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Abstract

Deconvolution analysis of reflectance spectra has been a useful method to infer mineral composition and crystal
structure. Many of the recent deconvolution analyses of reflectance spectra of major rock-forming minerals, such
as olivine and pyroxene, have been based on a modified Gaussian Model (MGM). The numerical algorithm of the
widely used MGM, however, utilizes the steepest descent method, which has a local minima problem. With inaccurate
initial parameters, the steepest descent method converges into a local minimum, thus the analyzer must manually
adjust initial parameters and calculate the model repeatedly to obtain the desired solution. In order to avoid the local
minimum problem, we utilized Bayesian spectral deconvolution with the exchange Monte Carlo method, which is an
improved algorithm of the Markov chain Monte Carlo method, aimed to both avoid local minima traps and remove the
arbitrariness originated from initial parameters. We applied the model to visible to near infrared reflectance spectra
of 31 synthetic clinopyroxene samples with wide ranging Mg, Fe and Ca compositions (solid solution). We obtained
results consistent with the previous studies based on conventional MGM analyses, suggesting that the exchange
Monte Carlo method can yield results consistent with the conventional MGM analyses purely based on the observed
data. We also find that the center wavelengths of 1 ym absorption bands of high-Ca pyroxene samples have a linear
dependence on Fe/Mg component. Both 1 ym and 2 ym absorption bands seem to follow approximation lines in the
three-dimensional spaces of center wavelengths, Ca and Fe components. The successful application of the exchange
Monte Carlo method to a wide range of clinopyroxenes would have a potential to expand the applicability of MGM to
a variety of space/ground-based observations, especially when we cannot rely on prior information of the mineralogy.

Keywords: Pyroxene; Synthetic mineral; Reflection spectroscopy;
Spectral deconvolution; Modified Gaussian model; Monte Carlo
method

Introduction

Remote sensing of reflectance spectra of Earth and other planetary
bodies can be useful for identifying mineral distribution on their
surfaces, especially in remote regions that are exceedingly challenging
to perform field-based investigation, and those planetary surfaces
yet to have in situ observation, mapping, characterization, sampling,
and analyses [1-8]. Many different factors, however, can influence the
surface spectra, such as various alteration and weathering processes, and
observational conditions [2,3,5,9-12]. Because a reflectance spectrum
is a complex non-linear mixture of the above mentioned factors [13-
16], it is highly challenging to segregate each factor and extract the true
mineral spectra, based solely on remotely observed reflectance spectra,
and thus confidence in the resulting signatures should be gained by
comparing with the reference spectra obtained by field or laboratory
measurements [17]. Though challenging, investigating the spectral
change due to the variation of elemental composition should not
be avoided, since it is one of the ultimate goals of remote sensing of
reflectance spectra of planetary surfaces [2,18]. Compared to terrestrial
surfaces, those of extraterrestrial bodies such as the Moon and asteroids
are not covered by liquid water and vegetation, and have negligible to
no atmosphere, and thus may be considered to be the best places to
observe the true nature of mineral spectra [19-25]. Yet, there are many
factors to contaminate reflectance spectra of such planetary surfaces
such as regolith particles, space weathering, and horizontal and vertical
mixing by impact cratering, thus identifying the variation of mineral
distribution on extraterrestrial bodies is still difficult [10,22,26-30].
Therefore, studying the spectral change using simple pure minerals

that compose Earth and planetary surfaces is a critical foundational
step to analyze reflectance spectra and is a prerequisite of reflectance
spectroscopy, in light of continued application to planetary surfaces
[8,31-35].

Deconvolution of reflectance spectra has been a common procedure
for interpreting the experimental data of minerals and observation
data of terrestrial and extraterrestrial surfaces. Among the most
recognized spectral deconvolution methods in planetary science is the
modified Gaussian model (MGM) [36,37]. In their paper, Sunshine
et al. [36] showed that for 1 um absorption band of orthopyroxene,
Gaussian functions in the wavelength space fit better than Gaussians
in the frequency space. The MGM express reflectance spectrum by the
following function:

logR=C(x)+ isk.exp[{_();_él")z}]
k=1 O-k

where R is reflectance, x is wavelength, and s,, 4, and o, are the
strength (amplitude), center (mean) and width (standard deviation)
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for k™ Gaussian function, respectively. K is the number of Gaussian
functions. The function C(x) is continuum of reflectance spectra:

cw=c,+<
X

where C; and C, are respectively intercept and slope of the
continuum in frequency space.

The technical difficulty of applying the modified Gaussian model
(MGM) is due to a local minima problem. The numerical algorithm
of the widely used MGM utilizes the steepest descent method [36,38]
or total inversion algorithm [37,39], both of which are not guaranteed
to converge into a global solution. The analyzer can find an optimal
solution only when the appropriate initial parameters are provided,
based on preliminary knowledge of mineralogy [40,41]. With
inaccurate initial parameters, however, these gradient descent methods
converge into local minima, and thus the analyzer must manually
adjust initial parameters and calculate the model iteratively to obtain
the desired solution [16,42]. This would be a significant obstacle when
one needs to automatically analyze large spectral databases obtained
by space missions. In addition, preliminary knowledge of mineralogy
may not always be available for space/ground-based observations,
especially when the reflectance spectra are the only useful obtained data
for interpreting the mineralogy of target bodies. Given the recent rapid
increase of reflectance spectral data, automation of deconvolution
analysis without requiring preliminary information on mineralogy
is warranted. Makarewicz et al. [43] and Parente et al. [42] recently
developed an algorithm to select initial band parameters automatically,
based on inflection points of the derivatives of observed spectra.
Although their algorithm does not depend on prior information,
many spurious local minima and inflection points due to noise lead
the authors to apply a smoothing filter, yielding arbitrariness on their
analyses.

In order to overcome the local minima problem, the exchange
Monte Carlo method, also known as parallel tempering [44], has been
widely applied in the fields of physics, chemistry, biology, engineering
and materials science [45]. Nagata et al. [46] developed a Bayesian
spectral deconvolution model combined with the exchange Monte
Carlo method with application to visible to near-infrared (Vis/NIR)
reflectance spectra of fayalite and forsterite. This method is an improved
algorithm of the Markov chain Monte Carlo method, aimed to avoid
local minima traps [47] and to remove the arbitrariness originated
from initial parameters. In order to solve the local minima problem, the
simulated annealing scheme [48] has been incorporated into the model
of Nagata et al. [46]. This algorithm introduces a pseudo-temperature
and attempts to find the global minimum by heating and cooling the
system. Nagata et al. [46] showed that the method can deconvolve
reflectance spectral data of fayalite and forsterite into a few Gaussians
with a continuum, purely based on the observed data, without requiring
preliminary information of the band structure of olivine absorptions.
In this paper, we report the applicability of the exchange Monte Carlo
method to more complex rock-forming minerals (i.e., clinopyroxene).
As described below, since the behavior of pyroxene spectra with the
change of chemical composition is relatively well understood, the
use of reflectance spectra of pyroxene minerals is suitable for testing
the new spectral deconvolution method. Clinopyroxene (Cpx), with
its general formula being (M2)(M1) (SiAl),O,, is one of the most
important rock-forming mineral groups due to both its rich abundance
on solid bodies in the solar system and distinguished absorption
features [20,34,49]. Cpx includes a wide range solid solution of Mg,
Fe and Ca compositions and has two crystal structures of C2/c and
P2 /c [50], which could reflect various physical and chemical processes

inside planetary bodies, such as the thermal history of magma [51].
Due to its wide range of chemical compositions, reflectance spectra of
Cpx minerals vary significantly, and are generally grouped into three
types: type-A, B and A/B [20,52,53]. Three major absorption bands
are observed in type-B spectra, centered around 1.0, 1.2, and 2 pm,
attributed to spin-allowed crystal field transitions of Fe cations in the
octahedral (M1 and M2) sites [20]. These band centers are known to
vary due to total iron and calcium content [19,52-55]. On the other
hand, type-A spectra lack a strong 2 um band, interpreted as a low Fe**
content in the M2 site [53]. Type-A/B spectra are intermediate between
type-A and B, although the boundaries are not well defined. MGM
analyses have been performed to natural Cpx [36,53], synthetic Cpx
[56], and mixtures of orthopyroxene-clinopyroxene [37,41].

Methods
Exchange Monte Carlo method

The technical details of the exchange Monte Carlo method is
described elsewhere [46], thus we briefly summarize the key parameters
of the model. In our study, the hyperparameters for Gamma and Gauss
distributions used to yield probability densities of the parameters are
those identified in Nagata et al. [46]: n,=3.0, /13 =2.0,v,= 125, Eo =2.5,
#, = 5.0 and A, = 0.04. The total number of temperatures L in our study
was 80, and the inverse temperature f3, given by:

o (=)
2 _{1.25” (17&1)}

Figure 1 shows typical examples of the evolution of root mean
square (RMS) during the exchange Monte Carlo calculations for
sample 088 using 4 Gaussian functions. Rapid decreases of RMS for
the lowest temperature can be observed at about Monte Carlo steps =
300, 500, 700, 1500, and 6000, due to the parameter exchange between
the lowest and middle temperatures. From Figure 1, it can be observed
that the RMSs of higher temperatures are generally larger than those of
lower temperatures, showing attempts to find better global minimum
with wider fluctuations. On the other hand, for lower temperatures,
each iteration attempts to find local minimum within a parameter
range narrower than higher temperatures. After the Monte Carlo step
exceeds 10%, although the model still attempts to find better solution
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Figure 1: Evolution of root mean square (RMS) with every 10 Monte Carlo
steps during the exchange Monte Carlo calculation for sample 088 with 4
Gaussian functions. Significant reduction of RMS for the lowest temperature
can be observed approximately at Monte Carlo steps: 300, 500, 700, 1500,
and 6000, which shows that the parameter exchange between the lowest and
middle temperatures have occurred. The first 100,000 steps were used for the
burn-in period and the last 20,000 steps for the expectation value calculations.
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with certain fluctuations of parameters, the RMSs remain almost
constant, and the expectation values of parameters converge to the best
solution. Similar to Nagata et al. [46], the Monte Carlo calculation was
iterated through 100,000 steps for the burn-in period and 20,000 steps
for the expectation value calculations. Errors of band parameters are
estimated from 20 based on ten runs using a different series of random
numbers.

The number of Gaussian functions, K, is an important parameter
for deconvolution analysis. The model usually improves with more
Gaussians. Though, too many Gaussians may cause overfitting, and
the solution can be physically unrealistic. We performed spectral
deconvolution using a various number of Gaussian functions. For
one spectrum, we varied K from 3 to 10, thus the total number of free
parameters ranges from 11 to 32, including the intercept and slope of
the continuum. In order to select an optimal K for the deconvolution,
we calculate the free energy, or stochastic complexity [57,58], which
is an evaluation function for the model section problem [46]. With
increasing K, we find that the free energy decreases, and when K is
higher than about 5, it converges and fluctuates around a low value.
Thus, we chose minimum Ks from the region where the free energies
converge and interpret them as optimal K, listed in Table 1.

Spectral data

We used the visible to near-infrared spectra of synthetic

clinopyroxene samples with a wide compositional range collected at
the KECK/NASA Reflectance Experiment Laboratory (RELAB) at
Brown University [59,60]. The sample IDs for the RELAB catalogue
is summarized in Table 1. In order to compare our results with
conventional MGM analyses, we collected 31 reflectance spectra that
have been analyzed by a previous study [56]. The method of synthesis
is detailed in Turnock et al. [61]. Individual synthetic pyroxene grains
typically have 15-25 pum in size, however, these grains formed clumps
[56]. Thus, samples are crushed and sieved at <45 pum. The spectra were
measured at 5 nm intervals over the wavelength range of 0.3-2.6 um.
The incidence and emission angles were 30° and 0°, respectively
[56,59,60]. We performed spectral deconvolution only over the
wavelength range of 0.4-2.6 um, since the standard deviations become
larger near the shorter wavelengths [46]. The chemical compositions
of the samples are measured with electron microprobe by Klima et al.
[56]. The compositions of individual pyroxene samples are indicated in
molar ratio with endmember compositions of enstatite (En: Mg,5i,0,),
ferrosilite (Fs: Fe,$i,0,) and wollastonite (Wo: Ca,Si,0,) and plot on
a pyroxene quadrilateral (Table 1 and Figure 2). Minor compositions
typical for natural CPx samples, such as Cr, Mn, Al and Fe*, are not
observed [56]. Only the mineral structure of sample 088 is reported to
be P2 /c [62], while the mineral structures for the remaining samples
are not available. Based on the nomenclature of clinopyroxene [50], we
assumed low-Ca pyroxene specimens with Wo < 20 to be pigeonite,
high-Ca pyroxene with Wo > 45 and En > 25 diopside, and high-Ca

Composition® 1 pm band 1.2 ym band

Sa:gple Mineral® En Fs Wo Center (pm) FWHM (pm) Strength Center (um) FWHM (upm) Strength
9 Pigeonite 43 47 10 0.956 + 0.0014 0.223 + 0.004 -1.32+0.03 1.229 + 0.008 0.30 £ 0.03 -0.24 + 0.03
11 Pigeonite 36 50 14 0.9579 £ 0.0003 | 0.2342 +0.0007 | -2.040 + 0.004 1.243 +0.0011 | 0.230+0.003 | -0.416 + 0.0013
53 Pigeonite 23 70 8 0.9646 + 0.0003 0.233 + 0.0011 -2.042 + 0.004 1.258 £ 0.0013 | 0.244 +0.003 | -0.458 +0.005
88 Pigeonite 0 90 10 0.9801 £ 0.0004 = 0.2114 +0.0007 & -1.334 +0.003 1.245 + 0.002 0.351 £ 0.003 -0.3592 + 0.0008
50 Augite 19 58 23 0.9808 + 0.0003 0.235 + 0.0013 -2.307 + 0.007 1.278 £ 0.002 0.265 + 0.003 | -0.510 + 0.005
51 Augite 39 34 27 0.991 + 0.002 0.20 £ 0.010 -1.6£0.11 1.26 £+ 0.014 0.34 £ 0.07 -0.35+0.08
54 Augite 6 70 23 0.988 + 0.0013 0.250 + 0.008 -2.50 £ 0.02 1.290 + 0.007 0.30 £0.010 -0.70 £ 0.02
55 Augite 18 56 26 0.998 + 0.002 0.201 + 0.005 -1.9+0.12 1.261 £ 0.003 0.331+0.005 | -0.475+0.008
56 Augite 18 60 22 0.9715 + 0.0004 0.241 + 0.002 -1.32+0.014 1.260 + 0.002 0.257 + 0.006 -0.32+0.011
57 Augite 36 39 25 0.9915+0.0004 = 0.1998 + 0.0008 & -1.414 +0.004 1.269 + 0.004 0.28 £ 0.02 -0.182 + 0.005
58 Augite 28 45 27 1.001 + 0.004 0.198 + 0.007 -1.3+£0.14 1.26 £ 0.011 0.28 £ 0.02 -0.29 £ 0.03
66 Augite 15 48 38 1.0128 £ 0.0003 | 0.1804 + 0.0005 -1.43 £ 0.02 1.227 £ 0.004 0.386 + 0.009 | -0.443 +0.009
67 Augite 52 9 39 1.016 + 0.003 0.17 £ 0.011 -1.0+0.14 1.3+0.13 0.3+0.2 -0.2+0.10
68 Augite 29 33 38 1.008 + 0.006 0.20 £ 0.011 -1.8+0.3 1.26 £+ 0.010 0.33 £0.014 -0.38 £ 0.012
73 Augite 36 25 39 1.0099 + 0.0003 0.163 + 0.0010 -1.083 + 0.007 1.12+0.011 0.53 £0.014 -0.22 £ 0.010
74 Augite 24 37 39 1.0108 + 0.0005 0.181 + 0.002 -1.32+0.03 1.204 + 0.006 0.41+0.010 -0.41£0.013
85 Augite 0 61 39 1.024 + 0.002 0.165 + 0.007 -0.91 +£0.05 1.23+0.05 0.4 +0.13 -0.2+0.13
87 Augite 0 71 29 1.000 + 0.004 0.200 + 0.007 -2.10 + 0.06 1.245 + 0.005 0.409 + 0.006 | -0.707 +0.009
33 Diopside 42 8 49 1.04 £ 0.03 05+0.3 -0.3+0.14 1.5+0.11 0.8+0.2 -0.1£0.10
36 Diopside 27 24 49 1.03+0.03 0.6 £0.5 -0.7+0.3
39 Diopside 29 22 49 1.04 £ 0.013 05+0.4 -0.7+0.3
43 Diopside 45 6 49 1.08 £ 0.010 0.51+0.04 -0.44 £ 0.07
75 Diopside 46 9 45 1.03 £ 0.02 0.16 £ 0.02 -0.7£0.13 1.2+0.10 0.3+0.2 -0.18 £ 0.07
77 Diopside 52 3 45 1.0193 £ 0.0002 0.161 + 0.001 -0.701 + 0.003 1.106 £ 0.0012 | 0.507 £ 0.004 | -0.208 + 0.002
79 Diopside 38 15 47 1.024 £ 0.0013 0.165 + 0.003 -0.93 +0.03 1.05+0.02 0.62 £ 0.03 -0.51 + 0.04
37 Hedenbergite 16 35 49 1.04 £ 0.02 0.29 + 0.09 -0.8+04 1.3+0.2 0.2+0.3 -0.2+0.3
70 Hedenbergite 14 41 45 1.028 + 0.007 0.17 £0.010 -1.1+£0.10 1.23+0.05 0.36 £ 0.07 -04+02
71 Hedenbergite 23 31 46 1.025 + 0.002 0.171 £ 0.002 -1.06 + 0.02 1.24 £ 0.03 0.2+0.10 -0.1+0.11
76 Hedenbergite 18 35 46 1.03+0.011 0.19 £0.04 -0.6+0.2 1.2+0.10 0.4 +0.11 -0.20 + 0.07
82 Hedenbergite 1 50 49 1.06 £ 0.02 0.23 £0.09 -1.0+0.3
83 Hedenbergite 0 49 51 1.07 £ 0.02 0.25+0.04 -0.4£0.14 1.21+0.02 0.26 + 0.05 -0.7+0.2
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2 pym band Continuum
Sample ID Center (um) FWHM (pm) Strength C, C, K°
9 2.046 + 0.004 0.69 £ 0.02 -0.66 + 0.02 -1.38 £ 0.02 -9.69E-3 + 0.05 4
11 2.1228 + 0.0003 0.6938 + 0.0009 -1.171 £ 0.0014 -0.5536 + 0.00010 -1.51E-4 + 0.0007 4
53 2.1798 + 0.0006 0.712 £ 0.002 -1.133 £ 0.002 -0.3729 £ 0.0002 -1.86E-3 + 0.005 4
88 2.2022 + 0.0002 0.6354 + 0.0007 -0.565 + 0.0010 -0.8344 + 0.0002 -5.94E-2 £ 0.0010 4
50 2.2620 + 0.0006 0.728 + 0.002 -1.263 + 0.003 -0.3828 + 0.00014 -2.20E-4 + 0.006 4
51 2.29 +0.04 0.73+0.12 -0.90 + 0.07 -0.393 + 0.006 -4.85E-3 £ 0.12 5
54 2.2860 + 0.0009 0.706 + 0.004 -1.321 £ 0.006 -0.556 + 0.003 -3.05E-3 £ 0.010 5
55 2.3060 + 0.0005 0.731 + 0.004 -1.072 £ 0.004 -0.264 + 0.0014 -3.85E-3 + 0.009 5
56 2.190 £ 0.0013 0.751 + 0.009 -0.769 + 0.008 -0.258 + 0.004 -2.89E-3 £ 0.02 4
57 2.264 +0.0010 0.59 +0.011 -0.58 £ 0.010 -1.00 + 0.02 -6.46E-2 + 0.014 4
58 2.285+0.0010 0.76 £ 0.02 -0.79 £ 0.02 -0.19 £ 0.02 -2.38E-2 £ 0.03 5
66 2.3139 + 0.0009 0.665 + 0.003 -0.804 + 0.004 -0.24 £ 0.013 -4.77E-2 £ 0.02 5
67 2.328 £ 0.003 0.52 +£0.02 -0.50 + 0.02 -0.45+0.05 -9.43E-2 £ 0.09 5
68 2.328 +0.0012 0.652 + 0.008 -0.92 + 0.011 -0.33+0.03 -5.26E-2 + 0.06 6
73 2.3078 + 0.0006 0.494 £ 0.002 -0.427 + 0.002 -0.952 + 0.009 -4.66E-2 + 0.02 4
74 2.312+0.0013 0.614 £+ 0.005 -0.682 + 0.009 -0.50 + 0.03 -6.63E-2 + 0.05 5
85 2.290 +0.004 0.54 £0.02 -0.34 £ 0.02 -0.58 + 0.05 -1.21E-1 £ 0.09 6
87 2.2882 + 0.0005 0.638 + 0.002 -1.058 + 0.002 -0.4928 + 0.0002 -7.09E-4 + 0.002 5
33 2.33+0.07 0.8+0.3 -0.2+0.10 -0.17 £ 0.07 -3.79E-2 £ 0.04 6
36 2.33 +0.06 02+0.2 -0.07 £ 0.09 -0.86 £ 0.04 -4.20E-3 £ 0.11 6
39 2.30+£0.011 0.39 £0.03 -0.17 £ 0.010 -0.52 £ 0.07 -4.34E-2 £ 0.14 5
43 2.39+0.013 0.26 + 0.06 -0.111 £ 0.009 -0.29 £ 0.03 -2.62E-2 + 0.04 5
75 2.33+0.02 0.59 £+ 0.06 -0.44 £ 0.03 -0.29 £ 0.05 -7.15E-2 £ 0.05 6
77 2.310 £ 0.0012 0.574 + 0.004 -0.338 + 0.002 -0.344 + 0.002 -4.53E-4 + 0.003 4
79 2.297 + 0.002 0.47 £0.02 -0.42 £ 0.02 -1.01+0.03 -8.65E-2 + 0.09 5
37 23+03 0.3+0.7 -0.08 + 0.09 -0.74 £ 0.05 -1.20E-1 £ 0.11 7
70 2.302 + 0.002 0.58 £ 0.02 -0.63 £ 0.02 -0.32 £ 0.04 -3.74E-2 £ 0.09 6
71 2.302 + 0.002 0.52 +0.013 -0.47 £ 0.010 -0.72 £ 0.03 -1.29E-1 £ 0.07 5
76 2.25+0.02 0.36 £ 0.05 -0.11+£0.05 -1.55+0.05 -2.05E-1+0.2 5
82 2.297 +0.003 0.39 +£0.05 -0.16 + 0.02 -0.40 + 0.04 -2.36E-2 + 0.06 7
83 2.35+0.02 0404 -0.05 £ 0.02 -0.48 £ 0.04 -9.79E-3 £ 0.06 10

aBased on Morimoto et al. [50].
®Data from Klima et al. [56]. En: Enstatite; Fs: Ferrosilite; Wo: Wollastonite.
°Number of Gaussian function.

Table 1: Compositions of synthetic clinopyroxene samples and results of spectral deconvolution calculated using the exchange Monte Carlo method. Errors are estimated

from 20 based on ten runs using different series of random numbers.
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Figure 2: Clinopyroxene quadrilateral with the sample names. Compositions are measured with an electron probe microanalyzer (EPMA) by Klima et al. [56]. EPMA
data for sample 088 is not available, thus it is plotted as an open circle based on the initial composition of the synthesis. The nomenclature of clinopyroxene is based

pyroxene with Wo >45and Fs > 25 hedenbergite. The remaining samples
with intermediate Wo contents are assumed to be augite. Many of the
samples locate in the “forbidden zone” where pyroxene exists merely

as a metastable state under standard temperature and pressure [51].
These samples, however, were synthesized under a high-pressure up
to 22.5 kbar [56], and thus are stable even under standard temperature
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and pressure for a geological timescale [63]. All of the reflectance
spectra of synthetic pyroxene samples are shown in Figure 3. Spectra of
pigeonite and augite are shown in Figures 3A-3C. The band minima of
1 pm absorptions for pigeonite and augite locate slightly shorter than
1 pm, similar to synthetic orthopyroxene [64]. Their band minima of
2 um absorptions, caused by spin-allowed crystal field transition of
Fe?* in the M2 site [52,65], locate at longer than 2 pum similar to Fe-
rich low-Ca pyroxene (orthopyroxene). Pigeonite and augite also
show distinctive 1.2 um absorption bands, which is attributed to spin-
allowed crystal field transition of Fe** in the M1 site [66]. In Figures 3A-
3C, the spectra of pigeonite and augite specimens, which are assigned
to type-B spectra [52], show distinctive 1 and 2 um absorption bands.
On the other hand, some of the high-Ca pyroxene (i.e., diopside and
hedenbergite) lack distinctive 2 um absorption bands, as shown in
Figures 3D and 3E. They are assigned to type-A pyroxene, in which the
M2 sites are saturated cations other than Fe?', such as Ca?* [52]. The
spectrum of sample 083 has a broad 1 um absorption band, probably
due to a composite absorption by M1 bands near 1 and 1.2 pm [56].
This type of spectrum, exemplified by sample 083, may not be a suitable

subject for MGM analyses, since the shape of 1 um absorption band is
far from Gaussian. However, since our objective in this paper is to test
the applicability of the exchange Monte Carlo method and to compare
the results with those of conventional MGM analyses, we included
sample 083 in our analysis. Fitting additional small absorption bands
centered near 0.50 and 0.55 pum in type-B spectra, which are associated
with spin-forbidden crystal field transitions [66], is beyond the scope
of this paper, since our focus was to evaluate the applicability of the
model to two major absorption bands of clinopyroxene centered about
1and 2 pm.

Results
Deconvolution with the exchange Monte Carlo method

Deconvolution results of pyroxene spectra are shown in Figure 4.
The best optimized parameters for 1, 1.2, and 2 um bands are
summarized in Table 1. Errors estimated from 2¢ based on ten runs
using different series of random numbers are also shown. Most of the
spectra are best fitted by 4 to 6 Gaussians with appropriate continuum.
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For example, sample 053 is fitted with 4 Gaussians with their centers
locating at 0.091, 0.965, 1.258, and 2.180 pym and a nearly constant
continuum. For pigeonite and augite, our results show that the spectra
are mainly fitted with 3 Gaussians with their centers locating at about 1,
1.2, and 2 pm, and with one Gaussian in the wavelength region ranging
from ultraviolet to visible and with a continuum being nearly constant
or gradually decreasing toward shorter wavelengths (Figures 5a-5d).
Each Gaussian function could be physically interpreted to represent
spin-allowed crystal field transitions with 1 um for Fe** in the M1 and
M2 sites, 1.2 um for Fe?* in the M1 site and 2 um for Fe?* in the M2
site (Figures 6a-6d). A Gaussian in the wavelength region ranging
from ultraviolet to visible could represent oxygen-metal charge
transfers which are centered within the ultraviolet region [34] (Figure
7). Although additional small bands centered near 0.7 ym may be
necessary to improve the fitting such as shown in sample 054, we find
that the additional band does not significantly affect the band center for
1, 1.2, and 2 pm absorptions. Our deconvolution results for pigeonite
and augite are consistent with those by Klima et al. [56].

Deconvolution analyses for type-A spectra including some of the
diopside and hedenbergite are not as straightforward as type B, since
the 1 um bands are too narrow or too wide for a single Gaussian to fit,
and some of the 1 and 2 pm bands are asymmetrical. The non-Gaussian
shape of type-A spectra results in larger errors of band parameters when
compared to type-B spectra (Table 1). Also, more Gaussian functions
are needed to fit type-A spectra, reflecting the complex shape of the

(a) Diopside

u

Hedenbergite [

Augite @

Pigeonite © e N
——
1
_ \
108 — T m ~_
NS

B
2
c
8
‘B
o
(=9
©
c
©
o
£
=2
-

(©)
1.08 |:|: —
e b
s 104" e
= . Bgo" ‘.‘~~'§_'.
I .
103. 1.00 * e Diopside m
& L] ® @ | Hedenbergite O
I
° F-- _: Augite ®
£ - Pigsonite ©
2 0.96 LR S - igeonite
0 20 40 60

Mg/ (Mg + Fe + Ca) x 100

spectra. For example, samples 037 and 082 were fitted with 7 Gaussians,
while sample 083 with 10 Gaussians of which 4 Gaussians are centered
below 0.5 um. Comparing our fitting results of sample 082 and 083 with
those reported by Klima et al. [56], we find that the exchange Monte
Carlo method yields more symmetrical configurations for Gaussians
in 1 pm band. We also find that our optimal deconvolution results for
samples 082 and 083 do not require the very weak absorption bands
which were assigned as M2 absorptions in Klima et al. [56]. These M2
absorptions in Klima et al. [56] are significantly weak compared with
the strongest M1 absorption in 1 pm band, and the M2 absorption
near 1 pm was mostly covered with the M2 absorptions. For type-A
spectra, it is difficult to resolve the discrepancy between the results
obtained by Klima et al. [56] and this study, however, since both of
the modeling results can reproduce the observed spectra almost
equally well. Nevertheless, the large errors of band parameters for
type-A spectra indicate that caution should be taken when performing
spectral deconvolution for type-A spectra using MGM. Thus, being
able to estimate errors in the fitting results based on random initial
parameters is also an advantage of the exchange Monte Carlo method
for assessing the statistical robustness of fitting results, which has not
been performed by previous MGM analyses.

Band shift as functions of Ca, Fe, and Mg Contents

The center positions of Gaussian functions corresponding to 1, 1.2,
and 2 pm absorptions are summarized in Table 1. Position shifts of 1
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Figure 5: Center wavelengths of 1 um band of Cpx samples as a function of the Mg, Fe and Ca contents. (a) band center as a function of the Fe and Ca contents.
(b) band center as a function of the Fe content. Broken lines show linear approximations for pigeonite (y = 0.00057x + 1.02 where y is the band center in ym, x the
Fe content) and diopside-hedenbergite (y = 0.00054x + 0.93). (c) band center as a function of the Mg content. Approximate lines for pigeonite (y = -0.00059x + 1.05)
and diopside-hedenbergite (y = -0.00058x + 0.98) are shown. Note that sample 043 was omitted as an outlier from the linear approximation of diopside-hedenbergite

in (b) and (c). (d) band center as a function of the Ca content.
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Figure 6: Center wavelengths of 2 ym band of Cpx samples as a function of the Mg, Fe and Ca contents. (a) band center as a function of the Fe and Ca contents. (b)
band center as a function of the Fe content. (c) band center as a function of the Mg content. (d) band center as a function of the Ca content.

pm band as functions of Ca, Fe, and Mg components (solid solution)
are shown in Figure 5, while position shifts of 2 um band are shown in
Figure 6. Our results are found to be consistent with those of Klima et
al. [56], suggesting that the exchange Monte Carlo method developed
in this study is able to extract results similar to those obtained by
conventional MGM analysis.

The band centers of 1 um absorption have a linear dependence on
Wo (Ca/(Mg+Fe+Ca) molar%) contents, moving to longer wavelengths
with increasing Wo. For diopside and hedenbergite with Wo = 50, the
band centers of 1 um absorption largely scatter within the range of
1.03-1.08 um. Pigeonite also shows a large variance as a function of Wo
component, however, the band centers of 1 pm absorptions have a linear
dependence on En (Mg/(Mg+Fe+Ca) molar%) or Fs (Fe/(Mg+Fe+Ca)
molar%) components. The band centers of 1 um absorption of augite
scatter widely as a function of Fs content, and distinct dependence on
Fs content were not observed. For diopside and hedenbergite samples,
with the exception of sample 043, the band centers of 1 um absorptions
seem to have a linear dependence on Fs content, moving to longer
wavelengths with increasing Fs content. En content seems to have no
obvious influence on the band center of 1 um absorption, except for
pigeonite. We find that pigeonite, augite and diopside-hedenbergite
can be separated with the use of 1 um band position as a function of Fs
or En content, as shown in Figure 5.

The band centers of 2 pm absorption seem to follow an
approximation line on the space of Fs and Wo contents (Figure 6a).
The band centers of 2 um absorption for pigeonite and augite move to

longer wavelengths with an increase of Wo content. The average center
wavelengths of 2 um absorptions for diopside and hedenbergite remain
almost constant at around 2.3 pm, but they scatter significantly around
the average value, reflecting the asymmetry shape of 2 pm absorptions
for some of the type-A spectra. The band centers of 2 um absorptions
of pigeonite move longer wavelengths with increasing Fs content.
Overall, the band center of 2 um absorption is separated between low-
Ca clinopyroxene (pigeonite) and high-Ca pyroxene (augite, diopside,
and hedenbergite) with a gap from 2.20-2.25 um. Klima et al. [56]
interpreted the gap to be a transition zone of mineral structure between
P2 /c and C2/c. Our results generally agree with their interpretation
with one exception, i.e., sample 056 is assumed to be pigeonite in Klima
et al. [56].

The diagram between 1 pm and 2 um band positions is shown in
Figure 7. Generally low-Ca pyroxene locates in a shorter wavelength
region, while high-Ca pyroxene locates in a longer wavelength region
[19,41,52,56]. Our results are consistent with previous studies based on
MGM analysis [41,56].

Discussion

In order to avoid the local minimum problem, a Bayesian spectral
deconvolution method with the exchange Monte Carlo algorithm has
been applied to visible to near infrared reflectance spectra of synthetic
Cpx with wide ranging Mg, Fe, and Ca contents. The results obtained
in this study generally agree well with conventional MGM analyses.
Here, we discuss some potential interpretations for the deconvolution
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Figure 7: 1 ym band and 2 pm band diagram of synthetic Cpx samples
calculated using the exchange Monte Carlo method.

results, as well as the discrepancies with previous results obtained by
MGM analyses.

Fitting type-A spectra

Type-A spectra generally appear in high-Ca pyroxene such as
diopside and hedenbergite, although previous studies suggest that there
is no simple relationship between chemical composition of natural
pyroxenes and type-A spectra [20,52,53]. The spectral data of samples
076, 037, 083, and 036 are categorized in type-A, which lack distinctive
2 um bands. Since the absorption near 2 pm is mainly caused by spin-
allowed crystal field transition of Fe** in the M2 site, the absence of 2 pm
band from type-A spectra is interpreted as a result of the replacement
of Fe** in M2 site by other cations such as Ca?* and Fe** [52,67]. On
the other hand, spin-allowed crystal field transition due to the M1 site,
with the absorption center locating near 1 and 1.2 um, appear strong,
and the two bands are combined to yield single broad band around 1
pm. It is difficult to fit type-A spectra with manually provided initial
parameters (e.g., center, strength of Gaussian) using a conventional
MGM algorithm, since the final solutions directly depend on the initial
parameters, especially for the broad 1 um band due to its non-Gaussian
shape [56]. Although it is still difficult for the exchange Monte Carlo
method to delineate the optimal number of Gaussians, we find that the
center wavelengths of Gaussian functions for the broad 1 um band do
not move significantly with varying K. For example, the broad 1 um
band of sample 083 was fitted with two major Gaussian functions which
could correspond to crystal field absorptions due to the M1 site whose
center wavelengths of absorptions locate near 1 and 1.2 um. Although
the estimated errors are large, the overall result is consistent with
previous deconvolution analyses of type-A spectra [53,56], suggesting
that even with manually provided initial parameters, previous analyses
obtained statistically optimal results. Since manually fitting type-A
spectra is more difficult than type-B spectra, the exchange Monte Carlo
method can be a useful tool for future deconvolution analysis for type-A
spectra, of which are likely to appear in high-Ca pyroxene [52,53]. In
addition, natural Cpx incorporate many minor compositions such as
Al, Ti, Mn and Cr [49,50]. Such minor elements in natural Cpx yield
more complex spectra than synthetic Cpx, thus the scheme presented
in this paper can be useful to deconvolve such spectra.

1 um band position vs. Ca-Fe-Mg content

Figure 5a indicates that the Cpx seem to follow a linear relationship
among the 1 um band position, with Fs and Wo contents. As shown
as broken lines in Figures 5b and 5d, linear relationships are observed
for pigeonite and diopside-hedenbergite with their Fs or En content. It

should be noted that for diopside-hedenbergite, linear approximation
was performed for all of the samples except sample 043. Sample 043 was
omitted as an outlier because the spectrum shows higher reflectance and
weaker absorptions compared with other samples, generally suggestive
of the effect of glass [16,56,68]. Although it has been well documented
for low-Ca pyroxene that the linear dependence of 1 pm band centers
on Fs or En content [19,41,52,54,56], the relationship between the
1 um band center and Fs or En content for high-Ca pyroxene has been
poorly constrained by MGM analyses. Clénet et al. [41] analyzed only
two high-Ca natural pyroxene samples in the diopside-hedenbergite
region, thus no clear relationship has been derived. Although Klima
et al. [56] analyzed 13 high-Ca pyroxene samples in the diopside-
hedenbergite region; they observed no clear relationship between the
1 um band center and Fs or En content. Our analyses show that the
1 um band center of high-Ca pyroxene (i.e., diopside and hedenbergite)
depends on Fs or En content with the band center moving longer
wavelengths with increasing Fs content. This tendency is similar to the
relationship between the 1 um band center and the Fe/Mg ratio of Ca-
free orthopyroxene [64]. For Ca-saturated synthetic Cpx in which most
of the M2 site is dominated by Ca?®*, varying Fe/Mg ratio would affect
only Fe/Mg in the M1 site because the M2 site is dominated with larger
Ca?* cations. Thus, the change of Fe/Mg would appear only in the 1 pum
band center caused by a crystal field transition in the M1 site, but not in
the 2 pm band center caused by the absorption due to the M2 site. We
note, however, that large errors are included in the modeling results for
type-A spectra (Table 1), thus additional data is necessary to confirm
our interpretation.

Band center in three-dimensional spaces

As mentioned above, both the 1 pm and 2 pm bands seem to plot
on approximate lines in the three-dimensional (3D) space of Fs-Wo
content (Figures 5a and 6a). Low-Ca pyroxene samples (pigeonite)
used in this study locates in the high-Fe and low-Ca regions with both
the band centers being at shorter wavelengths. On the other hand,
high-Ca pyroxene samples (diopside and hedenbergite) used in this
study locates in the low-Fe and high-Ca regions with both the band
centers being at longer wavelengths. Augite with intermediate-Wo
contents distribute a in a linear trend between low-Ca and high-Ca
pyroxene. Each mineral group displays three distinct clusters on these
3D spaces. The linear trend seen in both 1 um and 2 pm bands could
be understood from a crystallographic point of view. Whereas high-Fe
and low-Ca Cpx samples contain more Fe** cations in both the M1 and
M2 sites, leading to a decrease of the bond lengths due to the smaller
size of Fe**, which results in an increase in the crystal field splitting
[34,69,70], low-Fe and high-Ca Cpx samples have larger Ca** cations,
which dominate the M1 and M2 sites, leading to an increase in the
bond lengths and a decrease in the crystal field splitting.

Application to future remote reflectance spectroscopy

Despite requiring meticulous parameter adjustment and prior
information of mineralogy, MGMs using gradient descent method
have been applied to reflectance spectra not only of laboratory data but
also remote sensing data of the Moon [71], Mars [4,6,72-75], and some
asteroids [76,77]. By applying the exchange Monte Carlo method to
spectra of synthetic Cpx samples, we have shown that it is able to yield
results consistent with both conventional gradient descent methods
and crystal field theory. This means that the exchange Monte Carlo
method could be applicable to at least some of the previous remote
sensing data which have been analyzed using conventional MGM
methods. Because the application of MGM analyses has been limited
due to meticulous parameter adjustment, the exchange Monte Carlo
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method may have a potential to expand the applicability of MGM to a
variety of space/ground-based observations, especially when we cannot
obtain prior information of the target body beforehand. Remote
sensing data of terrestrial reflectance spectroscopy have been validated
with various reference spectra observed by in situ sample analyses,
increasing the confidence of interpretation of remote sensing data
[12,17,78,79]. However, such an analysis is not always available due
to various geological contexts. The situation is more serious for space/
ground-based observations of small bodies in the solar system, because
reflectance spectra are the only available compositional information for
most of the small bodies such as Phobos, Deimos [80,81] and asteroid
1999 JU3 which is the target of Japanese space mission Hayabusa 2
[82]. In fact, asteroids are clustered based solely on reflectance spectra,
although their detailed mineral compositions are poorly constrained
[83]. Considering the large number of small bodies in the solar system,
it is unlikely to send probes to each small body to conduct in situ
sample analysis or sample return. Given the limited data and resource,
interpreting reflectance spectra without assuming a priori information
is essential not only for planetary science but also for mission planning.
The exchange Monte Carlo method could be significantly useful under
such circumstances, where meaningful compositional information
other than reflectance spectra is not available.

Conclusions

We applied a Bayesian spectral deconvolution method with the
exchange Monte Carlo algorithm to visible/near infrared reflectance
spectra of synthetic clinopyroxene of diverse compositional variation,
in order to avoid the local minimum problem and to remove the
arbitrariness originated from initial parameters, inherent in the
previous Modified Gaussian model. Our results indicate that the
exchange Montel Carlo method is able to yield the consistent results
obtained by conventional Modified Gaussian model. Since our model
does not rely on a preliminary knowledge of the reflectance spectrum
of mineral, the results suggest that previous spectrum analyses have
obtained statistically optimal results. The successful application of our
model to reflectance spectra of minerals indicates that this model could
be applied to an automatic deconvolution analysis for a large spectral
database, especially useful for space missions when preliminary
knowledge of mineralogy is not available. Given the recent and future
advancement of space missions, the exchange Monte Carlo method
could be a useful tool for analyzing a wide range of minerals and remote
sensing data of rocky bodies in the solar system.

Acknowledgment

This research utilizes spectra acquired with the NASA RELAB facility at Brown
University. This work is supported in part by JSPS grant-in-aid 25120006 and
TeNQ/Tokyo-dome.

References

1. Goetz AFH, Vane G, Solomon JE, Rock BN (1985) Imaging spectrometry for
earth remote sensing. Science 228: 1147-1153.

2. McCord TB (1988) Reflectance Spectroscopy in Planetary Science: Review
and Strategy for the Future. NASA SP-493.

3. Soderblom LA (1992) The composition and mineralogy of the martian surface
from spectroscopic observations: 0.3 pm to 50 pm. In: Kieffer HH, Jakosky BM,
Snyder CW, Matthews MS (eds.) Mars. The University of Arizona Press.

4. Mustard JF, Sunshine JM (1995) Seeing through the dust: Martian crustal
heterogeneity and links to the SNC meteorites. Science 267: 1623-1626.

5. Bibring JP, Langevin Y, Gendrin A, Gondet B, Poulet F, et al. (2005) Mars
surface diversity as revealed by the OMEGA/Mars Express Observations.
Science 307: 1576-1581.

20.

2

-

22.

23.

24.

25.

26.

2

28.

N

Mustard JF, Poulet F, Gendrin A, Bibring JP, Langevin Y, et al. (2005) Olivine
and pyroxene diversity in the crust of Mars. Science 307: 1594-1597.

Poulet F, Gomez C, Bibring JP, Langevin Y, Gondet B, et al. (2007) Martian
Surface mineralogy from the Observatory for Mineralogy, Water, Ice and the
activity on board the Mars Express spacecraft (OMEGA/MEX ): Global mineral
maps. J Geophys Res 112: E08S02.

Hapke B (2012) Theory of Reflectance and Emittance Spectroscopy (2nd edn)
Cambridge University Press.

Straub DW, Burns RG, Pratt SF (1991) Spectral signature of oxidized
pyroxenes: Implications to remote sensing of terrestrial planets. J Geophys
Res 96: 18819-18830.

.Mustard JF, Hays JE (1997) Effects of hyperfine particles on reflectance

spectra from 0.3 to 25 ym. Icarus 125: 145-163.

. Pelkey SM, Mustard JF, Murchie S, Clancy RT, Wolff M (2007) CRISM

multispectral summary products: parameterizing mineral diversity on Mars from
reflectance. J Geophys Res 112: E08S14.

. Piatek JL, Hardgrove C, Moersch JE, Drake DM, Wyatt MB (2007) Surface and

subsurface composition of the Life in the Atacama field sites from rover data
and orbital image analysis. J Geophys Res 112: G04S04.

. Cloutis EA, Gaffey MJ, Jackowski TL, Reed KL (1986) Calibrations of phase

abundance, composition, and particle size distribution for olivine-orthopyroxene
mixtures from reflectance spectra. J Geophys Res 91: 11641-11653.

. Poulet F, Erard S (2004) Nonlinear spectral mixing: Quantitative analysis of

laboratory mineral mixtures. J Geophys Res 109: E02009.

.Cheek LC, Pieters CM (2014) Reflectance spectroscopy of plagioclase-

dominated mineral mixtures: Implications for characterizing lunar anorthosites
remotely. Am Mineral 99: 1871-1892.

.Horgan BHN, Cloutis EA, Mann P, Bell JF (2014) Near-infrared spectra of

ferrous mineral mixtures and methods for their identification in planetary
surface spectra. Icarus 234: 132-154.

.Mustard JF, Sunshine JM (1999) Spectral analysis for Earth science:

Investigations using remote sensing data. In: Rencz, AN (Ed.), Remote
Sensing for the Earth Sciences: Manual of Remote Sensing (3 edn.) John
Wiley & Sons, Inc.

.Murchie S, Arvidson R, Bedini P, Beisser K, Bibring JP (2007) Compact

Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars
Reconnaissance Orbiter (MRO). J Geophys Res 112: E05S03.

.Adams JB (1974) Visible and Near-Infrared Diffuse Reflectance Spectra of

Pyroxenes as Applied to Remote Sensing of Solid Objects in the solar system.
J Geophys Res 79: 4829-4836.

Adams JB (1975) Interpretation of visible and near-infrared diffuse reflectance
spectra of pyroxenes and other rock-forming minerals. In: Karr C (ed.) Infrared
and Raman Spectroscopy of Lunar and Terrestrial Minerals. Academic Press,
New York.

. Gaffey MJ, Cloutis EA, Kelly MS, Reed KL (2002) Mineralogy of Asteroids.

In: Bottke Jr WF, Cellino A, Paolicchi P, Binzel RP (eds.), Asteroids Ill, The
University of Arizona Press.

Burbine TH, Rivkin AS, Noble SK, Mothe-Diniz T, Bottke WF (2008) Oxygen
and Asteroids. Rev Mineral Geochem 68: 273-343.

Gietzen KM, Lacy CHS, Ostrowski DR, Sears DW (2012) IRTF observations
of S complex and other asteroids: Implications for surface compositions, the
presence of clinopyroxenes, and their relationship to meteorites. Meteorit
Planet Sci 47: 1789-1808.

Reddy V, Nathues A, Le Corre L, Sierks H, Li JY (2012) Color and albedo
heterogeneity of Vesta from Dawn. Science 336: 700-704.

Zambon F, De Sanctis MC, Schroder S, Tosi F, Longobardo A (2014) Spectral
analysis of the bright materials on the asteroid Vesta. Icarus 240: 73-85.

Vilas F, Jarvis KS, Gaffey MJ (1994) Iron alteration minerals in the visible and
near-infrared spectra of low-albedo asteroids. Icarus 109: 274-283.

Pieters CM, McFadden LA (1994) Meteorite and Asteroid Reflectance
Spectroscopy: Clues to Early Solar System Processes. Annu Rev Earth Planet
Sci 22: 457-497.

Hiroi T, Zolensky ME, Pieters CM, Lipschutz ME (1996) Thermal metamorphism
of the C, G, B, and F asteroids seen from the 0.7 um, 3 um, and UV absorption

J Geol Geophys
ISSN: 2381-8719 JGG, an open access journal

Volume 5 « Issue 3 » 1000243


http://science.sciencemag.org/content/228/4704/1147
http://science.sciencemag.org/content/228/4704/1147
https://books.google.co.in/books/about/Reflectance_Spectroscopy_in_Planetary_Sc.html?id=whoCAAAAIAAJ&redir_esc=y
https://books.google.co.in/books/about/Reflectance_Spectroscopy_in_Planetary_Sc.html?id=whoCAAAAIAAJ&redir_esc=y
http://adsabs.harvard.edu/abs/1992mars.book..557S
http://adsabs.harvard.edu/abs/1992mars.book..557S
http://adsabs.harvard.edu/abs/1992mars.book..557S
http://www.ncbi.nlm.nih.gov/pubmed/7886449
http://www.ncbi.nlm.nih.gov/pubmed/7886449
http://www.ncbi.nlm.nih.gov/pubmed/15718430
http://www.ncbi.nlm.nih.gov/pubmed/15718430
http://www.ncbi.nlm.nih.gov/pubmed/15718430
http://www.planetary.brown.edu/pdfs/3397.pdf
http://www.planetary.brown.edu/pdfs/3397.pdf
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002840/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002840/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002840/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002840/abstract
http://www.cambridge.org/us/academic/subjects/earth-and-environmental-science/remote-sensing-and-gis/theory-reflectance-and-emittance-spectroscopy-2nd-edition?format=HB
http://www.cambridge.org/us/academic/subjects/earth-and-environmental-science/remote-sensing-and-gis/theory-reflectance-and-emittance-spectroscopy-2nd-edition?format=HB
http://onlinelibrary.wiley.com/doi/10.1029/91JE01893/abstract
http://onlinelibrary.wiley.com/doi/10.1029/91JE01893/abstract
http://onlinelibrary.wiley.com/doi/10.1029/91JE01893/abstract
http://www.sciencedirect.com/science/article/pii/S0019103596955839
http://www.sciencedirect.com/science/article/pii/S0019103596955839
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002831/full
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002831/full
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002831/full
http://onlinelibrary.wiley.com/doi/10.1029/2006JG000317/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JG000317/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JG000317/abstract
http://adsabs.harvard.edu/abs/1986JGR....9111641C
http://adsabs.harvard.edu/abs/1986JGR....9111641C
http://adsabs.harvard.edu/abs/1986JGR....9111641C
http://onlinelibrary.wiley.com/doi/10.1029/2003JE002179/full
http://onlinelibrary.wiley.com/doi/10.1029/2003JE002179/full
http://ammin.geoscienceworld.org/content/99/10/1871.short
http://ammin.geoscienceworld.org/content/99/10/1871.short
http://ammin.geoscienceworld.org/content/99/10/1871.short
http://www.sciencedirect.com/science/article/pii/S0019103514001171
http://www.sciencedirect.com/science/article/pii/S0019103514001171
http://www.sciencedirect.com/science/article/pii/S0019103514001171
http://www.geo.brown.edu/research/Milliken/GEOL1710_files/Mustard_ManualOfRemoteSensing_Ch5.pdf
http://www.geo.brown.edu/research/Milliken/GEOL1710_files/Mustard_ManualOfRemoteSensing_Ch5.pdf
http://www.geo.brown.edu/research/Milliken/GEOL1710_files/Mustard_ManualOfRemoteSensing_Ch5.pdf
http://www.geo.brown.edu/research/Milliken/GEOL1710_files/Mustard_ManualOfRemoteSensing_Ch5.pdf
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002682/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002682/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002682/abstract
http://onlinelibrary.wiley.com/doi/10.1029/JB079i032p04829/abstract;jsessionid=DAF2DDE3B97EF977B5232C9E9B481110.f01t04
http://onlinelibrary.wiley.com/doi/10.1029/JB079i032p04829/abstract;jsessionid=DAF2DDE3B97EF977B5232C9E9B481110.f01t04
http://onlinelibrary.wiley.com/doi/10.1029/JB079i032p04829/abstract;jsessionid=DAF2DDE3B97EF977B5232C9E9B481110.f01t04
https://books.google.co.in/books?hl=en&lr=&id=gSoXBQAAQBAJ&oi=fnd&pg=PA91&dq=Interpretation+of+visible+and+near-infrared+diffuse+reflectance+spectra+of+pyroxenes+and+other+rock-forming+minerals&ots=zNdLHQXysG&sig=l7ID7MnDcMCl9NEV6xqzav1TKNE#v=onepage&q=Interpretation of visible and near-infrared diffuse reflectance spectra of pyroxenes and other rock-forming minerals&f=false
https://books.google.co.in/books?hl=en&lr=&id=gSoXBQAAQBAJ&oi=fnd&pg=PA91&dq=Interpretation+of+visible+and+near-infrared+diffuse+reflectance+spectra+of+pyroxenes+and+other+rock-forming+minerals&ots=zNdLHQXysG&sig=l7ID7MnDcMCl9NEV6xqzav1TKNE#v=onepage&q=Interpretation of visible and near-infrared diffuse reflectance spectra of pyroxenes and other rock-forming minerals&f=false
https://books.google.co.in/books?hl=en&lr=&id=gSoXBQAAQBAJ&oi=fnd&pg=PA91&dq=Interpretation+of+visible+and+near-infrared+diffuse+reflectance+spectra+of+pyroxenes+and+other+rock-forming+minerals&ots=zNdLHQXysG&sig=l7ID7MnDcMCl9NEV6xqzav1TKNE#v=onepage&q=Interpretation of visible and near-infrared diffuse reflectance spectra of pyroxenes and other rock-forming minerals&f=false
https://books.google.co.in/books?hl=en&lr=&id=gSoXBQAAQBAJ&oi=fnd&pg=PA91&dq=Interpretation+of+visible+and+near-infrared+diffuse+reflectance+spectra+of+pyroxenes+and+other+rock-forming+minerals&ots=zNdLHQXysG&sig=l7ID7MnDcMCl9NEV6xqzav1TKNE#v=onepage&q=Interpretation of visible and near-infrared diffuse reflectance spectra of pyroxenes and other rock-forming minerals&f=false
http://web.pdx.edu/~ruzickaa/meteorites/papers/GaffeyEtal2002-asteroidmineralogy.pdf
http://web.pdx.edu/~ruzickaa/meteorites/papers/GaffeyEtal2002-asteroidmineralogy.pdf
http://web.pdx.edu/~ruzickaa/meteorites/papers/GaffeyEtal2002-asteroidmineralogy.pdf
http://rimg.geoscienceworld.org/content/68/1/273.abstract
http://rimg.geoscienceworld.org/content/68/1/273.abstract
http://onlinelibrary.wiley.com/doi/10.1111/maps.12013/abstract
http://onlinelibrary.wiley.com/doi/10.1111/maps.12013/abstract
http://onlinelibrary.wiley.com/doi/10.1111/maps.12013/abstract
http://onlinelibrary.wiley.com/doi/10.1111/maps.12013/abstract
http://science.sciencemag.org/content/336/6082/700
http://science.sciencemag.org/content/336/6082/700
http://www.sciencedirect.com/science/article/pii/S0019103514002292
http://www.sciencedirect.com/science/article/pii/S0019103514002292
http://www.sciencedirect.com/science/article/pii/S0019103584710931
http://www.sciencedirect.com/science/article/pii/S0019103584710931
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.1996.tb02068.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.1996.tb02068.x/abstract

Citation: Hong PK, Miyamoto H, Niihara T, Sugita S, Nagata K, et al. (2016) An Automatic Deconvolution Method for Modified Gaussian Model using the
Exchange Monte Carlo Method: Application to Reflectance Spectra of Synthetic Clinopyroxene. J Geol Geophys 5: 243. doi:10.4172/2381-

8719.1000243

Page 14 of 15

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

strengths in comparison with carbonaceous chondrites. Meteorit Planet Sci 31:
321-327.

Hiroi T, Abe M, Kitazato K, Abe S, Clark BE, et al. (2006) Developing space
weathering on the asteroid 25143 Itokawa. Nature 443: 56-58.

Bell JF, McSween HY, Crisp JA, Morris RV, Murchie SL, et al. (2000)
Mineralogic and compositional properties of Martian soil and dust: Results from
Mars Pathfinder. J Geophys Res 105: 1721-1755.

Hunt GR, Salisbury JW (1970) Visible and near-infrared spectra of minerals
and rocks: | silicate minerals. Modern Geology 1: 283-300.

Hunt GR (1977) Spectral signatures of particulate minerals in the visible and
near infrared. Geophysics 42: 501-513.

Clark RN, King TVV, Klejwa M, Swayze GA (1990) High spectral resolution
reflectance spectroscopy of minerals. J Geophys Res 95: 12653-12680.

.Burns RG (1993) Mineralogical applications of crystal field theory. Cambridge

University Press, Cambridge.

Mayne RG, Sunshine JM, McSween HY, McCoy TJ, Corrigan CM, et al. (2010)
Petrologic insights from the spectra of the unbrecciated eucrites: Implications
for Vesta and basaltic asteroids. Meteorit Planet Sci 45: 1074-1092.

Sunshine JM, Pieters CM, Pratt SF (1990) Deconvolution of Mineral Absorption
Bands: An Improved Approach. J Geophys Res 95: 6955-6966.

Sunshine JM, Pieters CM (1993) Estimating modal abundances from the
spectra of natural and laboratory pyroxene mixtures using the Modified
Gaussian Model. J Geophys Res 98: 9075-9087.

Sunshine JM, Pieters CM, Pratt SF, McNaron-Brown KS (1999) Absorption
Band Modeling in Reflectance Spectra: Availability of the Modified Gaussian
Model. The 30" Lunar and Planetary Science Conference Abstract, #1306.

Tarantola A, Valette B (1982) Generalized nonlinear inverse problems solved
using the least squares criterion. Rev Geophys Space Phys 20: 219-232.

Kanner LC, Mustard JF, Gendrin A (2007) Assessing the limits of the Modified
Gaussian Model for remote spectroscopic studies of pyroxenes on Mars. Icarus
187: 442-456.

Clénet H, Pinet P, Daydou Y, Heuripeau F, Rosemberg C, et al. (2011) A
new systematic approach using the Modified Gaussian Model: Insight for the
characterization of chemical composition of olivines, pyroxenes and olivine-
pyroxene mixtures. Icarus 213: 404-422.

Parente M, Makarewicz HD, Bishop JL (2011) Decomposition of mineral
absorption bands using nonlinear least squares curve fitting: Application to
Martian meteorites and CRISM data. Planet Space Sci 59: 423-442.

Makarewicz HD, Parente M, Bishop JL (2009) Deconvolution of VNIR spectra
using modified Gaussian modeling (MGM) with automatic parameter initialization
(API) applied to CRISM. Hyperspectral Image and Signal Processing: Evolution
in Remote Sensing, WHISPERS ‘09 First Workshop pp: 1-5.

. Swendsen RH, Wang JS (1986) Replica Monte Carlo Simulation of Spin-

Glasses. Phys Rev Lett 57: 2607-2609.

Earl DJ, Deem MW (2005) Parallel tempering: Theory, applications, and new
perspectives. Phys Chem Chem Phys 7: 3910-3916.

Nagata K, Sugita S, Okada M (2012) Bayesian spectral deconvolution with the
exchange Monte Carlo method. Neural Networks 28: 82-89.

Hukushima K, Nemoto K (1996) Exchange Monte Carlo method and application
to spin glass simulations. J Phys Soc Jpn 65: 1604-1608.

Kirkpatrick S (1984) Optimization by simulated annealing: quantitative studies.
J Stat Phys 34: 975-986.

Cloutis EA (2002) Pyroxene reflectance spectra: Minor absorption bands and
effects of elemental substitutions. J Geophys Res 107: 5039.

Morimoto N, Fabries J, Ferguson AK, Ginzburg IV, Ross M, et al. (1988)
Nomenclature of pyroxenes. Mineral Mag 52: 535-550.

Lindsley DH (1983) Pyroxene thermometry. Am Mineral 68: 477-493.

Cloutis EA, Gaffey MJ (1991) Pyroxene Spectroscopy Revisited: Spectral-
Compositional Correlations and Relationship to Geothermometry. J Geophys
Res 96: 22809-22826.

Schade U, Wasch R, Moroz L (2004) Near-infrared reflectance spectroscopy

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

of Ca-rich clinopyroxenes and prospects for remote spectral characterization of
planetary surfaces. Icarus 168: 80-92.

Hazen RM, Bell PM, Mao HK (1978) Effects of compositional variation on
absorption spectra of lunar pyroxenes. Proceedings of the Lunar and Planetary
Science Conference 9: 2919-2934.

Denevi BW, Lucey PG, Hochberg EJ, Steutel D (2007) Near-infrared optical
constants of pyroxene as a function of iron and calcium content. J Geophys
Res 112: E05009.

Klima RL, Dyar MD, Pieters CM (2011) Near-infrared spectra of clinopyroxenes:
Effects of calcium content and crystal structure. Meteorit Planet Sci 46: 379-
395.

Akaike H (1980) Likelihood and the Bayes procedure. In: Bernardo JM,
DeGroot MH, Lindley DV, Smith AFM (eds.), Bayesian statistics. University
Press, Valencia 31: 143-166.

Schwarz GE (1978) Estimating the dimension of a model. The Annals of
Statistics 6: 461-464.

Pieters CM (1983) Strength of mineral absorption features in the transmitted
component of near-infrared reflected light: first results from RELAB. J Geophys
Res 88: 9534-9544.

Pieters CM, Hiroi T (2004) RELAB (Reflectance Experiment Laboratory):
A NASA multiuser spectroscopy facility. Lunar and Planetary Science
Conference, XXXV: #1720.

Turnock AC, Lindsley DH, Grover JE (1973) Synthesis and Unit Cell Parameters
of Ca-Mg-Fe Pyroxenes. Am Mineral 58: 50-59.

Dowty E, Lindsley DH (1973) Mdssbauer spectra of synthetic hedenbergite-
ferrosilite pyroxenes. Am Mineral 58: 850-868.

Lindsley DH, Burnham CW (1970) Pyroxferroite: Stability and X-ray
Crystallography of Synthetic Ca,,Fe . SiO, Pyroxenoid. Science 168: 364-
367.

Klima RL, Pieters CM, Dyar MD (2007) Spectroscopy of synthetic Mg-Fe
pyroxenes |: Spin-allowed and spin-forbidden crystal field bands in the visible
and near-infrared. Meteorit Planet Sci 42: 235-253.

Goldman DS, Rossman GR (1977) The spectra of iron in orthopyroxene
revisited: the splitting of the ground state. Am Mineral 62: 151-157.

Klima RL, Pieters CM, Dyar MD (2008) Characterization of the 1.2 ym M1
pyroxene band: Extracting cooling history from near-IR spectra of pyroxenes
and pyroxene-dominated rocks. Meteorit Planet Sci 43: 1591-1604.

Rossman GR (1980) Pyroxene spectroscopy. Rev Mineral 7: 93-115.

Cloutis EA, Gaffey MJ, Smith DGW, Lambert RSTJ (1990) Reflectance spectra
of glass-bearing mafic silicate mixtures and spectral deconvolution procedures.
Icarus 86: 383-401.

Viswanathan K (1966) Unit cell dimensions and ionic substitutions in common
clinopyroxenes. The American Mineralogist 51: 429-442.

Ohashi Y, Burnham CW, Finger LW (1975) The Effect of Ca-Fe Substitution on
the Clinopyroxene Crystal Structure. Am Mineral 60: 423-434.

Hiroi T, Pieters C (1998) Modified Gaussian deconvolution of reflectance
spectra of lunar soils. Lunar and Planetary Science conference XXIX: #1253.

Mustard JF, Murchie S, Erard S, Sunshine J (1997) In situ compositions of
Martian volcanics: implications for the mantle. J Geophys Res 102: 25605-
25615.

Gendrin A, Bibring JP, Mustard J, Kanner L, Mangold N, et al. (2006) Strong
pyroxene absorption bands on Mars identified by OMEGA: geological
counterpart. Lunar and Planetary Science conference XXXVII: #1858.

Baratoux D, Pinet P, Gendrin A, Kanner L, Mustard J, et al. (2007) Impact
craters mineralogy from OMEGA data: implications on alteration history, ejecta
emplacement, and subsurface composition. Proceedings of the Seventh
International Mars Conference 3183.

Pinet PC, Heuripeau F, Clenet H, Chevrel S, Daydou Y, et al. (2007) Mafic
mineralogy variations across Syrtis Major Shield and surroundings as inferred
from visible-near-infrared spectroscopy by OMEGA Mars Express. Proceedings
of the Seventh International Mars Conference 3146.

Binzel RP, Rivkin AS, Bus SJ, Sunshine JM, Burbine TH (2001) MUSES-C

J Geol Geophys
ISSN: 2381-8719 JGG, an open access journal

Volume 5 « Issue 3 » 1000243


http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.1996.tb02068.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.1996.tb02068.x/abstract
http://www.nature.com/nature/journal/v443/n7107/abs/nature05073.html
http://www.nature.com/nature/journal/v443/n7107/abs/nature05073.html
http://onlinelibrary.wiley.com/doi/10.1029/1999JE001060/abstract
http://onlinelibrary.wiley.com/doi/10.1029/1999JE001060/abstract
http://onlinelibrary.wiley.com/doi/10.1029/1999JE001060/abstract
http://geophysics.geoscienceworld.org/content/42/3/501.short?rss=1&ssource=mfr
http://geophysics.geoscienceworld.org/content/42/3/501.short?rss=1&ssource=mfr
http://onlinelibrary.wiley.com/doi/10.1029/JB095iB08p12653/abstract
http://onlinelibrary.wiley.com/doi/10.1029/JB095iB08p12653/abstract
https://books.google.co.in/books?hl=en&lr=&id=izKuGT5Bjp8C&oi=fnd&pg=PP1&dq=Mineralogical+applications+of+crystal+field+theory&ots=7xbX796cOG&sig=rhBYnwI2irKWleuyVTZ8EJW4WSA#v=onepage&q=Mineralogical applications of crystal field theory&f=false
https://books.google.co.in/books?hl=en&lr=&id=izKuGT5Bjp8C&oi=fnd&pg=PP1&dq=Mineralogical+applications+of+crystal+field+theory&ots=7xbX796cOG&sig=rhBYnwI2irKWleuyVTZ8EJW4WSA#v=onepage&q=Mineralogical applications of crystal field theory&f=false
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01090.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01090.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01090.x/full
http://onlinelibrary.wiley.com/doi/10.1029/JB095iB05p06955/abstract;jsessionid=79F4241FD617631147489230C4F12B72.f02t01
http://onlinelibrary.wiley.com/doi/10.1029/JB095iB05p06955/abstract;jsessionid=79F4241FD617631147489230C4F12B72.f02t01
https://www.researchgate.net/publication/280780579_Estimating_modal_abundances_from_the_spectra_of_natural_and_laboratory_pyroxene_mixtures_using_the_Modified_Gaussian_Model
https://www.researchgate.net/publication/280780579_Estimating_modal_abundances_from_the_spectra_of_natural_and_laboratory_pyroxene_mixtures_using_the_Modified_Gaussian_Model
https://www.researchgate.net/publication/280780579_Estimating_modal_abundances_from_the_spectra_of_natural_and_laboratory_pyroxene_mixtures_using_the_Modified_Gaussian_Model
http://adsabs.harvard.edu/abs/1999LPI....30.1306S
http://adsabs.harvard.edu/abs/1999LPI....30.1306S
http://adsabs.harvard.edu/abs/1999LPI....30.1306S
http://www.ipgp.fr/~tarantola/Files/Professional/Papers_PDF/GeneralizedNonlinear_latex.pdf
http://www.ipgp.fr/~tarantola/Files/Professional/Papers_PDF/GeneralizedNonlinear_latex.pdf
http://planetary.brown.edu/pdfs/3545.pdf
http://planetary.brown.edu/pdfs/3545.pdf
http://planetary.brown.edu/pdfs/3545.pdf
http://www.sciencedirect.com/science/article/pii/S0019103511000868
http://www.sciencedirect.com/science/article/pii/S0019103511000868
http://www.sciencedirect.com/science/article/pii/S0019103511000868
http://www.sciencedirect.com/science/article/pii/S0019103511000868
http://www.sciencedirect.com/science/article/pii/S0032063311000377
http://www.sciencedirect.com/science/article/pii/S0032063311000377
http://www.sciencedirect.com/science/article/pii/S0032063311000377
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5289046&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5289046
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5289046&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5289046
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5289046&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5289046
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=5289046&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D5289046
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.57.2607
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.57.2607
http://arxiv.org/abs/physics/0508111
http://arxiv.org/abs/physics/0508111
http://www.sciencedirect.com/science/article/pii/S0893608011003169
http://www.sciencedirect.com/science/article/pii/S0893608011003169
http://arxiv.org/abs/cond-mat/9512035
http://arxiv.org/abs/cond-mat/9512035
http://link.springer.com/article/10.1007%2FBF01009452
http://link.springer.com/article/10.1007%2FBF01009452
http://onlinelibrary.wiley.com/doi/10.1029/2001JE001590/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2001JE001590/abstract
https://rruff.info/uploads/MM52_535.pdf
https://rruff.info/uploads/MM52_535.pdf
http://ammin.geoscienceworld.org/content/68/5-6/477.short?rss=1&ssource=mfc
http://onlinelibrary.wiley.com/doi/10.1029/91JE02512/full
http://onlinelibrary.wiley.com/doi/10.1029/91JE02512/full
http://onlinelibrary.wiley.com/doi/10.1029/91JE02512/full
http://www.sciencedirect.com/science/article/pii/S0019103503003798
http://www.sciencedirect.com/science/article/pii/S0019103503003798
http://www.sciencedirect.com/science/article/pii/S0019103503003798
http://adsabs.harvard.edu/full/1978LPSC....9.2919H
http://adsabs.harvard.edu/full/1978LPSC....9.2919H
http://adsabs.harvard.edu/full/1978LPSC....9.2919H
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002802/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002802/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2006JE002802/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01158.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01158.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2010.01158.x/abstract
http://link.springer.com/article/10.1007%2FBF02888350
http://link.springer.com/article/10.1007%2FBF02888350
http://link.springer.com/article/10.1007%2FBF02888350
http://www.jstor.org/stable/2958889?seq=1#page_scan_tab_contents
http://www.jstor.org/stable/2958889?seq=1#page_scan_tab_contents
http://onlinelibrary.wiley.com/doi/10.1029/JB088iB11p09534/full
http://onlinelibrary.wiley.com/doi/10.1029/JB088iB11p09534/full
http://onlinelibrary.wiley.com/doi/10.1029/JB088iB11p09534/full
http://www.lpi.usra.edu/meetings/lpsc2004/pdf/1720.pdf
http://www.lpi.usra.edu/meetings/lpsc2004/pdf/1720.pdf
http://www.lpi.usra.edu/meetings/lpsc2004/pdf/1720.pdf
http://rruff.info/doclib/am/vol58/AM58_50.pdf
http://rruff.info/doclib/am/vol58/AM58_50.pdf
http://www.minsocam.org/ammin/AM58/AM58_850.pdf
http://www.minsocam.org/ammin/AM58/AM58_850.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17809134
http://www.ncbi.nlm.nih.gov/pubmed/17809134
http://www.ncbi.nlm.nih.gov/pubmed/17809134
https://journals.uair.arizona.edu/index.php/maps/article/view/15390
https://journals.uair.arizona.edu/index.php/maps/article/view/15390
https://journals.uair.arizona.edu/index.php/maps/article/view/15390
http://authors.library.caltech.edu/38446/
http://authors.library.caltech.edu/38446/
https://journals.uair.arizona.edu/index.php/maps/article/view/15637
https://journals.uair.arizona.edu/index.php/maps/article/view/15637
https://journals.uair.arizona.edu/index.php/maps/article/view/15637
http://authors.library.caltech.edu/37689/
http://www.sciencedirect.com/science/article/pii/001910359090226Y
http://www.sciencedirect.com/science/article/pii/001910359090226Y
http://www.sciencedirect.com/science/article/pii/001910359090226Y
http://www.minsocam.org/ammin/am51/am51_429.pdf
http://www.minsocam.org/ammin/am51/am51_429.pdf
http://www.minsocam.org/ammin/AM60/AM60_423.pdf
http://www.minsocam.org/ammin/AM60/AM60_423.pdf
http://www.lpi.usra.edu/meetings/LPSC98/pdf/1253.pdf
http://www.lpi.usra.edu/meetings/LPSC98/pdf/1253.pdf
http://onlinelibrary.wiley.com/doi/10.1029/97JE02354/abstract;jsessionid=1BACBBD9A39BE4107CEEDB9D72921474.f02t03
http://onlinelibrary.wiley.com/doi/10.1029/97JE02354/abstract;jsessionid=1BACBBD9A39BE4107CEEDB9D72921474.f02t03
http://onlinelibrary.wiley.com/doi/10.1029/97JE02354/abstract;jsessionid=1BACBBD9A39BE4107CEEDB9D72921474.f02t03
http://www.lpi.usra.edu/meetings/lpsc2006/pdf/1858.pdf
http://www.lpi.usra.edu/meetings/lpsc2006/pdf/1858.pdf
http://www.lpi.usra.edu/meetings/lpsc2006/pdf/1858.pdf
http://adsabs.harvard.edu/abs/2007LPICo1353.3183B
http://adsabs.harvard.edu/abs/2007LPICo1353.3183B
http://adsabs.harvard.edu/abs/2007LPICo1353.3183B
http://adsabs.harvard.edu/abs/2007LPICo1353.3183B
http://www.lpi.usra.edu/meetings/7thmars2007/pdf/3146.pdf
http://www.lpi.usra.edu/meetings/7thmars2007/pdf/3146.pdf
http://www.lpi.usra.edu/meetings/7thmars2007/pdf/3146.pdf
http://www.lpi.usra.edu/meetings/7thmars2007/pdf/3146.pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2001.tb01950.x/abstract

Citation: Hong PK, Miyamoto H, Niihara T, Sugita S, Nagata K, et al. (2016) An Automatic Deconvolution Method for Modified Gaussian Model using the
Exchange Monte Carlo Method: Application to Reflectance Spectra of Synthetic Clinopyroxene. J Geol Geophys 5: 243. doi:10.4172/2381-

8719.1000243

Page 15 of 15

target asteroid (25143) 1998 SF36: A reddened ordinary chondrite. Meteorit
Planet Sci 36: 1167-1172.

77. Hiroi T, Vilas F, Sunshine JM (1996) Discovery and analysis of minor absorption
bands in S-asteroid visible reflectance spectra. Icarus 119: 202-208.

78. Kruse FA, Lefkoff AB, Boardman JW, Heidebrecht KB, Shapiro AT, et al. (1993)
The Spectral Image Processing System (SIPS) — Interactive Visualization and
Analysis of Imaging Spectrometer Data. Remote Sens Environ 44: 145-163.

79. van der Meer FD, van der Werff HMA, van Ruitenbeek FJA, Hecker CA, Bakker
WH, et al. (2012) Multi- and hyperspectral geologic remote sensing: A review.
Int J Appl Earth Obs 14: 112-128.

80.

8

=

82.

83.

Fraeman AA, Murchie SL, Arvidson RE, Clark RN, Morris RV, et al. (2014)
Spectral absorptions on Phobos and Deimos in the visible/near infrared
wavelengths and their compositional constraints. Icarus 229: 196-205.

. Pieters CM, Murchie S, Thosmas N, Britt D (2014) Composition of Surface

Materials on the Moons of Mars. Planet Space Sci 102: 144-151.

Tsuda Y, Yoshikawa M, Abe M, Minamino H, Nakazawa S (2013) System
design of the Hayabusa 2-Asteroid sample return mission to 1999 JU3. Acta
Astronaut 91: 356-362.

DeMeo FE, Binzel RP, Slivan SM, Bus SJ (2009) An extension of the Bus
asteroid taxonomy into the near-infrared. Icarus 202: 160-180.

J Geol Geophys
ISSN: 2381-8719 JGG, an open access journal

Volume 5 « Issue 3 » 1000243


http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2001.tb01950.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1945-5100.2001.tb01950.x/abstract
http://www.sciencedirect.com/science/article/pii/S0019103596900123
http://www.sciencedirect.com/science/article/pii/S0019103596900123
http://www.sciencedirect.com/science/article/pii/003442579390013N
http://www.sciencedirect.com/science/article/pii/003442579390013N
http://www.sciencedirect.com/science/article/pii/003442579390013N
http://www.sciencedirect.com/science/article/pii/S0303243411001103
http://www.sciencedirect.com/science/article/pii/S0303243411001103
http://www.sciencedirect.com/science/article/pii/S0303243411001103
http://www.sciencedirect.com/science/article/pii/S0019103513004934
http://www.sciencedirect.com/science/article/pii/S0019103513004934
http://www.sciencedirect.com/science/article/pii/S0019103513004934
http://www.sciencedirect.com/science/article/pii/S0032063314000439
http://www.sciencedirect.com/science/article/pii/S0032063314000439
http://www.sciencedirect.com/science/article/pii/S009457651300218X
http://www.sciencedirect.com/science/article/pii/S009457651300218X
http://www.sciencedirect.com/science/article/pii/S009457651300218X
http://www.sciencedirect.com/science/article/pii/S0019103509000554
http://www.sciencedirect.com/science/article/pii/S0019103509000554

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction 
	Methods 
	Exchange Monte Carlo method 
	Spectral data 

	Results 
	Deconvolution with the exchange Monte Carlo method 
	Band shift as functions of Ca, Fe, and Mg Contents 

	Discussion 
	Fitting type-A spectra 
	1 µm band position vs. Ca-Fe-Mg content 
	Band center in three-dimensional spaces 
	Application to future remote reflectance spectroscopy 

	Conclusions 
	Acknowledgment 
	Figure 1
	Table 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	References

