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a b s t r a c t

We performed ion irradiation of mineral samples with 50 keV He+, aimed to investigate ion irradiation
effects on diagnostic spectral features. Reflectance spectra of samples in 0.375–2.5 lm are measured
before and after ion irradiation. Silicates, including Luobusha olivine, plagioclase and basaltic glass, have
shown reddening and darkening of reflectance spectra at the VIS–NIR range. Olivine is more sensitive to
ion irradiation than plagioclase and basaltic glass. Irradiated Panzhihua ilmenite exhibits higher reflec-
tance and stronger absorption features, which is totally different from lunar soil and analog silicate mate-
rials in other experiments. Using continuum removal and MGM fit, we extracted and compared
absorption features of olivine spectra before and after irradiation. Ion irradiation can induce band
strength decrease of olivine but negligible band centers shift. We estimate band centers shift caused
by ion irradiation are quite limited, even less than variations due to chemical composition in silicates.
It provides one possible explanation for no systematic shift in band positions in lunar soil. Irradiated
Luobusha olivine spectrum matches spectra of olivine-dominated asteroids. Our results suggest space
weathering should be new clues to explain the subtle difference between A-type asteroid spectra and lab-
oratory spectra of olivine.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Space weathering is the physical and chemical alteration
changes at the surface of airless bodies. It includes two main pro-
cesses: cosmic and solar wind ions irradiation and micrometeorite
bombardment. Space weathering was initially studied on lunar
soil, since Apollo lunar soils have optical properties that signifi-
cantly differ from pristine rocks which they were derived (Conel
and Nash, 1970; Pieters et al., 1993). With increased weathering,
spectra of lunar soils exhibit systematically lower albedos (dar-
ken), redder spectral slopes (redden), and weaker mineral absorp-
tion features. Pieters et al. (2000) proposed nanophase metallic
iron, produced by vapor deposition and irradiation effects, domi-
nates the optical properties of lunar soils. It also has been sug-
gested that space weathering should be responsible for the
spectral mismatch between ordinary chondrite and S-type aster-
oid, which were thought to represent their parent bodies (Chap-
man, 1996; Pieters et al., 2000).

To interpret spectral modifications on airless bodies by solar
wind, simulations have been performed via keV–MeV ion irradia-
tion. Hapke (1973) showed that H+ irradiation of loose mineral
ll rights reserved.
powder visibly darkened the irradiated surface. Dukes et al.
(1999) irradiated olivine samples with 1 keV H+ and 4 keV He+.
By in situ surface analysis, Fe2+ near the surface of olivine was re-
duced into metallic iron. However, no significant spectral changes
were detected. Yamada et al. (1999) performed high energy (MeV)
proton irradiation on olivine and pyroxene. Only small changes in
the spectra were observed, which could be attributed to low irradi-
ation fluence. Different results were obtained by Strazzulla et al.
(2005), Brunetto and Strazzulla (2005), and Marchi et al. (2005).
They performed ion irradiation of ordinary chondrite (Epinal), min-
erals (olivine and orthopyroxene), bulk silicate rock with different
ions (60–400 keV H+, He+, Ar2+). All the irradiated materials have
shown darkening and reddening of reflectance spectra in the visi-
ble and near-infrared (VNIR) range. Loeffler et al. (2009) observed
reddening in NIR reflectance of olivine before and after 4 keV He+

irradiation. But there is no band center shift for �1 lm absorption
band of olivine.

However, these investigations are far from enough. Firstly, spec-
tral slope (or color index) and albedo are often used as spectral
parameters in previous space weathering study, including labora-
tory simulations. Actually, these are not considered diagnostic
parameters for mineralogy because they do not have functional
relationships with mineral type, mineral composition, or mineral
abundance (Gaffey, 2010). Even though some determined variation
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of band area or BAR values (Band II/Band I area ratio), previous re-
sults may not essentially reveal absorption features modifications
induced by ion irradiation. Secondly, most of these simulations
only focus on mafic minerals, such as olivine and pyroxene, which
are the most abundant minerals in ordinary chondrites. But spec-
tral modifications of other mineral during ion irradiation have
not been well characterized. This may impede our understanding
of diverse space weathering on different types of asteroids.

In the present study, we simulated ion irradiation on minerals
and basaltic glass with 50 keV He+ and measured their reflectance
spectra before and after ion irradiation. Absorption band center
and strength are regarded as diagnostic parameters since they have
a demonstrated functional relationship with mineral type, chemi-
cal composition, and mineral abundance (Gaffey, 2010, and refer-
ences therein). Continuum removal and Modified Gaussian Model
(MGM) were employed to extract diagnostic parameters from
reflectance spectra. Negligible band center and significant strength
decrease due to ion irradiation are recognized.
2. Experiments

2.1. Sample preparation

Terrestrial minerals olivine, plagioclase feldspar, ilmenite and
volcanic glass were chose in the experiments. Luobusha olivine
(�Fo80) is picked from the formation of dunites in the Luobusha
ophiolite, Southern Tibet. Plagioclase feldspar is from Damiao
anorthosite complex. The rocks have experienced different degrees
of hydrothermal alteration, such as chloritization (Xie, 1982). Vol-
canic glass is the most abundant component in lunar soil but has
not been involved in previous experiments. Basaltic glass in our
study is sampled from Longgang volcanic cluster in northwest of
China. Ilmenite is the most common opaque mineral on the Moon
(Taylor et al., 1991), as well as possible darkening agent of Mer-
cury’s surface (Riner et al., 2009). Panzhihua ilmenite is sampled
from Panzhihua ilmenite deposit in south-western Sichuan Prov-
ince of China.

Major composition of samples was determined by JEOL JXA-
8100 electron probe X-ray microanalyzer (EPMA) in Beijing
Research Institute of Uranium Geology. The results are listed in
Table 1. Luobusha olivine grain size ranges from 400 to 600 lm.
Average grain size of plagiolcase and Panzhihua ilmenite is about
Table 1
Major elements concentration (wt.% and standard deviation (1r)) of Luobusha olivine, pla

Sample Results (wt.%)

SiO2 TiO2 Al2O3 FeO MnO

Luobusha olivine 40.64 0.01 0.02 11.14 0.14
Plagioclase feldspar 57.85 0.08 25.66 0.24 0.02
Panzhihua ilmenite – 52.47 – 44.52 0.76
Basaltic glass 48.84 2.65 13.05 13.62 0.2
Apollo 73,155 glass 46.05 1.69 17.86 9.12 0.124

a Below detection limit. The data of Apollo 73,155 glass are from Tompkins et al. (199

Table 2
Stopping power and penetration depth for 50 keV He+ implantation in silicates.

Sample He+ energy (keV) Ion fluence (He+/cm2)

Luobusha olivine 50 5 � 1016

Plagioclase feldspar 50 5 � 1016

Panzhihua ilmenite 50 5 � 1016

Basaltic glass 50 5 � 1016
200 lm. Basaltic glass grains are between 75 and 100 lm. To pre-
pare our targets, the loose powder sample was packed in alumi-
num containers and pressed into a pellet under about 300 psi
using solid epoxy resin as binder. The epoxy mass fraction in each
pellet is no more than 2% to limit the influence on VINIR spectra
measurement of the pellets. This organic show no absorptions at
the VNIR range, except 1.4 lm band due to hydroxyl band
1.7 lm band due to CH/CH2/CH3 (Sales et al., 2011). Even though
we have not quantified the influence on spectra measurement in
this study, the trace binder effects could be neglected here.
2.2. Ion irradiation

He+ irradiation was performed using LC-4 high energy ion im-
planter at the Institute of Semiconductors, Chinese Academy of Sci-
ences. The experiments were carried out at room temperature, in an
ion pumped ultra-high vacuum (UHV) chamber with residual pres-
sure of 10�7 mbar. The energy of 4He ions is 50 keV. The irradiation
fluence is 5 � 1016 ion/cm2. Beam current density is maintained be-
low 45 lA/cm2 and ion beam was scanned homogeneously over the
target in order to prevent heating during implantation.

The rise in surface temperature of the target during irradiation
was not measured. The energy lost by colliding ions is redistrib-
uted among the species present in the target, and two main effects
occur: displacements of atoms from their lattice position and ion-
ization processes. If assuming 0.1% of energy loss transforms to
heat, we estimate the temperature is no higher than 50 �C.

With the SRIM program (at http://www.SRIM.org/, Ziegler et al.,
1985), we calculated stopping power and penetration depth in the
samples (Table 2). Electronically inelastic processes are found to
dominate the collision for 50 keV He+ implantation in silicates.
2.3. Measurement of reflectance spectra

We measured the reflectance spectra of mineral samples before
and after irradiation using Lambda 950 UV/VIS/NIR spectropho-
tometers at Institute of Remote Sensing Applications, Chinese
Academy of Sciences. The reflectance spectra were acquired be-
tween 0.375 and 2.50 lm, using a deuterium lamp and a tungsten
lamp as radiation sources. The resolution of the spectrophotometer
was 1 nm for VNIR range. BaSO4 was taken as a reference for cali-
bration. The measurements were performed in directional–hemi-
gioclase feldspar, Panzhihua ilmenite and basaltic glass.

MgO CaO Na2O K2O P2O5 Total

46.49 0.04 –a – – 98.48
0.02 8.02 6.39 0.57 0.03 98.86
3.33 – – – – 101.08
8.48 7.81 2.83 1.4 0.25 99.13
10.88 10.90 0.629 0.290 – 97.54

6).

Stopping power (eV/Å) Penetration depth (Å)

Inelastic collisions Elastic collisions

10.16 0.324 5600
9.726 0.323 5850
14.67 0.511 3500
10.98 0.372 4600

http://www.SRIM.org/
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spherical reflectance (normal incident) geometry at room temper-
ature and normal atmospheric pressure.

3. Methods

3.1. Continuum removal

The continuum-removal analysis is aimed to isolate major
absorption features in the reflectance spectrum. It is a widely used
technique by which reflectance spectra are normalized so that
comparison can be made of individual absorption features from a
common baseline (or continuum) (Clark and Roush, 1984). The
continuum Rc(ki) is a convex hull fit over the top of a spectrum
using straight-line segments that connect local spectra maxima.
So the continuum removed reflectance R0(ki) would be calculated
as follows:

R0ðkiÞ ¼ RðkiÞ=RcðkiÞ ð1Þ

RcðkiÞ ¼ Rstart þ ðRend � RstartÞðki � kstartÞ=ðkend � kstartÞ ð2Þ

where R(ki) is reflectance at the wavelength ki, Rstart and Rend repre-
sent the reflectances of start point and end point in each straight-
line segment, kstart and kend refer to the wavelengths of start point
and end point. Fig. 1 shows the continuum removal by calculating
the upper convex hull of a pyroxene spectrum. The continuum re-
moval is implemented in ENVI software package.

3.2. Modified Gaussian Model

The Modified Gaussian Model (MGM) developed by Sunshine
et al. (1990), is an inverse model to deconvolve a spectrum into a
set of absorptions superimposed onto a continuum slope. Mathe-
matically, the absorptions are defined by Gaussian distributions
in average bond length of the site and cation of interest, and in
the model are expressed as three parameters for each absorption
band: band center, band width, and band strength. The continuum
slope is defined by a set of polynomial coefficients, which act as
additional model parameters. The model adjusts the various mod-
els parameters to minimize, in a least squares sense, the sum of the
squares of the residuals.

In MGM, natural log of each reflectance spectrum is modeled as:

Ln½RðkÞ� ¼ C0 þ C1=kþ
PN
i¼1

si � exp �ðk
�1 � liÞ

2

2r2
i

" #
ð3Þ

The background continuum component is expressed as:
Fig. 1. Example of continuum removal on a pyroxene spectrum.
CðkÞ ¼ C0 þ C1=k ð4Þ

where k is the wavelength, R(k) reflectance at wavelength k, s band
strength, l band center, r band width, N the number of bands. C0

(continuum slope) and C1 (the intercept) for the linear function in
wavenumber are supposed to be constant parameters. The full
width at half maximum (FWHM) is calculated by

FWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 log 2

p
� r ffi 2:3548r ð5Þ

The MGM program is obtained from NASA/Keck Reflectance Exper-
iment Laboratory (RELAB) at Brown University (http://www.plane-
tary.brown.edu/relab/).
4. Results

4.1. Reflectance spectra of 4He irradiated samples

4.1.1. Luobusha olivine
Fig. 2a shows the reflectance spectra of Luobusha olivine before

and after He+ irradiation. Unirradiated Luobusha olivine spectra
exhibit a broad, composite absorption feature near 1.05 lm. The
absorptions are caused by electronic transitions in Fe2+ ions lo-
cated in distorted octahedral crystallographic sites. The central
absorption is caused by Fe2+ in the M2 site, while the two exterior
absorptions are due to Fe2+ in the M1 site (Burns, 1970, 1974,
1993; Burns et al., 1972). Weak absorption bands near 1.9 lm
are related with water in the sample while the 2.3 lm absorptions
may be due to metal-OH vibrational transitions (Clark, 1999).
b

Fig. 2. (a) Origin reflectance spectra of Luobusha olivine before and after He+

irradiation, and (b) continuum removed spectra of Luobusha olivine.

http://www.planetary.brown.edu/relab/
http://www.planetary.brown.edu/relab/
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Fig. 3. (a) Origin reflectance spectra of plagioclase before and after He+ irradiation,
and (b) continuum removed spectra of plagioclase.
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For irradiated Luobusha olivine, the most obvious spectral
change is the drop in overall reflectance. The maximum of the
reduction locates at 554 nm. This means He+ irradiation produced
darkening of olivine’s reflectance spectra. In addition, olivine be-
came reddening after ion irradiation. We define spectral slope r
from reflectance values R as: r = [R(2.0 lm) � R(0.5 lm)]/1.5 lm,
where 1.5 lm is the difference in wavelength. Spectral slope r of
olivine is 0.073 and 0.118, respectively before and after irradiation.
The clear slope change shows that He+ irradiation caused redden-
ing of olivine spectrum. All of these observations are generally con-
sistent with previous experiments (Brunetto and Strazzulla, 2005;
Loeffler et al., 2009; Marchi et al., 2005; Strazzulla et al., 2005).

Fig. 2b shows the continuum removed reflectance spectra of
Luobusha olivine. Alteration of 1 lm absorption band caused by
irradiation was enhanced by this process. Ion irradiation resulted
in significant decreasing of band depth and area, which agree with
weaker absorption feature of mature lunar soil and analog materi-
als in other experiments. Band center of 1 lm absorption feature
shifted towards longer wavelength from 1.040 lm to 1.045 lm.
Nevertheless, there are no modifications for other bands at
1.75 lm, 1.9 lm, and 2.3 lm.

4.1.2. Plagioclase feldspar
In remote reflectance analyses, plagioclase is considered to be a

weak absorber, almost featureless (Cloutis and Gaffey, 1991). The
curve of plagioclase spectra in the study does not look completely
similar to lunar anorthite (e.g., LS-CMP-004 in RELAB), which is asso-
ciated with hydrothermal alteration in our sample. The reflectance
show remarkable drop-offs at short wavelength (less than 1.0 lm).
We attributed it to chloritization in the feldspar structure. The shal-
low absorptions at 1.9 lm can be due to the presence of water in the
mineral while absorption feature near 2.2 lm are attributed to Al–
OH bend vibration, as well as Fe–OH bend (Clark, 1999).

He+ irradiation induced darkening and reddening of plagioclase
spectra (Fig. 3a). The reflectance values obviously decreased after
ion irradiation, especially in the visible. Spectra slope r increased
from 0.086 to 0.120, which means the spectrum turned redder
after irradiation. These results show no difference with mafic min-
eral in previous investigations (Brunetto and Strazzulla, 2005;
Marchi et al., 2005; Loeffler et al., 2009).

Fig. 3b illustrates the continuum removed reflectance spectra of
plagioclase. The most notable feature is band center shifted from
1.025 to 0.845 lm. However, this alteration cannot be attributed
to ion irradiation. We took straight-line continuum removal in this
study, which prevents from properly modeling absorption features
that exit at the edge of the wavelength range.

4.1.3. Basaltic glass
Fig. 4a shows spectra of basaltic glass before and after irradia-

tion. This sample exhibits a strong absorption band in the visible
range and a broad absorption feature near 1.5 lm. The curve of
basaltic glass is similar to that of Apollo 73155 glass samples
(Tompkins et al., 1996), but with overall lower reflectance. 73155
glass samples demonstrate a broad absorption band centered just
beyond 1 lm and 1.9 lm, due to crystal field transitions of Fe2+ in
octahedral and tetrahedral coordination respectively (Tompkins
et al., 1996). The broad absorption band of present basaltic glass
can be the result of those two peaks overlapping. The VIS absorption
is due to charge transfer between Fe and Ti (Tompkins and Pieters,
2010). The structure at 2.1–2.2 lm could be the result from metal-
OH vibrational transitions introduced by chemical alteration.

He+ irradiation induced darkening and reddening of basaltic
glass spectra (Fig. 4a). After irradiation, reflectance of basaltic glass
became lower. Because of more obvious reflectance reduction at
the shorter wavelengths, irradiated glass spectrum appears to be
redder. Spectra slope r changed from 0.011 to 0.036. These changes
of glass spectrum before and after irradiation generally are similar
to Luobusha olivine and plagioclase described above.

Fig. 4b shows the comparison of continuum removed reflec-
tance spectra before and after ion irradiation of basaltic glass. Note
that depth of the absorption band near 1.5 lm became little smal-
ler. However, we cannot determine the band center shift due to
irradiation since it is a broad band with no clear peak.
4.1.4. Panzhihua ilmenite
The reflectance spectrum of Panzhihua ilmenite is shown in

Fig. 5. The overall reflectance is very low compared with other
mineral spectra. The ilmenite spectrum shows the expected broad
absorption feature in the �0.5–0.7 lm region, a local reflectance
maximum near 0.8 lm, and a weak broad wavelength absorption
band centered near 1.3 lm due to Fe2+ ions; reflectance increases
shortward of �0.5 lm, which could be caused by charge transfer.
This is because ilmenite is an opaque Fe–Ti oxide mineral, whose
optical characteristics are controlled by Fresnel reflection from
its surface (Pompilio et al., 2007).

He+ irradiation dramatically modified spectrum of Panzhihua
ilmenite, as shown in Fig. 5. Irradiated ilmenite show stronger
absorption features and higher reflectance, which are completely
different with what happened to Luobusha olivine and plagioclase,
termed darkening and reddening. After irradiation, reflectance of
ilmenite increased across the full VNIR range, especially at the
wavelength 1.0–1.6 lm and beyond 2.0 lm. Note that absorption
band near 1.3 lm becomes deeper and narrower after ion irradia-
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Fig. 4. (a) Origin reflectance spectra of basaltic glass before and after He+

irradiation, and (b) continuum removed spectra of basaltic glass.

a

b

Fig. 5. (a) Origin reflectance spectra of Panzhihua ilmenite and lunar ilmenite, and
(b) continuum removed spectra of irradiated Panzhihua ilmenite and hematite.
Apollo 15 ilmenite (PI-CMP-006) is from RELAB. The green solid and dash lines
represent synthetic ilmenite (5–10 lm) and (size > 63 lm) and spectra data are
from RELAB. Hematite data are from RELAB and USGS spectra library. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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tion, although we cannot determine how much this band center
shifted. Irradiated ilmenite displays a new band near 0.87 lm. This
corresponds to the characteristic absorption feature of hematite
(a-Fe2O3), which is due to Laporte-forbidden transitions (Clark,
1999 and references therein). It implies that He+ irradiation may
induce phase transition in Panzhihua ilmenite. The similar results
have been reported by several experiments (Watanabe et al.,
1996, 2002; Christoffersen and Keller, 2007; Dai et al., 2007).

As opaque mineral, the reflectance of ilmenite is increasing with
decrease grain size (Fig. 5a). Synthetic ilmenite (5–10 nm) shows
similar NIR spectrum with irradiated Panzhihua ilmenite but dis-
tinct absorption feature in the visible range. Besides, there is no
evidence that He+ irradiation could change grain size distribution
of Panzhihua ilmenite. Previous investigations (e.g., Raineri et al.,
2000) demonstrate ion irradiation could cause surface roughness
increasing, as a result of blister formation and sputtering. The in-
creased surface roughness of ilmenite grain is a possible explana-
tion to brightening of irradiated ilmenite.

4.2. Modified Gaussian Model deconvolutions of olivine spectra

In order to quantify spectral modification due to ion irradiation,
we utilized MGM to deconvolve the spectra of Luobusha olivine in
this study and San Carlos olivine (Loeffler et al., 2009; Marchi et al.,
2005). MGM results are sensitive to the starting parameters. A var-
iation has been noted between MGM calculated absorption center
and the real mineralogical absorption center (Kanner et al., 2007;
Isaacson et al., 2011). For this study, we first model reflectance
spectrum of unirradiated sample. Then, the results, including band
center, FWHM and band strength, would be applied as the initial
parameters in irradiated spectrum fit. The method could reduce
the uncertainties of these parameters. Kanner et al. (2007) per-
formed the sensitivity test to determine an uncertainty on resul-
tant band centers for laboratory meteorite spectra. We estimate
error bar of band centers corresponds to ±8 nm for the VNIR range,
using the same method of Kanner et al. (2007).

As we talked above, the spectra of samples turned red after irra-
diation. The ubiquitous but variable nature of continuum slopes in
the VNIR reflectance spectra is a major complication in quantita-
tive analysis of diagnostic absorption features. For this study, the
increasing slope could introduce an apparent band center shifts
to shorter wavelength if we directly use original reflectance spectra
in MGM fits. The continuum-removed spectra are adopted in the
following MGM fits instead of original reflectance spectra. Because
continuum-removal could cause the MGM derived band centers to
cluster around nearly identical wavelength (Isaacson et al., 2011).

4.2.1. Luobusha olivine
In the present study, we only focus on 1.0 lm absorption

of Luobusha olivine. The results of MGM deconvolutions on
continuum-removed spectra of olivine samples are shown in
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Fig. 6. Parameters of the deconvolutions of olivine sample are listed
in Table 3. Note that band centers all shifted towards longer wave-
lengths, 11.2 nm, 9.1 nm, and 22.8 nm, individually for M1-1, M2,
and M1-2. After irradiation, these individual bands all turned nar-
rower and shallower (Fig. 6c). Bands strength decreased about 43%
on the average. In other words, absorption features of irradiated
olivine exhibited decreasing strength and width.
4.2.2. San Carlos olivine
Using the same approach, we analyzed the spectra of San Carlos

olivine irradiated by 4 keV He+ (Loeffler et al., 2009) and 200 keV
Ar+ (Marchi et al., 2005). The MGM fits are showed in Fig. 6. Param-
eters of absorption bands are listed in Table 3. Although there are
some spectral discrepancies between two investigators’ studies,
San Carlos olivine spectra are fitted successfully using the MGM.
San Carlos olivine exhibited pronounced decrease in band strength
(Fig. 7c and f), just like Luobusha olivine in the present study. How-
ever, no systematic shift in band centers occurred up fro irradiated
San Carlos olivine. 4 keV He+ irradiation did not induce wavelength
shift at all (Fig. 7c). All the values are even lower than band center
uncertainty. For the simulation by Marchi et al. (2005), band center
shift due to 200 keV Ar+ irradiation are not in consistent direction,
�3.9 nm, �0.1 nm, +11.8 nm, respectively for M1-1, M2, and M1-2
(Fig. 7f).
5. Discussion

5.1. Different space weathering trends of minerals and diversity of
space weathering

Under the same conditions of ion irradiation, different minerals
show different sensitivity for space weathering. Compared with
previous simulations, we chose more divers minerals in our exper-
iments. Luobusha olivine and plagioclase are both silicate miner-
als; glass is basaltic silicate without crystal structure. After
irradiation, all of them showed lowered albedo, reddish slope
and weakened absorption features, just like lunar soil and analog
materials in other experiments. However, spectral modifications
due to ion irradiation are in various degrees. In the three of them,
Luobusha olivine darkened mostly, plagioclase came as the second,
and then basaltic glass. Similarly, Ar+ ion irradiation experiments
showed that olivine reddens more efficiently than orthopyroxene
(Marchi et al., 2005; Strazzulla et al., 2005; Brunetto et al.,
2006a). Besides, laboratory laser experiments showed that the
slope changes of pyroxene spectra are much smaller than those
of olivine (Sasaki et al., 2002).

Except spectrum slope, we also calculated the Cs values of three
silicate samples, space weathering index, which becomes more
negative as the space weathering effect increase (Brunetto et al.,
2006a). Luobusha olivine (Cs = �0.038) shows lower value than
plagioclase (Cs = �0.019) and basaltic glass (Cs = �0.008). The re-
sults indicate olivine should be more sensitive to ion irradiation
than plagioclase and basaltic glass. All these results confirm that
silicate minerals display different sensitivity to ion irradiation
and micrometeorite bombardment.

As opaque oxide, Panzhihua ilmenite’ spectrum evolved toward
distinctive trend during ion irradiation. Long exposure to space
may induce more pronounced spectral alteration on airless aster-
oids than we ever thought. And it may imply a significant amount
of a new phase(s) had been produced in irradiated ilmenite. Lunar-
style space weathering (Hapke, 2001; Pieters et al., 2000) could not
perfectly explain spectral modifications of ilmenite. It has been
suggested that the ‘redden’, ‘darken’, and weaken absorption fea-
ture could not represent spectral evolution trend of different min-
erals during space weathering process.

The present results imply diversity of space weathering on
asteroids. Asteroid surface consists of minerals such as olivine,
pyroxene, feldspar, oxide and NiFe metal (Gaffey et al., 2002). In
other words, spectrum of each mineral could be taken as the end-
member of asteroids spectra. From the discussion above, we con-
clude minerals may exhibit different sensitivity and trend in
space weathering. Therefore, mineralogical characterizations of
asteroids play a central role in asteroids’ space weathering



Table 3
Parameters of the deconvolutions of Luobusha olivine and San Carlos olivine.

Band parameter Luobusha olivine San Carlos olivine from Loeffler et al. (2009) San Carlos olivine from Marchi et al. (2005)

Unirradiated Irradiated by 50 keV He+ Unirradiated Irradiated by 4 keV He+ Unirradiated Irradiated by 200 keV Ar+

M1-1 Center 854.9 866.1 851.4 852.4 831.5 827.6
FWHM 246.3 309.4 158.7 152.6 178.3 141.1
Strength �0.434 �0.236 �0.104 �0.0787 �0.202 �0.148

M2 Center 1048.0 1057.1 1029.9 1030.6 1022.7 1022.6
FWHM 218.7 234.4 213.3 211.9 218.1 204.4
Strength �0.628 �0.342 �0.296 �0.267 �0.359 �0.385

M1-2 Center 1269.0 1291.8 1250.9 1250.6 1245.2 1257.0
FWHM 323.7 300.8 328.6 318.8 413.0 377.1
Strength �0.506 �0.298 �0.220 �0.194 �0.448 �0.409

Note: Band centers reported in nm; FWHM values in nm. Strength reported as natural log reflectance. The parameters of unirradiated olivine are taken as the inputs for MGM
fit of irradiated olivine spectrum.
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(Vernazza et al., 2009). It also suggests the diversity of space
weathering and multiple weathering mechanisms on different
types of asteroids. These conclusions remand us to understand
space weathering in a wider vision. ‘Redden’, ‘darken’ of spectrum
might be not only spectral trend in space weathering, and our
investigations should not be impeded by lunar-style model.
5.2. Effects of space weathering on diagnostic spectral parameters

The data indicate ion irradiation can alter band strength decrease
of minerals but negligible band center shifts. Mature lunar soil dis-
play lowered albedo, reddish slope and weakened absorption fea-
tures. However, there seems to be no significant effect of space
weathering on diagnostic spectral parameters, such as band position
and relative band area. Previous simulations suggest ion irradiation
(Brunetto and Strazzulla, 2005; Dukes et al., 1999; Marchi et al.,
2005; Yamada et al., 1999) and laser ablation (Brunetto et al.,
2006b; Hiroi and Sasaki, 2001; Moroz et al., 1996; Sasaki et al.,
2001, 2002; Yamada et al., 1999) cannot affect the band position of
silicates. Using the MGM fit, we determined band center shifts and
strength reductions of spectra of Luobusha olivine irradiated by
50 keV He+, and San Carlos olivine irradiation by He+ and Ar+.

Band strength reduction occurred for spectra of all irradiated
olivine. The MGM results of Luobusha olivine and San Carlos oliv-
ine illustrates marked band strength decreases. However, band
center shifts of olivine due to ion irradiation seem to be negligible.
For Luobusha olivine, wavelengths of the three individual bands
(M1-1, M2 and M1-2) systematically shifted to longer wavelength
(14.4 nm on average) (Fig. 6). But there are no significant band cen-
ter shifts for San Carlos olivine irradiated by 4 keV He+. For 200 keV
Ar+ irradiation, the band shifts are not in a consistent direction.
These results suggest that ion irradiation could alter absorption
band position but within a limited range.

Micrometeorite impacts, the same as ion irradiation, can induce
no systematic change in the 1 lm of olivine. The laser experiments,
to simulate micrometeorite bombardment, give the exactly same
answer. Even if laser irradiation in Moroz et al. (1996) is so great
to produce abundant melt glass, band centers shift of partly altered
and altered olivine are 4 and 15 nm, which are close with wave-
length error. Hiroi and Sasaki (2001) reported the average band
shift for all three bands for unaltered San Carlos olivine to that irra-
diated by 15 mJ laser is 1.58 nm (range = �5.1 to 7.0 nm) (Isaacson
et al., 2011).

We estimate band centers shift caused by space weathering
could be less than variations due to chemical composition in min-
erals. Band centers shift of ion and laser irradiated olivine samples
are compiled in Fig. 8. In all these results, the greatest shift
is + 22.8 nm for M1–2 band of Luobusha olivine irradiated by
50 keV He+. The value is still significantly less than band position
variation due to Fe/Mg in olivine. As shown in Fig. 8, we estimate
band shifts for 1 lm olivine absorption caused by space weather-
ing are even less than absorptions shift caused by iron content var-
iation (Sunshine and Pieters, 1998).
5.3. Astronomical implications

As discussed above, space weathering could not affect absorp-
tion band centers. This conclusion agrees with lunar soil, and also
provides one possible explanation for no systematic shift in band
positions in lunar soil with different Is/FeO (e.g., Taylor et al.,
2001; Noble et al., 2006). Amorphous rim and nanophase iron par-
ticle, produced by space weathering, could darken and redden the
spectra of lunar soil. But they are insufficient to significantly
change absorption band positions of the host. Even if band shift
did occur with increasing maturity, it would be negligible for lunar
soil with different mineral composition and abundance.

In Fig. 9, the spectra of Luobusha olivine before and after ion
irradiation are compared with those of seven A-type asteroid from
the Bus–DeMeo taxonomy (DeMeo et al., 2009). Asteroids spectra
display lower reflectance, steeper spectral slope, and weaker
absorption band, which are reproduced by the spectrum of irradi-
ated Luobusha olivine. The subtle difference between A-type aster-
oid spectra and laboratory spectra of olivine were attributed to
changes in temperature (Sunshine et al., 2007). Our results provide
new clues to explain spectral variations of A-type asteroid. Irradi-
ated olivine spectrum matches spectra of olivine-dominated aster-
oids, especially at NIR range. Comparing with temperature effects,
space weathering seems induce more significant spectral modifica-
tions. For A-type asteroid, space weathering, as an important pro-
gress during long exposure to space, should not be ignored.

The spectral modifications on these analogs reveal the different
space weathering trends on A-type asteroid. Shown in Fig. 10 are
the Band I centers plotted relative to BAR value for three types
(A, S and V) asteroids (Bus, 1999; DeMeo et al., 2009). Spectra of
irradiated analogs, olivine, ordinary chondrite, and Eucrite meteor-
ite are also plotted in Fig. 10. No matter irradiation energy and flu-
ence, Eifel ordinary chondrites, Bamble Orthopyroxene and Eucrite
meteorites all display no significant band center shift but increas-
ing the ratio BII/BI after ion irradiation. Given no band shift, these
irradiated analogs develop along the x-axis towards increasing BAR
value. This indicates S-type and V-type could presumably evolve in
the same trend after long exposure to space (Ueda et al., 2002;
Pieters et al., 2006). For olivine samples, there are neither band
area variation (Band II area = 0) nor significant center shift in the
space weathering. Therefore, we interpret olivine-dominated A-
type asteroid may display no preferred change directions in this
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OL rectangle of Fig. 10. This inference seems consistent with Main
Belt olivine-dominated asteroids (Sunshine et al., 2007). If so, A-
type asteroids would evolve in different space weathering trends
with S and V types asteroids.

Like the Moon, Mercury has no atmosphere to protect it from
the harsh space environment and therefore it is expected that it
will also incur the effects of space weathering (e.g. Hapke, 2001).
Mariner 10 (Robinson and Lucey, 1997; Denevi and Robinson,
2008) and MESSENGER (McClintock et al., 2008; Robinson et al.,
2008; Riner et al., 2009) data reveal one or more opaque compo-
nents on the Mercury’s surface. Ilmenite has been suggested as a
candidate mineral of global darkening agent to explain the low al-
bedo. However, irradiated Panzhihua ilmenite shows strong
absorptions near 0.87 lm and 1.6 lm. These findings seem to con-
tract the fact that Mercury display absence of identifiable near-
infrared absorptions (McClintock et al., 2008). Riner et al. (2009)
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excluded Fe, Ti-bearing oxides because other payloads results sug-
gest a low TiO2 abundance on Mercury’s surface. Except ilmenite,
there are other opaque mineral on Moon, Mercury and asteroids,
such as spinel and rutile. Compared with silicates, they exhibit dif-
ferent modifications in space weathering. Clearly, more works
about opaque minerals are necessary in future to constrain nature
of the darkening agent on Mercury and completely reveal space
weathering effects on airless bodies.

6. Conclusions

We performed 50 keV He+ irradiation on silicate minerals and
basaltic glass to simulate ion irradiation in space. This study has al-
lowed us to reach the following conclusions:
(1) Silicates, including Luobusha olivine, plagioclase and basal-
tic glass, have shown reddening and darkening of reflectance
spectra in 0.375–2.5 lm. Olivine is more sensitive to ion
irradiation than plagioclase and basaltic glass. Panzhihua
ilmenite exhibited higher reflectance and stronger absorp-
tion features, which is totally different from lunar soil and
analog materials in other experiments. The different weath-
ering trends of mineral indicate diversity space weathering
on asteroids.

(2) Using continuum removal and MGM fit, we extracted and
compared absorption features of olivine spectra before and
after irradiation. Ion irradiation can alter band strength
decrease of minerals but negligible band centers shift. We
estimate band centers shift caused by ion irradiation are
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quite limited, even less than variations due to chemical com-
position in silicates. It provides one possible explanation for
no systematic shift in band positions in lunar soil with dif-
ferent Is/FeO.

(3) Irradiated Luobusha olivine spectrum can match spectra of
olivine-dominated asteroids. Our results suggest space
weathering should be new clues to explain the subtle differ-
ence between A-type asteroid spectra and laboratory spectra
of olivine.
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