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Abstract The absorption features of olivine in visible and nearanéd (VNIR) reflectance spectra are the
key spectral parameters in its mineralogical studies. @dlyethese spectral parameters can be obtained
by exploiting the Modified Gaussian Model (MGM) with a propentinuum removal. However, different
continua may change the deconvolution results of theseneas. This paper investigates the diagnostic
spectral features of olivine with diverse chemical comfiass. Four different continuum removal methods
with MGM for getting the deconvolution results are presdraad the regression equations for predicting
the Mg-number (Fo#) are introduced. The results show tHegrdnt continua superimposed on the min-
eral absorption features will make the absorption centdt, sis well as the obvious alterations in shape,
width and strength of the absorption band. Additionallis &lso found that the logarithm of a second-order
polynomial continuum can match the overall shape of thetspecin logarithmic space, and the improved
regression equations applied to estimate the chemical asitigm of olivine-dominated spectra also have
a better performance. As an application example, the inggt@pproach is applied to pulse laser irradiated
olivine grains to simulate and study the space weatherifegtsfon olivine diagnostic spectral features.
The experiments confirm that space weathering can make #w@lon band center shift toward longer
wavelength. Therefore, the Fo# estimated from remote sgrsgiectra may be less than its actual chemi-
cal composition. These results may provide valuable in&iom for revealing the difference between the
spectra of olivine grains and olivine-dominated asteroids

Key words: techniques: spectroscopic — instrumentation: spectpityra— methods: statistical — minor
planets, asteroids: general

1 INTRODUCTION 2004 Staid etal. 201l As a major mafic mineral, o-
livine is an important material in understanding the ge-

Hyperspectral remote sensing data are widely useflogic evolutionary process of terrestrial bodies. It is th

in identification of minerals and rocksAdams 1974 foremost mineral to crystallize from magma and form the
Singer 1981Cloutis & Bell Il 2000; Burbine et al. 2002 major component of planetary mantles. Olivine bears rich
Basilevsky et al. 2012Roush et al. 2015 especially on information on the magma ocean. Olivine materials in
studies of the surface materials of the Moon, Mars andn® deep crust and mantle can be exposed to the crust
asteroids Pieters & Mustard 1988Bishop etal. 1998 ©F surface by a magmatic explosion and giant impact-
Ohtake et al. 2009Wu et al. 2010 Lindsay etal. 2015 S (Tonks & Melosh 1992Wilson & Head 201y, and de-

The visible and near-infrared (VNIR) reflectance spectrd€Cted by aremote sensing instrument. Furthermore, it was
are sensitive to the mafic mineral compositiohsiqey ~ ound that high Fo# (100Mg/(Mg+Fe)) olivine indicates
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a primordial magma of mantle origin, while low Fo# o- physically isolated absorption bands, and can estimate the
livine signifies a differentiated and evolved magmaylor  single mineral modal abundances within 5%0% for
1978 Shearer & Papike 1999The composition of olivine mafic minerals and rocksS@nshine & Pieters 19931t
is an indicator to study the mantle materials and planetarflas been successfully applied to interpret and quantify

evolutionary history. the compositional and abundance information on miner-
als or mineral mixtures, which make up the observed sur-
1.1 Olivine Spectroscopy face (e.g.,Sunshine & Pieters 1998/ustard et al. 2005

Jin et al. 2013 Many studies have applied and adapted the

A visible and near-infrared spectrometer (VNIS) is oftenmethod based on experience and detailed explanation of
considered an essential instrument for orbital remote-senshe parameters of the resulting absorption band processed
ing. Generally, the VNIR spectra of absorbing mineral-by this model (e.g.Pinet et al. 2009Tsuboi et al. 2010
s contain absorption bands that are characteristic of theBugita et al. 2011
compositions and crystal structures (elystard et al. It is worth noting that implementing the MGM to
2005 Pieters et al. 2009 The crystalline structure of o- analyze spectra in the wavenumber domain (spatial fre-
livine contains two different six-coordinated sites: tl®€  quency or energy) is numerically equivalent to Gaussian
trosymmetric Ml site and non-centrosymmetric M2 site analysis in wavelengthQallie et al. 2008 In addition, it
(Burns 1970. In the series from fayalite to forsterite, js necessary to pay attention to the constraints between
Mg** and Fé* ions are randomly distributed within the t- the relative band absorption strengths. Each Gaussian
wo sites, and the P&/Mg?** ratio can provide information curve must conform to the electronic transition absorp-
on the differentiation process of the olivinBurns 1974  tion laws, while getting the optimal numerical solution.
Dyar et al. 2009 The presence of P& in the central ab- The MGM code applied in this paper is the version 2.0
sorption site M2 and two bilateral absorption sites M1-1 & MATLAB code, which calculates the best-fit bands em-
M1-2 of the olivine crystal field make three spin-allowed ploying the stochastic non-linear inverse algorithm de-
transitions and form three corresponding characteritic a veloped byTarantola & Valette(1982. The code can be
sorption features in the VNIR spectrum near 0.87, 1.05 angownloaded from Brown University
1.25um (Hunt 1977 Hunt & Ashley 1979. The combina- MGM is very useful for planetary remote sensing da-
tion of these absorption bands results in a broad integrateg interpretations. Continuum removal as an important is-
diagnostic feature near 1on (Fig. 1), and its useful spec-  sye in spectral interpretation has still not been analyaed i
tral behavior finally makes olivine chosen for this study.  getajl with the MGM. Indeed, the continuum is superim-

Identification of mafic mineral olivine is done by com- posed on the mineral absorption features, which can cause
position analysis of laboratory mineral samples and vithe absorption center to shift, as well as obvious alter-
a satellite remote sensing detection (eMystard etal. ations in shape, width and strength of the absorption band
2009. The scientific study of olivine content, crystal (Rodger et al. 201Zhang et al. 201)6 However, it seem-
structure and spectral features will help us to uncoveg to be using markedly different continuum line styles in
the formation and evolution of planets and moons (e.g.the MGM deconvolution irSunshine & Pieter1998 and
Lucey et al. 1998 Yamamoto et al. 2010Miyazakietal.  others (e.g.Noble et al. 2006Clénet et al. 201L1Li et al.
2013 Ody et al. 2013Li et al. 2019. Remote sensing can 2019. Different continua will make a change in the band
acquire a large amount of spectral information. Howevercenter. In addition, the MGM deconvolution relies on
the spectral data are not directly exploited, since the-spegelative band strength values and band center positions.
tral analysis requires much prior knowledge with many at-Therefore, continua with different slopes and types will
tempts in the correction for absorption bands of mineralsead to different results for MGM deconvolution. So, it is
to fit different models Antonenko & Cloutis 2008 necessary to study the effects of different continuum re-

moval methods on MGM.

1.2 The Modified Gaussian Model (MGM)

o 1.3 MGM and Space Weathering
The Modified Gaussian Model (MGM), originally devel-

oped and described unshine et al(1990, is based on Space weathering is the surface process that can cause
physical processes in electronic transition absorptiowls a physical and chemical changes on the surface of airless
a statistical method to investigate the probability distrsi  bodies Hapke 2001 This process, including microme-
tion. It is an automated mathematical method for deconteorite impacts and solar wind implantations, can dark-
volving the superposed absorption features in reflectancen, redden and reduce the contrast of the VNIR spectra
spectra. MGM is a widely utilized model for accurate-
ly decomposing the mineral absorption features into their * http://ww. pl anet ary. br own. edu/ ngm
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of most silicate minerals, and make the spectra difficultto  os
interpret Pieters et al. 1993hapman 2004 Researches o7 |
have pointed out that “nanophase iron particles,” abbre-
viated as npFg disassociation from iron-bearing min-
erals, produced by irradiation, and vapor deposition ef-
fects, can cause changes in the optical properties an
chemical composition on the material surfaeters et al.
200Q Hapke 2001 Brunetto et al. 2006Fu et al. 2012
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sition of lunar soil, A-type asteroids and S-type asteroids
(e.g.,Chapman 1996Pieters et al. 20Q@hapman 2004
MGM is widely applied to reveal the surface mineralogy of
asteroids (e.gDe Leon et al. 2004Sunshine et al. 2004
2007 Binzel et al. 2009 Wang et al. 201y However, s-
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pace weathering will complicate the interpretations adtel 0z | ——Fo91 70 um
scopic spectra of asteroid€lark et al. 2002 Chapman Fo91 115 ym
2009. So far, only a handful of studies optimized the ef- o —Fod1 165 um
fects of space weathering on MGM deconvolution results. ~ °° = o i . - ”

For exampleFu et al.(2012 studied the effects of space Wavelength (um)

weathering on mineral di_ag_nostic sp.ectral features_ basegg_ 1 Reflectance spectra of olivine. Panel a: Olivine of
on the results of He irradiation experiments and pointed \aried Fo# with same grain size, all spectra aref60um
out that the diagnostic band centers shift to longer wavesize powders, showing increasing reflectance and decreas-
length after radiation. There is a need for more experiing band depth with increasing Fo#; Panel b: Olivine spec-
ments based on application of the MGM approach in spacia of varied Fo# with varied grain size (60 to 16%5), ex-
weathering. hibiting decreasing reflectance with increasing grain.size
In this work, firstly we collected spectral data of o-
livine with different particle sizes and compositions,-sol spectral data with the target mode of the Moon Mineralogy
id solutions ranging from fayalite (£8iO,) to forsterite Mapper (M) spectrometer.
(Mg»Si0Oy), and then examined different continuum re- The spectra of olivine with several different size distri-
moval methods employed for MGM analysis. Secondly, webutions are considered in this study. The olivine sample ID
investigated the effects of space weathering on MGM analand information are listed in Table Seven samples, with
ysis by examining the spectra of laser-irradiated olivinelDs like Kixxxx, were also used irBunshine & Pieters
and olivine-dominated A-type asteroids (246) Asporina(1998. One should note that Fo# was recalculated ac-

and (354) Eleonora. cording to the chemical composition of the USGS olivine
samples. The recalculated Fo# values are a little different
2 DATA AND METHODS from the stated samplg valges. For accuracy, the repalcu-
lated Fo# was applied in this study. Olivine spectra in the
2.1 VNIS Spectra and Composition of the Olivine RELAB Spectral Database are synthetic samples, as de-
Solid Solution scribed byDyar et al.(2009, and the Fo# is an approxi-

mation of a range.
The spectral laboratory data described here are provid- These USGS olivine can be divided into two groups as
ed by the U.S. Geological Survey (USG@nd RELAB  jemonstrated in Figur (a) they have the same grain size
Spectral Database is supported by NASRhe USGS M3t (60,um) with increasing Fo#: (b) they have the same Fo#
data were processed with the spectral characteristics detg,;i, increasing grain size (§0m to 165um). Usually, lab-
mined byGreen et al(2011), who convolved the mineral oratory spectra with larger grain size 45um) are more

2 _ similar to the natural mineral spectra than the small grain
https://specl ab. cr.usgs. gov/ spectral -1ib. . B . . . .
ht m size Clénet et al. 2011 Making it with the same grain
3 http://ww.pl anetary. brown. edu/ rel ab/ size, with powder size<60um, the spectral reflectance
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increases and band depth decreases with increasing Fc  °°
(decreasing F&'). Obviously, as the iron abundance in-
creases, the band center position of theptrDabsorp- of
tion band shifts toward longer wavelength. In addition, the
particle size also affects the spectral reflectance and ban
shape $alisbury & Eastes 198%alisbury & Wald 199

The spectral absorption features of forsterite shift tawvar
longer wavelengths when the grain size increases. Whel
band saturation in very large grain sizes occurs, determi:
nation of the band center will become complicated.
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In MGM, natural logarithm of each spectral reflectance isFig- 2 Four significant characteristic parameters for MGM.
modeled as In this figure, the spectral data (Sample ID: KI3005, Fol1)

are from the USGS spectral library. Theange “+” sym-
bols are the logarithm reflectance data of KI3005. The
blue linesare Gaussian curves fit to the reflectance data.
The red line represents a type of continuum used in the
N ()\71 _ ufl)Q (1) MGM. Theblack lineis the fitting result representing the
+ Z S; - exp —272’ , Gaussian curves plus the continuum. pivek linesignifies
i=1 i the residuals (original data minus modeled Gaussian fitting
result). For the sake of clarity, the residuals are shifted b
+0.1 on the ordinate.

In[R (N\)] = F (cont)

where) is the wavelengthiz(\) is the reflectance at wave- _ _
length )\, S is the band strengthy, is the band centes; is ~ 2-3 Different Continuum Removal Methods
the band width anaV is the number of band$(cont) is

. . . The slope of the continuum is variable, which consists of a
a function of the continuum in wavenumber space.

number of factors such as grain size, viewing geometry, s-
The MGM is not very dependent on pre-hypothesis ofpace weathering, temperature, etc. The variable continuum
spectral components, but band absorption analysis neef a barrier for quantitative analysis of spectral diagnos-
s to be done with suitable caution to ensure that the alic absorption featuredgaacson et al. 20)1To quantify
sorption has physical significance. In the olivine spectrathe absorption band features, it is necessary to remove the
there are two inflection regions near 700 and 1800 nmgontinuum from the spectral curve, however, the physical
and a wide absorption nearuin region. The Gaussian significance of the continuum is not thoroughly understood
curves in Figure2 indicate that there are three absorp-yet (Clark et al. 2003Clénet et al. 201)1 Accurately mod-
tions (870 nm, 1050 nm and 1250 nm, respectively, whicleling a suitable “continuum” with superimposed absorp-
are assigned to transitions of #ein the M1-1, M2 and  tions is not easy but crucial for analyzing the spectroszopi
M1-2 sites of olivine) in this regionSunshine & Pieters data with the MGM.
1998. The initial parameters based on prior knowledge  |n the MGM program, users can set clear continuum
of the mineral spectral absorption can be set in advanggolynomial parameters. In order to compare the relative
when running the MGM code. Therefore, the number ofabsorption band intensity and study the effect of the con-
Gaussian curves to be included in the model directly detinuum removal method (C for short) on the MGM decon-
pends on the number of absorption bands present in thelution, four different types of continuum removal meth-
spectrum. In order to elaborate on this model, there argds in wavelength space are utilized in this article to get
four basic characteristics significant for interpretinglan the olivine diagnostic spectral features:
exploiting the MGM, as illustrated in Figur2 They are: 1. Flat line continuum removal method (Method F for
(1) band center (the central location of each absorption feashort)
ture); (2) band width (typically described as the full width Use the logarithm of the max reflectance values and one
at half maximum (FWHM) in the independent reflectanceadditional model parameter for offset as a flat continuum
spectrum curve); (3) band strength (the band intensity ifio remove in wavelength space.
natural logarithmic reflectance space); and (4) continuum
(a mathematical function used to describe the prominence C(\) =In(MAX(g) + co. 2)
for a particular spectral absorption feature in the angjysi
(Sunshine & Pieters 199&lark & Roush 19841 R = reflectance, A\ = wavelength, ¢y = constant.
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Table 1 Olivine Spectra Selected for Comparing Continuum Removethidds in this Study

USGS Spectral Library RELAB Spectral Database
Sample ID  Size|fm) Fo# Sample ID Sizeym) Fo# Sample ID Sizeym) Fo#
K13005 < 60 11 DD-MDD-087 < 45 80 DD-MDD-115 < 45 89.5
KI3377 < 60 19 DD-MDD-088 < 45 75 DD-MDD-116 < 45 70
KI3291 < 60 30 DD-MDD-089 < 45 70 DD-MDD-046 < 45 0
Kl4134 < 60 41 DD-MDD-090 < 45 65 DD-MDD-045 < 45 10
K13188 < 60 51 DD-MDD-091 < 45 60 DD-MDD-044 < 45 20
KI3189 < 60 60 DD-MDD-092 < 45 55 DD-MDD-043 <45 30
K13054 < 60 66 DD-MDD-093 < 45 50 DD-MDD-042 < 45 40
GDS70.d < 60 91 DD-MDD-094 < 45 40 DD-MDD-041 < 45 50
GDS71.b < 60 92 DD-MDD-095 < 45 30 DD-MDD-040 < 45 60
GDS70.e <30 91 DD-MDD-096 < 45 20 DD-MDD-039 < 45 70
GDS70.c <70 91 DD-MDD-097 < 45 10 DD-MDD-038 < 45 80
GDS70.b <115 91 DD-MDD-098 <45 0 AG-TIM-008 <45 90

GDS70.a < 165 91

The origins of the samples involved in this paper are differ®livine in USGS Spectral Library is terrestrial oliviire
nature, and its Fo# are accurately calculated to the unit dith the chemical composition analysis (e.g., for KI3054
Fo66 is an approximation of the exact number 65.53). Oliwini@ELAB Spectral Database represents synthetic samples,
as described bRyar et al.(2009, and its Fo# is an approximation of a range (e.g., DD-MDD;F®60 is an approximate
number ranging from 53 to 64).

2. Oblique line continuum removal method (Method O 2.4 MGM Parameters and Initialization

for short)
Use the logarithm of first-order trend line as a continuumFollowing the previous explanation in Sectich&and?2.3,
to remove in wavelength space. each Gaussian curve must be initialized with three param-
eters (band center, band width and band strength) and each
C'(\) =In(co+c1\). 3) parameter corresponds to a Bncertainty. Likewise, the

continuum must be initialized as a certain type with the
corresponding 2 uncertainty for each parameter. In addi-
tion to the 1um region, sometimes, another two or more

3. Polynomial curve continuum removal method Gauss?ans at the short wavelength region,and one or more
(Method P for short) Gau§3|ans gt the Iong V\./avelenglth region are also needed to
Use the logarithm of second-order polynomial curve as thé’btaln physpally realistic modeling to initialize the MGM_
continuum to remove in wavelength space. The former is used to model theT strongllarge absorption

of charge transfer near the ultraviolet region and weak ab-

sorption near 0.6m (Clénet et al. 201)1 and the latter is
utilized to model the absorption of atmospheric water in
the long-wavelength regiomfar et al. 2009

A = wavelength, cg, ¢c; = constants.

C(\)=1In (co +co )+ 02)\2) ) 4)

A = wavelength, ¢, ¢1, co = constants. . L .
& 00T 2 The transmission spectra of olivine have been studied

. . in detail by Burns (1970. In his work, spectra from al-
4. Energy-wavelength polynomial continuum removall three @, 3, ) crystallographic optical orientations were
method Hiroi et al. 2000 (Method E for short). Use the > 0, p,7) crystafiograp prc
. . examined as a function of compositions. He deconvolved
energy-wavelength polynomial as the continuum to re- : . .
move in wavelength space each of then, 3,y polarized spectra into three absorption
' bands. In thex and 3 polarized spectra, M1-1 band and

M1-2 band contribute most strongly to the spectra, and M2

o
c = BN + et e () band has little or no contribution to the spectra. Whereas,
the M2 band is most intense in theorientation, and form
A = wavelength, ¢, ¢1, co = constants. a narrow and sharp curve. However, reflectance spectra of

pulverized samples are different from the polarized trans-

Flat line, oblique line and polynomial curve continu- mission spectra of single crystals in that the former ones
um removal methods are commonly utilized in the MGM include scattering contributions from randomly orienthte
deconvolution.Hiroi et al. (2000 developed Method E micro-crystals. The shape of reflectance spectra is more
for deconvolving the reflectance spectra of lunar soilssimilartoa andg polarized spectra, but not the sharp curve
Figure3displays an example of MGM fit to fayalite (Fol1) of the~ polarized spectra. To deconvolve olivine spectral
using the above mentioned four continuum removal methabsorptions more accurately, the research presented here
ods. initializes the intensity of M2 to about half of M1-2.



129-6 H.-J. Han et al Study of the MGM and its Applications

0.5 T T T T T 0.5 T T T
a MGM Fit to Fol1l b MGM Fit to Fol1l
s — v |
or or
[} [}
o o
c c
8 8
%) 5]
8 osf : i; / ] £os¢
Q Al " Q
14 14
j=2] j=2)
=] =]
=4 40 = 1
' / \/ '
3 3
5] 5]
z z
151 1 151
Method F Method O
. . . . . . . . . .
0.5 1 15 2 25 0.5 1 15 2 25
Wavelength (In Microns) Wavelength (In Microns)
0.5 T T T T T 0.5 T T T
c MGM Fit to Fol1l d MGM Fit to Fol1l
0 0
[} [}
o o
c c
8 8
5] 5]
& -05f & -05f
Q Q
14 14
j=2) j=2)
=] =]
=4 40 = 1
S S
3 3
5] 5]
z z
151 1 151
Method P Method E
> . . . . .
0.5 1 15 2 25 0.5 1 15 2 25
Wavelength (In Microns) Wavelength (In Microns)

Fig. 3 Olivine (Fol1l) spectral deconvolution results from founttouum removal methods of MGM. Panels a, b, ¢c and
d represent the four methods of F, O, P and E, respectivellatdine continuum without slopes was used to match the
flat spectra in the long wavelength regions for simplicityoblique line continuum tangent to the two inflection region
on both sides of the absorption region. c: quadratic polyimbourve continuum describes the general spectral trend.
d: energy-wavelength polynomial continuum describes #reegal spectral trend.

The relative strength shifts with the variations of o- In order to study the effects of space weathering on
livine Fo#. Although this relationship is less useful for olivine diagnostic spectral features, some natural pure o-
compositional analysis, it should be also of concern a$ivine granules were collected and ground into powder
mentioned inSunshine & Pieter§1999. A series of test-  (less than 4um) as the sample. A wet chemistry method
s of the MGM modeling has driven us to set appropri-was followed to analyze the major contents of olivine ele-
ate Gaussian parameters and determine the uncertainty wients and its Mg-number is F089.8. Olivine powders were
50 nm for the band center, 50 nm for the band width andaked with a dry oven att20° C for more than 5 hours to
within 30% for the band strength. For poor quality spec-remove any moisture in the samples, and then the dry sam-
tra, it can also reduce ther2incertainty to model the data ples were placed in aluminum holders in a vacuum cham-
accurately. Continua of Methods O, P and E were modber under a pressure of 1®Pa for pulsed laser irradiation.
eled as closely as possible to the two inflection regions nBy varying the pulse energy and irradiation time, this ap-
ear 700 nm and 1800 nm. The parameters of the continuuproach could simulate different degrees of weathering.
are variable with different selected methods, and we setan We obtained a total of six olivine samples with varying
uncertainty within 30% for each continuum parameter.  degrees of weathering, including the original unirradiate

one. A continuum nanosecond pulsed laser was operated
2.5 Space Weathering Simulations of Olivine Grains to simulate the micrometeorite bombardment process. The

pulse energy was set as 25 mJ palseand different irra-
In order to test how MGM may work for samples that havediation times were applied for these samples to simulate
experienced simulated space weathering, we re-analyzedrying degrees of micrometeorite bombardments. Before
the reflectance spectra of olivine grains (less thapmp  and after irradiations, VNIR reflectance spectra of these
irradiated by a pulse laser with different intensity levelsolivine samples were measured with a Bruker Vertex 70
(Yang et al. 201y The detailed experimental proceduresFourier transform infrared spectrometer. The transmissio
can be found invang et al.(2017% and the following is a electron microscope (TEM) images of irradiated olivine
brief summary: show the presence of npFe
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3 RESULTS AND DISCUSSIONS of olivine or pyroxene. Figur® depicts the variations of
the olivine diagnostic band center position with their re-
gression lines and the composite band centers. Tadile

According to the definition of the MGM, Gaussian fit- plays the linear regression equations of the three diagnost

ting of the spectral curve needs to be processed by thand centers, the composite band centers gnd the residuals.
continuum removal method. Flat line continuum (Method COmpParison of the results of the four continuum removal
F) (Fig. 4) is the original choice bySunshine & Pieters methods and. thg trend lines of the composite band centers
(1998. This method should be applied with caution for &€ featured in Flgur.g. . _ .
spectral deconvolution, due to the fact that such flat spectr AS €xpected, with each method, olivine diagnostic
in the near-infrared (NIR) regions are almost nonexistenPand centers move toward longer wavelength with increas-

in mafic rocks, mixed minerals or lunar regolith. Compared™9 iron content (decreasing Fo#), and the two M1 band

with the widely used continuum removal method developepenters move faster than M2. The trend lines of M1-1 and

d by Clark & Roush(1984), this method will significantly M2 bands obtained by Method F are very close to those

overstate the absorption strength of the slope spectrain tﬂn Sunshine & Pieter¢199§, but there are some changes

ultraviolet and visible regions, when the continuum is farl" theé M1-2 band, which may be due to the fact that
from the curve of the visible region we considered more sample data and/or a different off-

Oblique line continuum corresponds to Method o’set. In contrast to Method F, the linear regression equa-
which relies on the continua to contact the two inflec-tion system of the other three methods all demonstrate that
tion regions near 700 nm and 1800 nm. Cases in Fi§ure the S"?Pe ratgs are less than Fhe corre;ponding values in
demonstrate that this method will significantly overes->Unshine & Pieter¢1998. As discussed in Sectior&s3
timate the NIR region ranging from 2,0n to 2.6um. a-ndil%..l d|ffer.entcont|nua|nthe.MGM degon.volgtlonwnl
Actually, there is no significant absorption feature in thiSS|gn|f|cantIy mfluenge the location and distribution of the
region.Isaacson et a[2011) employed a similar continu- band center, especially the trend of M1-1 a”O_' M2. With
um removal method to study the lunar olivine-dominated“/€thod O, Method P and Method E, the trend lines of M2
spectra in an individual absorption region. It takes somdand center position appear to bg shifted by a few nanome-
unrealistic physical modeling to fit the spectra in the Icmgeters toward short Wavel_engths with a smaller slope than the
wavelength region2.0um). results ofSunshine & Pieter§l998. o

Polynomial continuum corresponds to Method P, the Ve note that the spectral curve becomes flat with in-
logarithm of a second-order polynomial curve, and was<reased Fo#, especially when Fo®0 (Fig. 1). In addi-
used as the continuum to be removed in the MGM (aglon, deconvolution results always shift a little bit towdar

shown in Fig.6). Sunshine & Pieter¢1998 applied this longer wavelength when Fo#80. The absolute spectral

method to fit an olivine-rich asteroid spectrum. However,Strength of olivine will decrease and spectral curve will be

they did not restrict the parameters of continuum so that®me flattened with decreasing iron content. Therefore, if
a small range of variable Fo# was accepted. With thidhe absorption is too weak, the interpretation of the decon-

method, the overall shape of the continuum can descrip¥!ution results should be taken cautiously.
the general spectral trend well. For the MGM deconvolution of the continuum re-

For Method E, the energy-wavelength polynomialmo"al method, Figur® and Table2 show the linear re-
continuum does not need to be converted to natural log2"€SSion equations and residuals. Method F is the origi-
arithm space, because it was originally defined in naturd?@ choice bySunshine & Pieter€199§. The trend lines
logarithm space (Fig?). This method is similar to a com- ©f M1~1and M2in this paper are almost the same as those
bination of Method O and Method P. Olivine diagnostic ™ Sunshine & Pieterg1999, but the centers of M1-2 are
spectral feature (7001800 nm) can be described well, but MOre dispersed, which indicates that this method may be

sometimes it may underestimate absorption in the visibl&©t suitable for continuum removal.
region. Method O is a simple and feasible method, but com-

pared with other methods, the sum of residuals of al-
| three diagnostic band centers is the largest. Moreowver, th
oblique line continuum will significantly overestimate the
In order to reveal the olivine composition from the MGM NIR region longer than-2.0um. As a result, it needs to
deconvolution results obtained using different continuumadd some Gaussian curves without physical significance to
removal methods, it is essential to recalculate the threét the spectral curves. Fortunately, the diagnostic spéctr
regression trend lines established $ynshine & Pieters characteristics of olivine do not exceed this region, hence
(1998. In addition, the position of the composite band cen-we can restrict the spectral ranget0.6pum < wavelength

ter is also widely utilized to determine the composition< ~1.8um to study the olivine composition. However, we

3.1 Different Continua on Spectral Deconvolution

3.2 Variations of the Diagnostic Band Center
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Fig.4 Example of different Fo# olivine spectral deconvolutiosuks from flat line continuum removal method (Method
F) of MGM.
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Fig.5 Example of different Fo# olivine spectral deconvolutiosuks from oblique line continuum removal method
(Method O) of MGM.
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Fig.6 Example of different Fo# olivine spectral deconvolutiosuis from second-order polynomial continuum removal
method (Method P) of MGM.

still do not recommend this approach due to its large residMethod P is also a simple and effective method. More
uals. importantly, this method does not need to initialize the

_ ) ) Gaussian curves that do not have physical significance.
Method P is commonly implemented in MGM decon-

volution. With appropriate parameters, the overall shape Method E was developed for deconvolving the re-
of the smooth curved continuum can describe the gerflectance spectra of lunar soils. It is not widely used in
eral spectral trend well. Compared with other methodsMGM deconvolution, maybe because it requires complex
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Fig. 7 Example of different Fo# olivine spectral deconvolutiosuks from energy-wavelength polynomial continuum
removal method (Method E) of MGM.
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Fig.8 Band centers of the olivine spectral deconvolution redudtsn four continuum removal methods of MGM are
compared with the trends defined Bynshine & Pieter§l998. For this figure pblack square symbolepresent the de-
convolution results obtained in this papsolid blue linessignify these result trend lines anetl dashed linesorrespond
to the trend lines defined unshine & Pieter61999. Yellow crossemark the composite band centers.

Table 2 Linear Regression Equations of the Three Diagnostic BamdeCe with Different Methods

Band M1-1 M2 M1-2 Composite Band
Method a b residual a b residual a b residual a b residual
F -1247.4 1133.8 79.52 —2195.9 2363.7 64.44 —733.42 950.Zb478 -2691.8 2911.7 77.42
(@) —773.65 72553 103.97 -1810.1 1940.3 96.70 —-856.71 1138%06 -2131.8 2329.9 56.81
P -1002.2 925.89 94.48 -1857.4 1988.6 92.83 —-823.82 108281716 -2170.9 23715 51.72
E -918.19 856.8 96.18 -1770.7 1904.3 84.61 —-859.06 1118.97054 -2215.4 2418.0 51.59

The expression of the linear regression equation is: £a@*\-+b, where a and b are variable coefficientsis wavelength in

microns.



129-10 H.-J. Han et al Study of the MGM and its Applications

100 [

- - S&P
Method F | 90 | Method F
—— Method O —— Method O
Method P | 80 L Method P
—— Method E —— Method E
] 70 |
o e
[5) 1 o 60|
@ @
B 15 so0f
& 1% a0
© ©
<] <]
= 4 s 30 L
i 20 |
M1-1 M2 M1-2 | 0r
] ol b
1 1.1 1.2 1.3 1.4 1.04 1.05 1.06 1.07 1.08 1.09 1.1
Olivine band center (In Microns) Composite band center (In Microns)

Fig. 9 Comparison of the results of the four continuum removal méstand the trend lines of the composite band centers
obtained by four continuum removal methods. S&P repreghettrend lines defined Byunshine & Pieter£1999.

and harsh initialization parameters. Furthermore, with th though the band centers display a well-defined linear trend.
iterative parameters of this polynomial continuum, the s-The deviations on M2 and M1-2 are more than —14 nm and
tochastic non-linear inverse algorithm sometimes makes5~14 nm respectively. Such a wide shift in the band cen-
the new parameters worse than the old do. In this caséer will require careful handling of deconvolution results
the deconvolution result is untrustworthy. This method re-  In fact, Method P, the logarithm of a second-order
quires manual reexamination to make sure the result ipolynomial continuum, matches the overall shape of the
correct, which will introduce more labor requirements. Inspectrum well, and is a popular choice now. In order to
view of these, Method E is not suitable for defining thestudy the difference in the two different trend lines and es-
continuum for plenty of remote sensing data. timation results, we also calculated the Fo# and correction
In Figure9(a), a comparison of the results obtainedwhich was obtained from the two regression equations de-
by the four continuum removal methods and the originafined by Method P an&unshine & Pieter§1998 while
method is clearly depicted. What is more, in Fig@8b), the band centers were altered in order. Tabiedicates
the trend lines of the composite band centers of Methodthat the estimated results of the two different trend lirres a
O, P, and E are close, but the trend line of Method F is sigguite different. It will overestimate more than 7 mol% for
nificantly different from others. MoreoveGlark & Roush  forsterite and underestimate more than 9 mol% for fayalite
(1989 pointed out that implementing a flat continuum on M1-1 band if we use the regression equations defined
to calculate the maximum absorption position of the redy Sunshine & Pieter§1998. Similarly, it will overesti-
flectance spectrum is incorrect, which also indicates thatate more than 4 mol% for forsterite and underestimate
the trend lines irBunshine & Pieter€l998 should be used more than 14 mol% for fayalite in M1-2 band. Considering
with caution. Clearly, in terms of operability and practica that the estimation of mafic mineral abundance and chemi-
ity, Method P, the logarithm of a second-order polynomialcal composition difference is between 5%10%, the dif-
continuum, may be the best choice in this paper for furtheference between the results of these two methods is accept-
research. able. Conversely, as for M2 band, the prediction results of
these two methods vary greatly, and it will overestimate the
3.3 Comparison between Method P and Sunshine & Fo# by about 15 to 30 from fayalite to forsterite. There is
Pieters (1998) a need to determine which method is better.

It is worth noting that the trend lines of the diagnostic3 4 \/alidation and Application: Analysis of

band centers exhibit some difference from those defined by  jivine-dominated Meteorite Spectra

Sunshine & Pieter§19989 and Method P. The band cen-

ter and deviation obtained by these two methods with Fo& his research relies on olivine-dominated meteorite spec-
changing in order are shown in Tal8eThe deviationsin- tra to test Method P and its trend lines described above.
dicate that the corresponding band centers are quite diBrachinites are unshocked equigranular igneous mate-
ferent between the deconvolution results of Method P andal, which belongs to differentiated ultramafic achon-
Sunshine & Pieter§19998. Evidently, the deviation of the drites but not a part of primitive achondritesehru et al.

two methods on M1-1 band is more than~&nm, even 1983 1992 Mittlefehldt et al. 2003, and arguably may
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Table 3 Linear Regression Equations of the Three Diagnostic BamdeCewith Method S&P and Method P

Fo# M1-1 (nm) M2 (nm) M1-2 (nm)

S&P Method P Deviation S&P  Method P Deviation S&P  Method P iBon
10 905.6 9139 8.3 1073.4  1065.3 -8.2 1287.2 13014 14.2
20 8974  903.9 6.5 1068.8 1059.9 -9.0 12775 1289.2 11.7
30 889.1 893.9 4.8 1064.2 1054.5 -9.7 1267.8 1277.1 9.3
40 880.8 883.9 3.1 1059.6  1049.1 -10.5 1258.2  1265.0 6.8
50 872.6 874.0 14 1055.0 1043.7 -11.3 12485 1252.8 43
60 864.3 864.0 -0.3 1050.4  1038.3 -12.1 1238.8  1240.7 1.9
70 856.0 854.0 -2.0 1045.8 1032.9 -12.9 1229.1 12285 -0.6
80 847.8 844.0 -3.7 1041.2 1027.6 -13.7 1219.4 1216.4 -3.0
90 8395 8341 -5.5 1036.6  1022.2 -14.5 1209.8 1204.3 -5.5
S&P represents the trend lines $unshine & Pieter§1998. Deviation is equal to the result of Method P
minus S&P.

Table 4 Different Estimated Results (Fo#) and Corrections betwikermwo Regression Equations Defined by Method
S&P and Method P

Band Fo# (M1-1) Band Fo# (M2) Band Fo# (M1-2)

Center S&P Method P Correction Center S&P Method P Cornecti@enter S&P Method P Correction
0.830 101.5 94.1 7.5 1.030 104.5 75.5 -29.0 1.210 89.8 85.3 45 -
0.840 894 84.0 -5.4 1.035 93.6 66.2 —-27.4 1.220 79.4 77.0 4 -2,
0.850 77.3 74.0 -3.3 1.040 82.7 56.9 -25.8 1.230 69.1 68.8 3 -0.
0.860 65.2 64.0 -1.2 1.045 71.8 47.6 —-24.2 1.240 58.8 60.6 1.8
0.870 53.1 54.0 0.9 1.050 60.9 38.3 -22.6 1.250 48.4 52.3 3.9
0.880 41.0 44.0 2.9 1.055 50.1 29.0 -21.0 1.260 38.1 441 6.0
0.890 28.9 33.9 5.0 1.060 39.2 19.8 -19.4 1.270 27.8 35.8 8.1
0.900 16.8 23.9 7.1 1.065 28.3 10.5 -17.9 1.280 17.4 27.6 10.2
0.910 4.7 13.9 9.2 1.070 17.4 1.2 -16.3 1.290 7.1 19.4 12.3
0.920 -7.4 3.9 11.3 1.075 6.6 -8.1 -14.7 1.300 -3.3 11.1 14.4

Olivine band centers are in microns. S&P represents thel tieas in Sunshine & Pieter§1999. Olivine with an Fo# greater
than 100 or a negative number does not exist.

have come from differentiated asteroid4ittlefehldt etal.  superior to~F060 which was calculated ISunshine et al.
2003. Based on their similarities in reflectance spectra, th€2007). This is probably because we included more sam-
A-type asteroids are believed to be olivine-dominated angles with different grain sizes to make the estimates more
the parent bodies of brachinitedésvorny et al. 2009In  accurate.
this work, the spectra of meteorite Brachinite EET99402  According to the comparison and discussion men-
with different grain sizes (RELAB sample ID: MT-JMS- tioned above, it should be mentioned that if we apply
088, MT-JMS-329, TB-TIM-058) were chosen as the exdifferent continuum removal methods to deconvolve the
amples to study its chemical composition. The averagepectrum with MGM, significantly different absorption
mineral compositions, major, minor and trace element conband center positions will be produced. These band cen-
tents of EET 99402 were analyzed Mijttlefehldt etal.  ters are crucial for studying the olivine composition (Fo#)
(2003. They reported that when converted to weight per-Therefore, caution should be exercised for the regression
cent, there are olivine 88.0%, high-Ca pyroxene 4.7%, plaequation obtained by unknown or different continuum re-
gioclase 6.1%, spinel 1.0% and troilite 0.1%. In addition,moval methods.
olivine has an average composition of F064.2. Generally speaking, the optimal continuum removal
The spectra of EET 99402 were deconvolved by MGMmethod mainly depends on the overall shape of the spec-
with continuum removal Method P, which aims to deter-tral curve. For a single simple absorption band, we usually
mine whether the prediction results of olivine composi-choose a simple flat or oblique tangent line as the con-
tions are consistent with their known chemistry. Figliée tinuum. The widely utilized cubic splines continuum in
displays the deconvolution results, while Talfelist- Clark & Roush(1984 is similar to the tangent line con-
s the starting parameters used to initialize the spectrinuum removal method. When shifted to the logarithmic
and final parameters obtained by MGM deconvolutionspace of the reflectance, the oblique line will bend to have
Furthermore, Figurd0(d) shows the predicted results of a little curvature at the short wavelength region. The phys-
the three spectra of ETT 99402. The predicted Fo# of thécal significance of the continuum is not clear yet. If we do
three spectra are F060.3, F063.8 and F062.6, respectiveot want to increase the absorption bands without physi-
ly, and the average value is F062.3. The estimated resutal significance and excessively decrease the band intensi-
is very close to its chemical component (Fo64.2), and it igy, the logarithm of a second-order polynomial continuum,
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Table 5 MGM Modeling Parameters of the Meteorite Brachinite EET@®&pectra

Sample ID MT-JMS-088 MT-JMS-329 TB-TJM-058
Grain size Fine powder <45um <125pm
. e Starting Final Starting Final Starting Final
Gaussian fitting parameter X X
parameters parameters parameter 5 parameters parameter 5 parameters
Parameter 1 3.5010! | 3.37x10~! 3.30x10~ ! | 3.54x10~! 1.40x10~1 | 1.38x10~!
Continuum Parameter 2 5.800° | 5.14x10~° 5.00x10~° | 1.97x10~° 5.00x10~° | 4.51x10°
Parameter 3 —2.00108 | 2.08x10~8 —1.50x10~8 | 6.06x10~? -1.50x10~8 | -1.29x10~8
Center 300 292.6 300 295.2 300 323.3
Band 1 FWHM 160 110.8 100 109.0 160 184.7
Strength -1.0 -1.21 -1.0 -1.36 -1.0 -1.04
Center 400 349.6 400 374.7 480 480.4
Band 2 FWHM 200 250.9 100 222.6 100 97.5
Strength -0.3 -0.51 -0.3 -0.44 -0.4 -0.26
Center 620 653.5 620 628.9 620 621.5
Band 3 FWHM 70 75.3 70 49.2 70 63.7
Strength -0.02 —-0.0198 -0.02 —-0.0188 -0.02 —-0.0198
Center 870 863.7 870 863.1 870 862.3
M1-1 FWHM 180 183.7 180 168.8 180 173.8
Strength -0.1 -0.12 -0.1 -0.11 -0.2 -0.24
Center 1050 1041.4 1050 1039.4 1050 1036.1
M2 FWHM 200 184.0 200 187.9 200 198.4
Strength -0.25 -0.23 -0.25 -0.21 -0.35 -0.41
Center 1250 1232.8 1250 1225.2 1250 1238.4
M1-2 FWHM 400 384.8 400 412.2 350 401.1
Strength -0.25 -0.24 -0.22 -0.24 -0.5 -0.50
Root Mean Square Error 3.880°3 3.23x1073 5.55x103

Band center and FWHM are in microns. Final parameters listélis table are approximations rather than exact values.

which can match the overall shape of the varied spectréalta of irradiated olivine. However, as mentioned above,

curves, may be the best choice. Method P and Method E can be used for deconvolving the
reflectance spectra of lunar soils. So, these two continua
removal methods will be applied to study the reflectance

3.5 Application of MGM in Space Weathering
spectra of irradiated olivine.

Analysis

3.5.2 Effects of space weathering on olivine diagnostic
spectral features

3.5.1 Reflectance spectra of irradiated olivine

Based on the optimized MGM method mentioned above

for estimating olivine composition, the spectral characte The absorption center of olivine diagnostic spectra is near
istics of olivine subjected to space weathering simulated i 1050 nm, and the edges of the wings are near 700 nm and
the laboratory were studied. The VNIR reflectance specl1800nm as stated in Secti@al In order to quantify the

tra of the samples with varied laser irradiation degreeyariation of the olivine spectral curve in space weathering
as well as the original one are plotted in Figura), We defined a function to characterize the stability of the
while the same spectra normalized at 700 nm are showgpectral diagnostic features

in Figurell(b).

After irradiation, those diagnostic spectral features
turned weaker and shallower. As the amount of irradiation
increases, absorption intensity and albedo of the visiésle r where SSDF,vine iS an abbreviation for stability of
gion (we chose the reflectance value at 700 nm) decreasti® spectral diagnostic features of olivinBzog, Ri050
faster than the NIR region (we chose the reflectance valuand R;s00 represent the reflectance or albedo at 700 nm,
at 1800 nm), the behaviors of which redden the spectra. 1050 nm and 1800 nm, respectively.
is in accordance with lunar-style space weather®affey As SSDFqvine does not depend on the absolute re-
2010. According to the methods described above, Methodlectance of the spectrum, relative reflectance spectrum
F and Method O do not apply to the reflectance specis also applicable, especially the telescope spectra,fwhic

SSDFy = L0700 ~ Foso. ©6)

b
Rigo0 — R1o050
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makes Equation) more accurate and practical when s- Regarding space weathering, after irradiation, these di-
tudying space weathering. Tabelists parameters char- agnostic spectral features turned narrower and shallower,
acterizing the VNIR spectral curves of olivine before andand the three parameters (band center, band width and band
after irradiations. As the amount of radiation increadss, t strength) of M1-1 band manifest the fastest change. The
degree of spectral reddening increases and the stability absorption features of M2 band are relatively stable. Band
spectral diagnostic features decreases. centers gradually become larger and band strength grad-
. . L ually reduce, until the spectral absorption charactessti

To quantify the effects of pulsed laser irradiation °"pecome very weak. The absorption intensity of the M1-2

olivine spec’Fra, these e>_<perimenta| Spec"?‘ were firstly $Hand decays faster than the M2 band. Compared with the
moo'Fhed using the Savnzky-GoIa.y (SG) filter .procedureoriginal olivine spectrum, all diagnostic band centerdef t
(Savitzky & Golay 1963 MGM with the logarithm of

: . jrradiated olivine spectra shift towards longer waveléngt
a second-order polynomial continuum removal metho

(Method P) and an energy-wavelength polynomial contin- he data in Figur&3were obtained using Method P. After

| method (Method E loved 1o d irradiation, the band center offsets reach up to 24.7 nm,
uum removal method (Method E) was employed to e'14.5 nm and 25.9 nm, for M1-1, M2 and M1-2 bands, re-

convolve the olivine spectra measured above. HOWeverSpectively. This will cause the estimated Mg-numbersto be

Method E demopstrates the |nstab|I|t.y of the. algorlthmreduced from F085.9 to F061.6, corresponding to a change
and the complexity of parameter settings during the de- . N

. . _ of more than 24 mol% for forsterite (or fayalite) in these o-
convolution process as described at the end of Se8tdn

. . livine compositions. This result is consistent with the find
So, we cannot really recommend using this method to s-

ngs inFu et al.(2012. Method E exhibits the same trend
tudy space weathered spectra. However, the data resu A .
. . . . as Method P but with different quantities. As a result, the
obtained by this method are still shown below. In addi-

} e . . ) redicted forsterite proportion on the space weathered as-
tion, we limit the VNIR feature discussions in the spec P brop P

. . “teroid surface based on telescopic spectra may be less than
tral region 500-2000nm, because the spurious peak n- . ~SCOpIC Sp y
! its actual chemical composition.
ear 2140 nm caused by Spectralon absorption can confuse
and complicate mineral identificationghang et al. 2014
Figure12 depicts the diagnostic spectral features of thes

irradiated olivine grains and the original one obtained by
Method P, while T?br:eg and8 provu;e t.he:;r;al MG::A gt' The regression equations based on the center of the o-
ting parameters of these spectra obtained by Method P ar?ﬁ}ine spectral features in this paper can be applied te esti

Method E, respeciively. mate the surficial composition of olivine-dominated aster-
The three diagnostic band centers of the original o0ids. However, the estimated chemical compositions can
livine spectrum deconvolved by MGM with Method P be changed by space weathering according to the above s-
are 844.6nm, 1025.9 nm and 1197.9 nm, respectively, an@tement. Two A-type asteroids (246) Asporina and (354)
the deconvolution results with Method E are 847.7 nmEleonora were chosen to study its possible mineralogical
1027.9nm and 1201.6 nm, respectively. It is worth point-characterization. The VNIR spectra of (246) Asporina and
ing out that the predicted Fo# of these three band centef§54) Eleonora (Figl4) were obtained from the website of
using the Method P regression equation in this paper arélanetary Spectroscopy at MiTThe telescopic spectrum
F079.4, Fo83.1 and F095.2, respectively, and the predicte@f (246) Asporina is a good sample for this study. It is in-
Fo# results with Method E are Fo78.5, Fo84.2 and Fo86.6¢erred to be an olivine rich asteroid based on the dominan-
respectively. The average numbers of these two method-broad absorption feature near 1.0nm in its VNIR spec-
s are F085.9 with Method P and Fo83.1 with Method E trum. Whereas, the reddened spectrum has been interpret-
respectively. These are close to its chemical compositiofd to be affected by space weathering that produce metal
Fo089.8. However, applying the regression equation proparticles on the surfaceC(uikshank & Hartmann 1984
vided in Sunshine & Pieter§1999 with the deconvolu- The spectrum of (354) Eleonora is in a similar situation
tion results of Method P will result in three inappropriate (Sunshine et al. 2007
results, which are F083.9, F0113.4 and F0102.2, respec- The forsterite mole percentages of asteroid (246)
tively. In addition, the average number is slightly largerAsporina have been estimated to be between Fo060
than F099.8. Noticeably, when Fo# is greater than 100, thand Fo90 by comparing the spectral curves of the o-
predicted result is unacceptable and the estimated resulivine solid solution ranging from fayalite to forsterite
s differ from the chemical composition by more than 10(Cruikshank & Hartmann 1984 Sunshine & Pieters
(mol%). Therefore, care needs to be applied when consid1999 also estimated the composition of olivine on
ering the regression equation basedSamshine & Pieters
(1998. 4 http://smass. nit. edu/ home. ht m

é%.G Estimating the Composition of A-type Asteroids
(246) Asporina and (354) Eleonora
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Table 6 Parameters Characterizing the VNIR Spectral Curves ofi@itsefore and after Irradiation

Olivine Reflectance (or albedo) Reddening SSDF
Samples 700 nm 1050 nm 1800nm  RiRoo/R700)
OLV-original 0.7466 0.6052 0.8049 1.0781 0.7081
25 mJ*1 time 0.6626 0.5825 0.7772 1.1730 0.4114
25 mJ*2 times 0.6373 0.5856 0.7914 1.2418 0.2512
25 mJ*3 times 0.4810 0.4844 0.6972 1.4495 —0.0160
25 mJ*4 times 0.3612 0.3988 0.5727 1.5855 -0.2162
25 mJ*5 times 0.2752 0.3254 0.4716 1.7137 —0.3434

Eq. (6) expresses the calculation method of SSDF as an abbreviatithe stability of the spectral
diagnostic features. When space weathering causes tlireedgdipectral slope to increase, the higher

the SSDF value is, the clearer diagnostic features of thetrgpbecome and the lower is degree of
space weathering.

Table 7 Final MGM Fitting Parameters of the Original Fresh and Irased Olivine Spectra with Method P

Olivine Band M1-1 Band M2 Band M1-2 Estimated

Samples Center FWHM  Strength Center FWHM Strength Center HMW Strength Fo#

Original 844.6 1735 -0.078 1025.9 176.2 -0.139 11979 3#A21. -0.172 85.9
25mJ*1time 855.7 152.6 —-0.046 1031.3 168.8 -0.121 1207.6 8.837 -0.129 76.2
25mJ*2times 862.9 158.0 —-0.038 1033.9 162.4 -0.107 1203.876.33  -0.116 73.2
25mJ*3times 867.6 144.2 —-0.025 1036.8 162.7 —-0.098 1215.644.83  —0.092 66.6
25mJ*4times 869.3 145.1 -0.016 1040.3 161.2 -0.076 1223.814.13  —-0.061 61.6
25mJ*5times  867.6 159.7 -0.012  1040.4 158.6 -0.054  1220.599.52 -0.039 63.1

The estimated Fo# result is the average of the predicte@wvalfithe three diagnostic bands.

Table 8 Final MGM Fitting Parameters of the Original Fresh and lraéeld Olivine Spectra with Method E

Olivine Band M1-1 Band M2 Band M1-2 Estimated

Samples Center FWHM  Strength Center FWHM  Strength Center HMW Strength Fo#

Original 847.7 186.7 —0.086 1027.9 175.2 -0.145  1201.6  7405. -0.170 83.1
25mJ*1time 855.1 170.9 -0.056  1032.0 165.9 -0.120 1200.3 4.539 -0.142 78.8
25mJ*2times  861.2 181.9 -0.050  1034.8 160.2 -0.107  1195.596.93 -0.131 76.6
25mJ*3times  864.7 188.9 —-0.043 1037.3 159.5 -0.098  1200.682.73  -0.115 72.6
25mJ*4times  854.0 193.9 —-0.038 1037.1 174.3 -0.089  1218.446.03 -0.089 70.9
25mJ*5times  844.3 296.3 —0.037 1039.9 184.5 —0.065  1222.533.83 —0.059 71.1

The estimated Fo# result is the average of the predicte@walfithe three diagnostic bands.

asteroids (246) Asporina using the MGM with somederestimation of forsterite content. Based on Equatin (
restrictions and concluded that it was likely greater tharthe SSDF,jin. Of asteroid (246) Asporina and (354)
Fo80. For (354) EleonoraGaffey et al.(2015 reported Eleonoraare 0.3130and 0.3105, respectively. Compared to
that the Fo# estimate is fromFo061 to ~Fo71, while the shape andSD F,;ine Of the irradiated olivine spec-
Sunshine et al.(2007) modified the temperature and tra featured in Figurd1 and Table7, the spectral curves
quantified its Fo# to be-F090. of the two asteroids are similar to the spectra of olivine ir-
This paper smoothed the asteroids spectra and norméﬁ‘d'ated with 25 mJ*1 time and 25 mJ*2_ times. Morc—_zover,
ized at the maximum value to acclimatize to the MGM. €55 D ulivine Values of the two asteroids are al-so in be-
Then, MGM was applied to deconvolve the spectra with ar{ween theSSD Folivine values of the;e two irradiated o-
appropriate second-order polynomial continuum, as show}lV"€ samples (0.4114- 0.2512). This means there may
in Figure15. The three diagnostic band centers of asteroid)e a?"“? 10 mol% forsterite underestlmaf[ed. Thergfore,
(246) Asporina spectrum are 860.97 nm, 1034.70nm an§onsidering the effects of space weathering on mineral
1235.21nm, respectively. The predicted Mg-numbers ar&hemical composition and the_ MGM deconvc_)lutlon result-
F063.0, F066.8 and Fo64.5, respectively, and the average the Mg-numbers of asteroid (246) Asporina and (354)
number is~Fo65. Whereas, the three diagnostic band cent Ieonor_a are likely close to or greater than Fo75 and Fo88,
ters of asteroid (354) Eleonora spectrum are 847.85nni€SPectively.
1030.57nm and 1214.13 nm, respectively, and the predict-
ed Mg-numbers are F076.2, Fo74.4 and F081.9, respectivé- CONCLUSIONS
ly. The average number isF078.

MGM is a powerful tool to reveal the composition of
Based on the previous statement, space weatheringafic mineral assemblages. However, different continu-

may change the shape of spectral curves, and result in uom removal methods will affect the deconvolution result-
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Fig. 12 MGM fit to the spectra of original fresh and varying-degreadiated olivine samples with Method P.

s. This paper explored the continuum removal method fotations in the deconvolution of olivine spectra. This metho
the MGM on olivine diagnostic spectral features. It imple-can overestimate the visible region if the flat continuum is
mented four different types of continuum removal methoddar from theUV band wings, which makes it not suitable
to get the olivine diagnostic spectral features, which havéor revealing spectra with slopes;

resulted in four different regression equation systems. In

comparison with different regression equations obtainedi  2) The oblique line continuum removal method is sim-
this article andSunshine & Pieter§1998, it is significant  ple and feasible. The tangent continua contact the two in-
to highlight the following: flection regions of the diagnostic feature. This method is

1) Flat line continuum removal method is the original suitable for an individual absorption region, but not foz th
choice bySunshine & Pieterfl 998, but it has many limi-  whole band;
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Fig. 13 MGM fit to the original fresh and irradiated olivine spectrdwMethod P and prediction of the mole fraction of
Fo#. Black circles correspond to original olivine sampléth/ihcreasing amount of radiation, the corresponding syis\b
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