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a b s t r a c t
Lunar olivines typically contain inclusions of Cr–spinel (chromite) that inﬂuence their measured optical
properties. These altered optical properties complicate modeled predictions of olivine composition from
reﬂectance spectra. Approaches developed for inclusion-free terrestrial olivine spectra must be modiﬁed
to be applied to chromite-bearing lunar olivine spectra. We present a revised approach for predicting the
compositions of chromite-bearing lunar olivines using the Modiﬁed Gaussian Model (MGM). The results
of this revised approach for chromite-bearing lunar olivines are consistent with previous results for terrestrial olivine reﬂectance spectra, and successfully predict the olivine’s composition. These results are an
important step in compositional assessment of remotely-sensed olivine spectra, and are essential to
ongoing investigations of that topic. Our results are based on a limited set of available lunar olivine separates, and would be strengthened by the inclusion of additional compositions.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
The thermal and chemical evolution of planetary bodies is a major guiding theme in planetary science and exploration. Planetary
bodies cool in a number of ways, including magma ocean processes, density stratiﬁcation (differentiation), internal convection,
and volcanism. These processes affect the chemical evolution of
planetary bodies, as the composition and mineralogy of zones
within the bodies evolve as thermal evolution progresses. Rocks
contain distinct records of the thermal history of a planetary body,
as their mineralogy and mineral composition are products of the
processes that produced and/or altered them. Olivine in particular
is a very important mineral with which to interpret the petrologic
evolution of igneous rocks, as it is commonly the ﬁrst mineral to
crystallize from typical maﬁc magmas (BVSP, 1981). In the case
of a primary magma, the olivine’s composition indicates the degree
of evolution of the mantle source of the magma from which the
olivine crystallized. Generally speaking, highly forsteritic (high
Mg0 (Mg/Mg + Fe)) olivine is indicative of a primitive source,
whereas more fayalitic (low Mg0 ) olivine is indicative of a more
evolved source (BVSP, 1981). The composition of lunar olivine is
an indicator used to determine if a rock is from a particular lithologic suite (Hess, 1994; Papike et al., 1998; Warner et al., 1976;
Warren and Wasson, 1977).

* Corresponding author. Fax: +1 401 863 3978.
E-mail addresses: Peter_Isaacson@Brown.edu (P.J. Isaacson), Carle_Pieters@
Brown.edu (C.M. Pieters).
0019-1035/$ - see front matter Ó 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2010.06.004

Olivine has a distinctive signature in visible to near-infrared
(VNIR) reﬂectance spectra. Typical olivine spectra have a broad,
composite absorption feature near 1050 nm caused by electronic
transitions in Fe2+ ions located in distorted octahedral crystal lattice sites (Burns, 1970, 1974, 1993; Burns et al., 1972). An example
is illustrated in Fig. 1, which shows a spectrum of San Carlos olivine
(Fo90), a common laboratory standard sample. The three absorptions that comprise the composite feature are labeled with the
Fe2+-bearing crystallographic site responsible for the speciﬁc
absorption. Visible to near-infrared reﬂectance spectroscopy is
sensitive to olivine composition, because these three absorption
features shift as a function of the olivine’s Mg0 (Burns, 1970; King
and Ridley, 1987; Sunshine and Pieters, 1998). When individual
absorption bands are deconvolved with quantitative techniques
such as the Modiﬁed Gaussian Model (MGM) (Sunshine et al.,
1990), olivine reﬂectance spectra can be used to estimate the olivine’s composition by inverting the MGM-derived band parameters
to solve for composition as a function of band position (Sunshine
and Pieters, 1998).
Reﬂectance spectra of typical lunar olivines differ from those of
terrestrial and synthetic olivine (Isaacson and Pieters, 2008;
Isaacson et al., 2010). Lunar olivines often contain small but significant abundances of ﬁne Cr–spinel inclusions (e.g., Dymek et al.,
1975; Papike et al., 1998). Spinels have strong absorption features
beyond 1600 nm (Cloutis et al., 2004), a wavelength region
where typical terrestrial olivines are bright and featureless. A laboratory reﬂectance spectrum of a typical Cr–spinel (chromite) is
shown in Fig. 1. Olivine is a relatively transparent mineral, therefore strongly absorbing opaque inclusions, such as spinels, have
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consistent with the structure of the mineral or mixture in question.
The reader is referred to the work of Sunshine et al. (1990) for additional background on the MGM, approach, and underlying mathematics. For laboratory spectra of terrestrial olivines, a ﬂat
continuum slope is commonly used, and the offset (y intercept value) of the continuum is allowed to vary freely in the optimization
routine. The MGM initial parameters are deﬁned by three absorptions near 1000 nm for the principal olivine feature, and two
absorptions at shorter wavelengths to account for absorptions in
the visible to near-ultraviolet. The result of such a ﬁt performed
on the San Carlos olivine spectrum shown in Fig. 1 is illustrated
in Fig. 2a. MGM results for this and all other ﬁts shown or described in this paper are provided in Table 1. Intensities are reported as natural log reﬂectance, whereas band centers and

Fig. 1. Bidirectional reﬂectance spectra of terrestrial olivine and chromite. San
Carlos olivine (Fo90) is labeled with the speciﬁc Fe2+-bearing site causing each of
the component absorptions. The chromite spectrum is described by Cloutis et al.
(2004), sample C105.

dramatic effects on olivine reﬂectance spectra, even in trace
amounts. Chromite-bearing lunar olivine spectra are not featureless beyond the principal composite crystal-ﬁeld ferrous absorption (wavelengths above 1500 nm). Instead, chromite-bearing
lunar olivine spectra drop in reﬂectance across this region due to
the chromite inclusions. The differences between chromite-bearing
lunar olivine and terrestrial olivine spectra have signiﬁcant, adverse effects on the deconvolution of the spectra with approaches
such as the MGM. The presence of the strong long-wavelength
absorptions in lunar olivine spectra requires the inclusion of
absorptions in the model that interfere with ﬁts to the primary
olivine ferrous crystal-ﬁeld absorptions. The result of these complications is that the standard approach developed for spectra of terrestrial olivine (Sunshine and Pieters, 1998) is unable to estimate
the composition of lunar olivine samples with any accuracy
(Isaacson and Pieters, 2008). A revised, systematic approach for
chromite-bearing lunar olivine is required if the richness of information available from global analyses of remotely-sensed spectra
of lunar olivine is to be harvested. The arrival of global hyperspectral lunar datasets (Mall et al., 2009; Matsunaga et al., 1999; Pieters
et al., 2009) collected by Kaguya and Chandrayaan-1 is now enabling such remote compositional analyses, making this revised
approach an important element of ongoing research of lunar olivine composition through remote sensing.

2. Background: MGM ﬁts of olivine spectra
2.1. Traditional approach
The MGM is an inverse model that allows the user to deconvolve a spectrum into a set of absorptions superimposed onto a
continuum slope. Mathematically, the absorptions are deﬁned by
Gaussian distributions in average bond length of the site and cation
of interest, and in the model are expressed as three parameters for
each absorption: band center, band width, and band strength. The
continuum slope is deﬁned by a set of polynomial coefﬁcients,
which act as additional model parameters. The model adjusts the
various models parameters to minimize, in a least squares sense,
the sum of the squares of the residuals. It is important to remember that models such as the MGM seek to minimize the error of a ﬁt
without regard for whether the resulting model parameters are

Fig. 2. Example MGM ﬁts to olivine spectra using the standard approach described
by Sunshine and Pieters (1998). (a) Fit to San Carlos olivine (Fo90) spectrum shown
in Fig. 1. This is an example of a high-quality ﬁt. (b) Fit to spectrum of lunar olivine
separated from 72415 (Fo88). The effect of the chromite inclusions is seen in the
reduced reﬂectance and the absorption feature beyond 1500 nm. Even when adding
an absorption to account for the chromite absorption, an unsatisfactory ﬁt is
produced, as evidenced by the RMS error and inconsistent band properties of the
three olivine absorptions as compared to the San Carlos olivine ﬁt in (a). The
relative band strengths between the M2 and M1-2 absorptions are highlighted,
showing the similar modeled strengths for the M2 and M1-2 absorptions in (b).
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Table 1
Results of MGM ﬁts.

widths (FWHM) are reported in nanometers (nm). As expected, the
model parameters derived from this ﬁt (absorption band center,
width, and strength) are consistent with the trends derived by Sunshine and Pieters (1998). The RMS error across the visible wavelengths does not affect the critical 1000 nm region of the ﬁt, and
is a result of simplifying the ﬁt across this region.

2.2. Inadequacy of traditional approach for lunar olivine spectra
Also illustrated in Fig. 2b is an example result from applying the
approach described above to a spectrum of chromite-bearing lunar
olivine. The lunar olivine sample illustrated in Fig. 2b (separated
from dunite sample 72415) is very similar in Mg0 to the San Carlos
olivine illustrated in Fig. 2a (Fo88 for 72415, Fo90 for San Carlos).
Thus, the band centers and band widths of the three principal
absorption features should be nearly identical between the spectra.
Absolute band strength varies as a function of grain size and other
textural properties of a sample, although relative band strengths
should be similar. The prominent absorption near 2000 nm in
these olivine spectra is attributed to the chromite inclusions, and
an additional absorption is added to account for this feature. The
modeled ﬁt plotted in Fig. 2b is unrealistic for many reasons,
including the RMS error, relative band positions, and relative band
strengths. Speciﬁcally, the band positions are inconsistent with results for the San Carlos olivine, especially for the M1-1 band, and
the central M2 absorption is modeled with similar strength to
the M1-2 absorption, as illustrated by Fig. 2b. This similarity in
band strength between M2 and M1-2 is inconsistent with previous
analyses of olivine spectra (Burns, 1970; Sunshine and Pieters,
1998). Clearly, the standard approach developed for terrestrial
samples returns substantially different results when applied to
spectra of chromite-bearing lunar olivines, even when an additional band is included in the ﬁt in an attempt to account for the
spinel feature.
The poor ﬁt is caused primarily by two factors, both related to
the spinel absorptions: the spinel absorption severely reduces
the overall reﬂectance at long wavelengths (>1500 nm) and also
introduces another feature that the model attempts to include in
minimizing the error in the ﬁt. The traditional approach relies on
a bright, ﬂat region beyond 1500 nm on which the ﬂat continuum
slope is based (the ﬁt in Fig. 2a is an excellent example, as the

reﬂectance at wavelengths >1500 nm is much higher than the
reﬂectance maximum at wavelengths below the 1000 nm absorption feature, near 700 nm). The spectrum in Fig. 2b has nearly
identical maximum reﬂectance values at wavelengths above and
below the 1000 nm absorption, so a ﬂat continuum slope cannot
come to rest on a high value as in Fig. 2a. The continuum slope
intersects the spectrum in Fig. 2b, which creates problems when
ﬁtting the ﬁrst M1 olivine absorption in particular. Additionally,
the absorption added to account for the spinel feature expands to
such extreme widths that it expands into the 1000 nm region,
and interferes with the ﬁt in this critical wavelength region. Generally, this approach does not produce acceptable results for lunar
olivine reﬂectance spectra.
3. Revised MGM approach for lunar olivine
MGM deconvolutions of remotely-sensed lunar olivine spectra
will be complicated largely by two factors: the chromite absorptions discussed above, and the variable continuum slopes common
to remotely-sensed spectra of planetary surfaces. The original approach developed by Sunshine and Pieters (1998) and the revised
approach presented here rely on ﬂat continuum slopes, which
are likely to be unrealistic for remotely-sensed spectra. This paper
addresses the complications resulting from chromite absorptions.
Treatment of complications due to continuum slope is the focus
of ongoing work. Note that the approach described here is applicable to any lunar olivine reﬂectance spectrum, regardless of the
presence of absorptions caused by chromite inclusions. Thus, this
technique can be applied safely without requiring the user to make
a subjective evaluation of the presence of long-wavelength chromite absorptions.
3.1. Wavelength range
We have revised the deconvolution approach outlined above to
account for the complications due to chromite absorptions in laboratory spectra of lunar olivines. The modiﬁcation includes two
fundamental steps: truncate the spectrum and enforce a ﬂat continuum slope. In this approach, spectra of lunar olivines are ﬁt between wavelengths of 600 and 1750 nm. Wavelengths shorter than
600 nm do not contribute to the compositional analysis method
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discussed here. The 600 nm cutoff was chosen to allow full modeling of the ﬁrst M1 olivine band; a longer cutoff wavelength would
run the risk of eliminating some data needed to constrain that
band fully. The 1750 nm cutoff was chosen as a compromise between avoiding the bulk of the spinel feature and fully capturing
the long-wavelength M1 olivine band. In addition to the three principal olivine absorptions, two additional absorptions are included
in the revised modeling approach to account for the residual spectral structure at short and long wavelengths. Note that this
approach addresses the dominant source of error (the long-wavelength chromite absorptions) in applying the traditional deconvolution approach to chromite-bearing lunar olivine spectra, but
does not address the more minor effect of the reﬂectance maximum in the chromite spectra that occurs near the olivine M1-2
absorption.
3.2. Continuum slope
The choice of continuum slope has signiﬁcant effects on band
strength and width as well as band position, and systematic results
rely on a systematic selection of continuum slope. For consistency,
we use ﬂat continuum slopes, which are appropriate for laboratory
spectra. The ﬂat continuum slope can be modeled with a variety of
offset values. We have experimented with a variety of offsets, and
have found that increasing the offset value such that the initial
continuum slope lies well above the spectrum being deconvolved
produces results most consistent with the terrestrial trends. If
the initial continuum slope has an offset value that is too low,
the three principal absorptions are not given enough freedom to
‘‘move” and do not converge on physically reasonable results. In
an extreme case, the continuum slope can even intersect the spectrum, producing especially poor results. In our experience, it is better to err on the side of a continuum offset that is too large rather
than too small. The chosen offset will affect the absolute strengths
of the absorption features, but will not affect the relative band
strengths. However, excessive offset values could introduce errors
by allowing broadening of the two additional bands included with
the three principal olivine absorptions in the model ﬁts.
The results of applying this revised MGM approach for lunar
olivine are illustrated in Fig. 3. The three principal olivine absorptions are plotted in black, and the two additional absorptions discussed above are plotted in gray. The three lunar olivine spectra
evaluated and plotted in Fig. 3 are: 72415 (Fo88), Fig. 3a; 76535
(Fo87), Fig. 3b; 15555 (Fo48), Fig. 3c. All lunar olivines were measured with a particle size of <125 lm. While band centers are the
principal basis of the compositional assessment, a ﬁt is not considered satisfactory if the relative band strengths of the three olivine
absorptions are not consistent with known trends (Burns, 1970;
Sunshine and Pieters, 1998). The results in Fig. 3 suggest that the
modiﬁcations introduced to deal with the long-wavelength spinel
absorptions are functioning appropriately.
3.3. Model initial conditions
Three distinct starting points were tested for MGM deconvolutions of the lunar olivine spectra. Reasonable model parameters for
Mg-rich (Fo90), Fe-rich (Fo45) and intermediate (Fo70) compositions were chosen based on the Sunshine and Pieters (1998) results. This approach was taken to evaluate the sensitivity of the
approach to the initial model parameters in the ideal case of laboratory spectra and to optimize the starting conditions for our ﬁts.
This is an important consideration, because the nonlinear MGM
must be given a reasonable starting point. Model parameters for
our three starting conditions are provided in Table 2. As in Table 1,

Fig. 3. Revised approach for MGM deconvolution of chromite-bearing lunar olivine
reﬂectance spectra. Gray areas indicate wavelengths excluded from MGM deconvolutions in our approach. The three lunar olivine spectra analyzed in this study are
shown with example MGM ﬁts using our approach. All olivine spectra illustrated in
this ﬁgure were measured with a particle size of <125 lm: (a) 72415 (Fo88); (b)
76535 (Fo87); (c) 15555 (Fo48). The intermediate starting conditions (see
Section 3.3) were used to produce the ﬁts plotted here.
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Table 2
MGM starting parameters.
Starting ﬁt
Band, parameter
Short, center
Short, width
Short, intensity
M1-1, center
M1-1, width
M1-1, intensity
M2, center
M2, width
M2, intensity
M1-2, center
M1-2, width
M1-2, intensity
Long, center
Long, width
Long, intensity
Continuum offset
(C0)
Continuum slope
(C1)

Mg-rich
(Fo90)

Intermediate
(Fo70)

Fe-rich
(Fo45)

630
115
0.02
840
228
0.2
1036
176
0.225
1210
424
0.275
1650
250
0.0125
Variable

630
115
0.02
855
228
0.2
1038
176
0.225
1232
424
0.275
1650
250
0.0125
Variable

630
115
0.02
880
228
0.2
1055
176
0.225
1255
460
0.275
1650
250
0.0125
Variable

1E10

1E10

1E10

intensities are given in natural log reﬂectance, and band centers
and widths (FWHM) are given in nanometers (nm). The results in
Table 1 are coded (in shades of gray) according to the various initial
conditions.
4. Results: consistency with compositional trends
Shown in Fig. 4 are the compositions of lunar olivines analyzed
in this study plotted against the MGM-derived actual band centers
(range brackets) and compared with the results of Sunshine and
Pieters (1998) (open symbols) and the trends derived by the Sunshine and Pieters (1998) study of terrestrial olivine (dotted lines).
The range brackets indicate the spread in band centers obtained
from the different starting points for the MGM ﬁts. In viewing
the MGM results in Table 1, it is apparent that the Fe-rich starting
point actually produces the most Mg-rich compositional predictions, especially for 72415. This is most easily seen by comparing
the predicted Fo# from the three initial conditions applied to each
spectrum. This is likely a result of the higher initial band width for

Fig. 4. Results of MGM deconvolutions of lunar olivine reﬂectance spectra as
compared to results from Sunshine and Pieters (1998) for terrestrial olivine spectra.
The actual Fo# of the olivines studied is plotted against the MGM-derived band
centers. Range brackets represent the range of band center results produced from
the three different starting points. Speciﬁc absorptions are labeled (M1-1, M2, M12). The MGM deconvolutions plotted here were derived from the ‘‘intermediate”
starting conditions discussed in Section 3.3 and provided in Table 2. The MGMderived parameters are provided in Table 1.

the M1-2 band in this starting condition, giving this ﬁt slightly
more freedom and producing a more Mg-rich result, which is more
consistent with the actual olivine composition. The result for the
Fe-rich starting point applied to the 15555 olivine is nearly identical to results derived from the other starting points for this spectrum, and all converge to reasonable parameters for this olivine’s
composition (Fo48).
The trends in lunar olivine band centers are reasonably consistent with those determined for terrestrial olivines by Sunshine and
Pieters (1998). Based on the small sample size of the dataset (effectively two compositions of olivine), any assessment of systematic
deviations from previously-established trends must be regarded
with some amount of skepticism. Generally, it appears that ﬁts to
the basalt olivine spectrum (Fo48) produce band centers for the
M2 absorption that are offset to short wavelengths relative to the
Sunshine and Pieters (1998) results. However, the deviation from
the trend lines is not substantially larger than observed in some
of the scatter in the Sunshine and Pieters (1998) results. Further
analysis of deviations between results of the revised approach for
lunar olivine and the results for terrestrial olivine spectra
(Sunshine and Pieters, 1998) will require more data points for lunar olivine (i.e., additional lunar olivine compositions) such that
a true regression can be performed rather than ﬁtting a two point
line. The consistency between our results and the terrestrial trends
suggests that a similar approach to compositional prediction as
that employed for terrestrial olivine spectra may be employed for
lunar olivine spectra. However, the robustness of the compositional predictions would be improved by complementing our work
with additional lunar olivine compositions.
5. Discussion: compositional predictions from lunar olivine
reﬂectance spectra
MGM deconvolutions of olivine spectra can be used to predict
the composition of the olivine based on the trends in band positions previously established. We demonstrate with our approach
that the trends in band centers for lunar olivine spectra are consistent with those demonstrated for terrestrial olivine spectra. However, these lunar trends are based on only a few data points, so we
chose to use the trends developed from the suite of terrestrial olivines to evaluate the robustness of our results for compositional
prediction. The use of the terrestrial olivine trend lines is acceptable because our deconvolution approach for lunar olivine provides
results consistent with results for deconvolutions of terrestrial olivines with the traditional approach. We evaluate our results by
treating our lunar olivine spectra as ‘‘unknowns” and predicting
their composition from the ﬁt results.
The compositional prediction method is based on minimization
of the deviations in band centers from the established trends for all
three absorption features simultaneously. Trend line equations are
deﬁned for each individual absorption band, and the unknown
(Fo#) is parameterized in terms of the band center wavelength
for each individual absorption (each linear trend line is deﬁned
by band center as a function of Fo#). The deviation of the band center wavelengths from the trend lines for each absorption is minimized by varying the Fo#. This process can be visualized by
considering the deconvolution results as three points ﬁxed in
wavelength. These points are moved concurrently along the y axis
in Fig. 4 (Fo# is varied) until the deviation between these points
and the trend lines is minimized. The Fo# giving the minimum
deviation from the three trend lines simultaneously is the predicted composition. This approach minimizes the effect of a deviation of a single absorption from the trends by weighting all three
absorptions equally.
Fig. 5 demonstrates the results of ‘‘predicting” the composition
for our lunar olivine spectra, as it plots the range of ‘‘predicted”
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mite-bearing lunar olivine spectra is a vital component of predictions of lunar olivine composition from remotely-sensed spectra.
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