campins et al. 2010).

Diffuse reflectance
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Fig. 1. Left: visible to near-infrared bidirectional (i ≈ 30◦ (dashed
line) and 45◦ (solid lines), e = 0◦ ) diﬀuse reflectance spectra of one
Murchison pellet before (black) and after (colored lines, only measured
at 45◦ ) irradiation with 3 × 1016 He+ /cm2 (orange) and 6 × 1015 Ar+ /cm2
(purple), compared with RELAB powder spectra (gray) as presented in
Cloutis et al. (2011; i = 30◦ , e = 0◦ ). Right: visible to near-infrared bidirectional diﬀuse reflectance spectra (viewing geometry at ≈30◦ ) on both
pellets before irradiation to show surface heterogeneity of each sample.

acquired using a 99% Spectralon standard (Labsphere) and the
spectral resolution was fixed at 1 nm. The SMIS (Spectroscopy
and Microscopy in the Infrared using Synchrotron; Dumas et al.
2006) beamline at the synchrotron SOLEIL was used to perform near- to mid-infrared (NIR-MIR, 2–16 µm) micro-analysis
(focused beam of 15 µm, objective x32, confocal reflection).
Reference spectra were collected on gold and the spectral resolution was 2 cm−1 . Raman micro-spectroscopy was also performed
at the SMIS beamline at SOLEIL using a 532 nm exciting laser
radiation, and a power on the sample lower than 0.3 mW. We
used a spectral resolution of 4 cm−1 and a spatial resolution of
about 1 µm, and we probed matrix areas (see Brunetto et al. 2014
for more details). In all spectral ranges, several spectra were acquired to account for the sample heterogeneity.

3. Results

2. Experimental methods

3.1. Visible-NIR range

Several fragments of the Murchison meteorite were crushed
into powder (unconstrained grain size) to prepare two pellets
by pressing ∼0.1 g of meteorite on a KBr substrate. Ion irradiation of the pellets was performed on the SIDONIE platform
(CSNSM, Orsay) with He+ and Ar+ at 40 keV. The following
fluences were used (several spots allowed on one pellet, plus
a central area left virgin): 1 × 1016 and 3 × 1016 ions/cm2 for
He+ , and 2 × 1015 and 6 × 1015 ions/cm2 for Ar+ (see Brunetto
et al. 2014 for details on the experimental setup and technique).
We chose to prepare pellets because in our experimental setup
samples are held vertically. Several authors have used pellets to
irradiate meteorites (e.g., Hiroi et al. 2004; Vernazza et al. 2013,
and references therein). Irradiation was performed in a vacuum
chamber and we placed the samples under dry vacuum between
irradiation sessions and reflectance measurements. The implication for the budget of adsorbed water is discussed in Sect. 4.2.
A system coupling infrared fibers and a grating spectrometer
(Maya2000Pro, Ocean Optics) allowed us to perform bidirectionnal reflectance spectroscopy in the visible range (VIS-NIR,
0.425–1.025 µm) with a fixed collection angle e = 0◦ and illumination angle i = 45◦ or i ≈ 30◦ . Reference spectra were

We present in Fig. 1 (left panel) the VIS-NIR spectra at i ≈
30◦ and 45◦ . The first angle can be used to compare our spectrum with data presented in Cloutis et al. (2011; from RELAB
database, powder with diﬀerent grain sizes, viewing geometry
at 30◦ ). The Murchison meteorite has a low albedo (∼5% at
0.55 µm), close to what has been noticed by Johnson & Fanale
(1973), but the UV drop-oﬀ is slightly less marked for the
i = 45◦ measure. In our sample before irradiation we clearly
see the phase angle eﬀect: as expected reflectance at i ≈ 30◦ is
higher than that at i = 45◦ . The irradiation has little eﬀect on
the Murchison meteorite in this spectral range. There is a small
drop in the reflectance for the helium irradiation (from 4.5 to
4.2% at 0.55 µm; less than 3% decrease over the whole VISNIR range), while there is an increase in the argon irradiation
(albedo at 0.55 µm goes to 4.8%; 8% increase over the whole
range), and almost no change in the spectral slope is observed
for either ion. These changes are weaker than other variations
owing to the viewing geometry and grain size eﬀects (shown in
Fig. 1 left panel compared with RELAB spectra). Spectra variations after irradiation are also smaller than variations due to the
sample heterogeneity (Fig. 1 right panel).
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We present in Fig. 2 (upper panel) the NIR-MIR spectra (average
of about 40 spectra for each area) before irradiation and after the
highest fluence with both ions. We restrict our analysis to matrix areas to focus on the carbon-rich component. The broad OH
stretching band is detected between 2.7 µm and 3 µm and the
H2 O bending band around 6 µm. These absorption bands can
be attributed to aqueously altered minerals and/or to adsorbed
water (see below). The Christiansen feature (indicating a rapid
increase of the refractive index, Salisbury & D’Aria 1989) before 9 µm and the phyllosilicate peak near 10 µm are clearly
observed. This is consistent with a diﬀuse reflectance spectrum
of Murchison meteorite obtained by Miyamoto (1987). In Fig. 2
(lower panel), we also present NIR-MIR spectra (average of
about ten spectra for each area) before and after 2×1015 Ar+ /cm2
and 1 × 1016 He+ /cm2 irradiation on the second pellet. We observe the similar spectral features, plus the CH stretching bands
near 3.4 µm. We can also see that in the 10 µm region, the olivine
band contribution is stronger in the second pellet than in the
first one, while the phyllosilicate band is weaker. Cloutis et al.
(2011) noticed that diﬀerent subsamples of the Murchison meteorite can have unique spectral properties due to the meteorite
heterogeneity.
The irradiation eﬀects on the OH stretching band are shown
in Fig. 3. We detect a broad asymmetric band with a minimum around 2.73 µm before irradiation consistent with the Beck
et al. (2010) and Miyamoto (1990) spectra. This band is similar to that observed on some C-class asteroids like 2 Pallas and
51 Nemausa (Rivkin et al. 2003). On the right side of the band
a convex behavior can be seen centered around 2.90 µm that
becomes concave after irradiations. The band profile on the left
side is also aﬀected, as the 2.71 µm feature (indicated with a gray
line) disappears after irradiation. Furthermore, we observe a shift
of the band: the minimum is located at 2.73 µm before irradiation
and goes to 2.76 µm after the highest helium dose. The error on
the band minimum detection is ∼0.005 µm (spectral resolution
at this wavelength is ∼0.0015 µm). This shift is larger than variations due to sample heterogeneity that are ±0.02 µm. The H2 O
bending feature near 6 µm is also shown in Fig. 3 where there is
a simplification of the structure after irradiation. The right side
of the 3.0 µm band and the 6.0 µm feature are similarly aﬀected
on the second pellet (Fig. 2 lower panel).
The NIR reflectance spectra of the second Murchison pellet
show the presence of the aliphatic CH stretching band in this region (see Fig. 4). The band is actually the blend of at least four
bands corresponding to the symmetric and antisymmetric CH2
and CH3 stretching modes (see, e.g., Dartois et al. 2004). The
asymmetric modes (left component of the band) we detect on
each pellet area represent about 1.5% depth (with respect to the
continuum) and we do not see any eﬀect on the band area either with Ar+ or He+ irradiation at any fluence; the area is about
1.80 ± 0.03 cm−1 , calculated after continuum removal over the
range 3.30–3.55 µm, before and after irradiation (with the argon
dose indicated in Fig. 4).
In the MIR range (see Fig. 5) a phyllosilicate peak is detected at 9.87 ± 0.03 µm (the error bars take into account the
sample heterogeneity). This is in agreement with Beck et al.
(2010) who observed that CM meteorites do not compare with
known terrestrial serpentine in the 10 µm region. This peak becomes less intense than the second maximum on its right (intensity goes from almost 0.01 in reflectance unit to less than
0.005), and it shifts towards longer wavelength while irradiation dose increases, to reach 9.94 ± 0.02 µm (error bars come
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Fig. 2. Top: NIR-MIR confocal reflectance spectra of a non-irradiated
area of the first Murchison pellet (black), and those irradiated at the
highest fluence for both used ions (purple for argon and orange for
helium). Bottom: same as before: virgin, 2 × 1015 Ar+ /cm2 and 1 ×
1016 He+ /cm2 irradiated areas on the second pellet.

from sample heterogeneity) with the highest helium dose. The
shift is larger than variations due to the pellet heterogeneity.
Furthermore we detect a peak at 11.17 µm corresponding to the
olivine contribution reported by Beck et al. (2014) and Morlok
et al. (2010), shifting also to 11.21 µm after irradiation. Another
peak is present at 11.65 µm, that could be associated to enstatite,
and it shifts to 11.69 µm and strongly decreases after irradiation (intensity goes from almost 0.005 in reflectance unit to
less than 0.002). Two smaller peaks are seen at 10.16 µm (not
changing after irradiation) and 10.42 µm going to 10.45 µm after the highest helium dose. They are both attributed to olivine
(Hamilton 2010). On the second pellet (see Fig. 2 lower panel),
the phyllosilicate peak is seen at 9.95 µm before irradiation and
then disappears. The silicate peaks broaden after irradiation as
A41, page 3 of 9
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Fig. 3. NIR confocal reflectance spectra around aqueous alteration bands (OH-stretching on top, H2 O-bending on bottom) for the non-irradiated
Murchison pellet area (left), and the highest fluence of irradiation for argon (central) and helium (right) ions. For the stretching mode: the gray
line indicates the 2.71 µm position on each plot, the dotted line indicates the band minimum shifting toward longer wavelength with increasing
irradiation dose.

amorphization takes place (see, e.g., Brucato et al. 2004, and
references therein).

case of Allende (Brunetto et al. 2014). See the full discussion in
Brunetto et al. (2014); it is beyond the scope of the study here.

3.3. Raman

4. Discussion

In Fig. 6 we present a few Raman spectra for several irradiation
doses and the unirradiated area. Raman spectroscopy is a nearsurface technique that is aﬀected by the same light absorption
issues described for the 3.4 µm band (see below). The optical
properties of the meteorite at the wavelength of the laser exciting radiation used here (532 nm) determine whether the probed
depth is deeper or of the same order of magnitude as the irradiated layer, but in our Raman microscopic configuration the analyzed spot (1 µm) is closer to the heterogeneity of the meteorite
matrix than the IR case, and the probed depth thus strongly depends on the composition of the specific grains targeted by the
laser (low-absorption vs. high-absorption grains, e.g., silicates
vs. carbons). Since low- and high-absorption materials in the matrix are intimately mixed at a sub-wavelength scale, the probed
layer will be comparable to or deeper than the ion penetration
depth according to the layered configuration of the specific spot
(i.e., whether carbon is on top or not). The consequence is that
it is necessary to invoke a statistical approach to understand the
eﬀect of irradiation on the measured Raman spectra. We applied
the same procedure described in detail by Brunetto et al. (2014).
Here we show the most disordered component of each irradiated
area. We clearly see the enlargement and displacement of carbon D- and G-bands, similar to what has been observed in the
A41, page 4 of 9

4.1. Organic materials

The CH bonds are expected to be aﬀected by ion irradiation processes. The destruction of aliphatic CHs and the corresponding
loss of hydrogen has been extensively studied in the case of interstellar medium carbon-rich grains (see, e.g., Godard et al. 2011,
and references therein). The eﬃciency of the aliphatic band destruction process depends on the stopping power. Godard et al.
(2011) have shown that, in a regime of electronic energy loss
(i.e., when the ion energy loss is essentially due to inelastic collisions with the material’s electrons), the destruction cross section
increases with S e (the electronic stopping cross section, i.e., the
electronic stopping power divided by the target density) following a power law with an index of 1.3 ± 0.5 (in a pure (C x Hy )n
material), but that for S e < 10 MeV mg−1 cm2 a significant
number of CH bonds could be preserved (>30% of the original value). In our case, during the argon irradiation, the mechanism of energy loss is essentially dominated by elastic interactions between the ions and the target nuclei, so no prediction
can be done with respect to the Godard et al. (2011) results (we
can notice though that for this study, irradiation with 400 keV
Argon ions (i.e., higher proportion of elastic interactions) also
results in the destruction of aliphatic C-H). In the case of helium
irradiation (S e = 0.48 MeV mg−1 cm2 , a Stopping and Range
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Fig. 4. NIR confocal reflectance spectra around the CH stretching
bands for unirradiated Murchison (top) and after irradiation with 2 ×
1015 Ar+ /cm2 (bottom). We plotted vertical lines to indicate the expected
positions (for transmittance measurements) of the antisymmetric 3.38
and 3.41 µm and symmetric 3.48 and 3.50 µm modes of CH3 and CH2 ,
respectively.
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Fig. 5. MIR confocal reflectance spectra around the phyllosilicate peak
at 10 µm. Vertical gray lines are plotted to guide the eye and indicate the
band shift from the virgin spectrum (solid lines) to the He+ irradiated
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of Ions in Matter simulation results, see Brunetto et al. 2014),
at the beginning of the ion track the energy loss is essentially
due to electronic interactions. Using the Godard et al. (2011) results, the destruction cross section corresponding to the helium
40 keV irradiation would be ∼1 × 10−16 cm2 /ion. This implies
that at the highest fluence of 3 × 1016 He+ /cm2 the CH band
would essentially be close to its asymptotic value, which is lower

Fig. 6. Raman spectra of the unirradiated area (top) and for irradiated
areas with 1 × 1016 and 3 × 1016 He+ , 2 × 1015 and 6 × 1015 Ar+ (from
top to bottom) ions/cm2 .

than 60–65% with respect to the initial abundance for the case
of highly hydrogenated amorphous carbons.
Thus, if the reflected light in our Murchison irradiation experiment probed a surface depth smaller than or of the same order as the ion penetration depth, then a significant reduction of
approximately a factor of two in the CH integrated area would
be expected. However, no significant variations were observed
(see Fig. 4), within the error bars, after helium irradiation or
argon irradiation. We observed the same behavior in previous
A41, page 5 of 9
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experiments on Allende (Brunetto et al. 2014). We conclude that
the IR light at this wavelength probes a layer larger than the one
aﬀected by irradiation which is 40 ± 15 nm and 300 ± 80 nm for
argon and helium ions, respectively – calculated on a simplified
composition of CCs (Brunetto et al. 2014) using the SRIM code
(Ziegler et al. 2010). A reasonable estimate of the photon penetration depth can be obtained using the imaginary index value
calculated for the Tagish Lake meteorite (5.5 × 10−2 , Roush
2003). The depth in the sample from which the laser radiation
emerges reduced to 50% of the incoming intensity would be
∼1 µm. Taking into account this discussion, we can conclude
that the organic materials in the top layers are indeed aﬀected
by irradiation and that the 3.4 µm photons probe a layer thicker
than the ion penetration depth. One can imagine that irradiation
with higher energy ions – as a simulation of solar flares, events
from active regions, and/or cosmic rays – could lead to a modification of the 3.4 µm band because these ions would have a larger
penetration depth.
The fact that the organics in the very first layers are aﬀected
by irradiation is confirmed by the Raman analysis (most sensitive to the aromatic component but still allows organics to be
probed): the aromatic carbon structure is aﬀected by irradiation
leading to an amorphization of this aromatic structure. Diﬀerent
degrees of de-ordering are produced as a function of dose, to finally end with a highly disordered carbon. These modifications
have been previously reported to scale with the nuclear elastic
dose in the case of terrestrial carbons (e.g., Brunetto et al. 2004,
2009, and references therein), and this is confirmed also for extraterrestrial aromatic carbons (Brunetto et al. 2014). The results
on Murchison (Fig. 6) agree with these previous studies.
Another interpretation for the non-destruction of the 3.4 µm
band in view of the Godard et al. (2011) results would be that the
concentration of hydrogen bonded to aliphatic carbon is too low
within the meteorite sample so that the free H atoms liberated by
the destruction of aliphatic C–H bonding by the impinging ions
are too far from each other to recombine. The dehydrogenation
of the material as caused by the molecular H2 formation would
have already reached the asymptotic regime and no modification of the band could be seen. But the H/C ratios in the Godard
et al. (2011) experiments are about 1, while in the Murchison
meteorite the ratio is about 0.7 within the Insoluble Organic
Matter (Hayatsu et al. 1980) and 1.55 within the Soluble Organic
Matter (Schmitt-Kopplin et al. 2010). The hydrogen concentration within the Murchison is of the same order as within the
Godard et al. (2011) samples so we could expect a spectral decrease of the aliphatic organic band. This is not the case.
4.2. Phyllosilicates

In the Murchison VIS spectra (Fig. 1) we do not see the 0.7 µm
band that is associated with aqueous alteration processes and the
presence of phyllosilicates in the visible range (Vilas & Gaﬀey
1989). It is interesting to note that half of RELAB spectra (gray
thin lines in Fig. 1) do not show this absorption band either,
whereas the 3.0 µm band is detected (Fig. 3). This is not a surprising result as the 0.7 µm band is fainter than the 3.0 µm one;
it has been shown that the 3.0 µm band is almost always present
when the 0.7 µm one is detected, while the reverse statement is
not true (Vilas 1994; Howell et al. 2011; Takir & Emery 2012;
Fornasier et al. 2014; McAdam et al. 2015).
The irradiation process leads to a phyllosilicate contribution removal (chrysotile-looking feature in Fig. 3) in the 2.7 µm
feature and/or to a shift of the band center towards the Ferich spectral region of serpentine. We note that CM meteorites
A41, page 6 of 9

are mainly made of Mg-serpentine and Fe-cronstedtite (Howard
et al. 2009) and show a wide range of Fe/Mg ratios (Tomeoka
et al. 1989). However, it does not look like terrestrial minerals
(e.g., chrysotile), and we talk about proto-serpentine below.
Furthermore, we notice a band profile modification on the
right side of the wing, possibly owing to a removal of the adsorbed water component. Beck et al. (2010) and Takir et al.
(2013) showed that measurements at ambiant conditions are biased because of adsorbed water and that this contribution can
be eﬃciently removed thanks to heating experiments and vacuum exposure. The Murchison spectra were measured ex situ
and adsorbed terrestrial water molecules are present in the sample, even if we placed the pellets under dry vacuum conditions
between irradiation sessions and reflectance measurements preventing a long term adsorption on the sample surface. Indeed,
our spectrum of virgin Murchison has a wing on the right side of
the band stopping near 3.1 µm that is less broad and intense than
that measured under ambient conditions by Beck et al. (2010) on
the Boriskino meteorite (CM2) where the wing goes to almost
4 µm. The Cold Bokkeveld meteorite (CM2) measured by Takir
et al. (2013) has the same behavior. The 6 µm band is also expected to reduce upon heating (Miyamoto 1990). Here we only
see a simplification of the feature, but the intensity of the band
in Miyamoto (1990) is much higher than that measured here
(Fig. 3) and do not totally disappear even with increasing temperature. In other words, our experimental procedure seems to
have ensured a relatively small amount of adsorbed water compared to previous published spectra under ambiant conditions.
The modifications we observe in the band profile (see Fig. 3)
could therefore be due to the irradiation process.
In the MIR range, the irradiation decreased the intensity of
the phyllosilicate peak near 10 µm and a shift of the peak toward longer wavelength is observed. The two strongest olivine
peaks also undergo this band shift; this eﬀect has already been
described on Tagish Lake (Vernazza et al. 2013) and Allende
(Brunetto et al. 2014). The latter discussed the shift amplitude
as a function of the peak intensity, which is also observed here:
the stronger the band intensity, the bigger the band shift. We note
that these IR silicate bands are intense (thanks to a high refractive index) and are due to surface scattering.
The spectral signatures move from a Mg-rich region to a Ferich one. As proposed by Brunetto et al. (2014), this eﬀect could
be due to a preferential Mg loss within minerals (in nesosilicates,
olivine, as well as in phyllosilicates), that could be attributed
to diﬀerential sputtering and/or amorphization of Mg-rich materials. Indeed, there is a diﬀerential sputtering of atoms near
the surface; the lighter Mg is more easily sputtered backward
than the less volatile Fe (Hapke et al. 1975). The amorphization
of olivine after He+ irradiation at the same energy used in this
study (10–50 keV) has been underlined by Demyk et al. (2001)
and Carrez et al. (2002), accompanied with Mg/Si ratio decrease.
The same result was obtained for a study on pyroxenes (Demyk
et al. 2004), including enstatite. The band shift seen here is much
less important in the Ar+ irradiated spectrum (e.g., for the first
peak in Fig. 5; the shift is almost 0.06 µm in the helium case,
while about 0.02 µm in the argon case) and this can be explained
by the penetration depth of the argon ions (∼40 nm) that aﬀect
a smaller layer than He+ (∼300 nm). In the case of target irradiated by Ar+ , IR photons mostly probe an unirradiated volume and the irradiation eﬀects are less visible (see discussion in
Brunetto et al. 2014). In the Carrez et al. (2002) paper, the authors also invoked a reduction process resulting in the formation
of nanophase reduced iron (npFe0) that can explain the surface
enrichment in Fe.
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4.3. Comparison with previous irradiations
in the visible range

Few carbonaceous chondrites have been studied using ion irradiation laboratory experiments. We present here the results obtained for Murchison, Tagish Lake, and Allende that all belong
to the class of carbonaceous chondrites, but have distinct characteristics in terms of hydrothermal alteration on their respective
parent bodies (e.g., Brearley & Jones 1998). Murchison is a typical CM2 chondrite containing small (∼200 µm) chondrules and
refractory inclusions, abundant fine-grained matrix (∼70 vol%),
and abundant hydrated minerals. It contains about 2 wt% of carbonaceous matter (Kerridge 1985), mostly in the form of insoluble organic matter, but the soluble part contains a large number
of organic compounds (e.g., Schmitt-Kopplin et al. 2010, and
references therein). Tagish lake is a C2 ungrouped carbonaceous
chondrite that contains chondrules, abundant hydrated minerals, and fine-grained matrix. It does not fit in a well-established
C2 group, as it contains two diﬀerent lithologies (carbonaterich and carbonate-poor) with varying degrees of aqueous alteration (e.g., Zolensky et al. 2002). Tagish lake contains about
5.5 wt% of carbonaceous matter (Grady et al. 2002). Allende is
a CV3 carbonaceous chondrite belonging to the oxidized subgroup, showing low degrees of aqueous alteration, and unequilibrated mineral assemblages (Rubin & Wasson 1987). It contains
large (mm-sized) chondrules, large refractory inclusions, and
abundant matrix (∼40 vol%). It contains only a small amount
(∼0.3 wt%) of carbonaceous matter (Kerridge 1985).
Contradictory results are observed for the irradiation of these
carbonaceus chondrites showing both reddening and blueing effects. In Fig. 7 we present two ratio plots (irradiated sample spectrum divided by the virgin sample, under the same viewing geometry) for ion irradiated carbonaceous chondrites (helium in
the left panel, argon in the right panel), one ordinary chondrite
and olivines recorded by this study or other groups. When comparing data from diﬀerent laboratories, one can separate the sample preparation eﬀect from the weathering eﬀect by performing
the ratio between spectra of altered and unaltered meteorites. As

has been shown by Brunetto et al. (2006), the spectral ratio is
mainly sensitive to the alteration eﬀects, and has a weaker dependence on sample preparation.
When compared to Allende and olivines, Murchison shows
little variation after irradiation in the He+ case (see panel A):
the spectrum remains relatively flat and the albedo decreases by
2.5%. A linear fit in the 0.44–1.0 µm range gives a ratio slope
of 0.078 µm−1 . We observe a weak change in the slope after
Ar+ irradiation (see panel B): it rises to 0.13 µm−1 within that
range. A similar slope variation is obtained on the Allende sample analyzed by Brunetto et al. (2014) for both ions: this meteorite clearly reddens. Lazzarin et al. (2006) also noticed this
reddening after Ar++ irradiation at higher energy (400 keV).
In the case of Tagish Lake meteorite, we include results from
two experiments with diﬀerent energies (Vernazza et al. 2013).
The bright blue line (panel A, greatest energy) is flat overall with
a ratio slope of 0.09 µm−1 . A smaller energy, but bigger fluence of He+ ions (dark blue line) shows a weak reddening. A
reverse trend is observed with Ar+ ions: a strong blueing is seen
(−0.28 µm−1 in the 0.72–1.0 µm range).
The behaviors of terrestrial olivine and Epinal OC meteorite
are well known (Fu et al. 2012; Loeﬄer et al. 2009; Brunetto
et al. 2006); a strong reddening is observed (at least 0.50 µm−1
for the ratio slope) whatever the ion used, and even stronger in
the case of laser ablation experiments simulating micrometeorite
bombardment (Brunetto et al. 2007). Furthermore, all the olivine
and Epinal samples clearly darken, while we cannot establish a
general trend for carbonaceous chondrites.
The results are summarized in Fig. 8 where we present the
value of the ratio at 0.72 µm (left panel) and the slope (right
panel) calculated over the range 0.44–1.0 µm (or a smaller range
starting at 0.72 µm when available) as a function of the initial
albedo before irradiation, for data shown in the previous figure.
We also show on both slope and albedo the range of variations
due to sample heterogeneity on the Murchison meteorite (obtained from Fig. 1 right panel). One can see that the weathering
eﬀects on this specific carbonaceous chondrite are of the order
of variations due to heterogeneity. We also added data points
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for an asphaltite sample from Moroz et al. (2004a) where a clear
brightening of the surface was observed (see Fig. 8 left panel) after irradiation with 60 keV Ar++ (fluence of 1.5×1015 ions/cm2 ).
A strong blueing was also a result of this experiment (not shown
in the right panel of Fig. 8 because out of the range presented
in the figure). The reddening and darkening trend observed on
silicate-rich surfaces is not valid for all carbonaceous chondrites.
From Fig. 8, it is clear that the spectral modifications after irradiation are a function of the initial albedo. Interestingly, the
Tagish Lake meteorite represents the end-point of this transition
from reddening to blueing, and from darkening to brightening.
Among the samples reported in Fig. 8, Tagish Lake is the darkest
and the richest in carbon.

5. Conclusions
In this paper we presented reflectance spectra of the CM2
Murchison meteorite probed by visible and infrared spectroscopy. We studied ion irradiation eﬀects as a simulation of
the solar wind bombardment of asteroid surfaces.
– The variations we observe within the visible range for irradiated Murchison are smaller than well-known viewing geometry, grain sizes, or sample preparation eﬀects. We observe a
reddening eﬀect smaller than that observed in our previous
experiment on Allende chondrite (Brunetto et al. 2014) and
a light brightening (opposite eﬀect for Allende) when taking
into account both He+ and Ar+ ion results. The comparison
of this work with the data presented in Brunetto et al. (2014)
suggest that a relationship exists between the spectral variations observed and the initial composition.
– We do not see changes in the strength/profile of organic
bands at 3.4 µm, probably because in this wavelength range,
the reflectance probes a layer larger than the irradiated one
and the eﬀects of irradiation on this faint band are hidden in
the volume. Raman measurements clearly show that the IOM
(and probably SOM too) experienced chemical and structural modifications under irradiation.
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– We observe a simplification of the features near 3 and 6 µm
related to adsorbed water after irradiation process.
– We noticed shifts of the phyllosilicate and olivine bands near
2.7 and 10 µm toward the Fe-rich spectral region suggesting a loss of the element Mg, probably due to a preferential
sputtering of Mg and/or amorphization of Mg-rich materials.
These results cannot confirm the presence of npFe0, but do
not disagree with the forming mechanism (Hapke 2001).
We observed that the spectral modifications in the visible range
after irradiation are a function of the initial albedo. More experiments will be necessary to elucidate the role of the initial composition and carbon content on the spectral trend. Considering
diﬀerent samples of CCs within a systematic study will help us
to build a strong SpWe model on primitive material in order to
interpret the surface evolution of dark asteroids.
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