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Abstract–The exposure to irradiation from high-energy particles alters the reflectance properties
of asteroid surfaces and is referred to as space weathering. This process leads to an increase in
spectral slope in visible and near-infrared wavelengths. However, changes in the regolith particle
size, which can vary dramatically among the asteroid population, are known to influence the
spectral properties of meteorites and asteroids. In this context, we investigate the changes in
spectral slope and absorption band depths of fresh and irradiated ordinary chondrite meteorites
to quantitatively compare the effects of space weathering and grain size variations. To do so, we
develop and employ the Spectral Analysis for Asteroid Reflectance Investigation routine that
calculates the band parameters of reflectance spectra. We then formulate a parameter called the
Space Weathering Index (SWI) that is designed to encapsulate spectral changes due to space
weathering. We find that the SWI is strongly dependent on the spectral slope which complicates
the interpretation of asteroid spectra in the context of grain size variations and space weathering.
We also show that a second parameter, the Band Depth Index, is indicative of petrologic type.
Finally, we use a linear discriminant analysis to classify asteroid reflectance spectra into H, L,
LL, and unequilibrated ordinary chondrites.

INTRODUCTION

The term space weathering refers to the irradiation
of high-energy particles (solar wind ions and
micrometeoroids) and the associated spectral changes seen
among airless solar system bodies (Hapke, 2001; Pieters &
Noble, 2016). The concept of space weathering emerged
after the Apollo missions showed differences between
samples of the lunar rocks and the fine-grained regolith
(e.g., Conel & Nash, 1970; McCord & Johnson, 1970). The
combination of petrographic analysis of lunar samples and
remote sensing of the lunar surface led to the finding that
asteroids are subjected to the same process with similar
effects (Brunetto et al., 2015; Pieters et al., 2000; Taylor

et al., 2001). The “lunar style” of space weathering is
characterized by darkening, spectral reddening, and a
decreasing absorption band strength (Adams & McCord,
1971), which can qualitatively explain the differences
between fresh meteorite and weathered asteroid spectra
among S-complex asteroids (Chapman, 2004).

In addition to space weathering, grain size is another
non-compositional characteristic that influences the
spectral slope and band depth (Adams & Filice, 1967;
Hasegawa et al., 2019). Many studies have shown that
grain size estimates vary over many orders of magnitude in
the asteroid population (Delbo & Tanga, 2009; Delbo
et al., 2007; Gundlach & Blum, 2013; MacLennan &
Emery, 2022; Vernazza et al., 2016). It is clear that this
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variation is partly influenced by asteroid size, which can
lead to possible misinterpretation of spectral trends in the
context of space weathering.

The ordinary chondrite meteorites have undergone
different amounts of thermal alteration, as indicated by
the petrologic type from 3 (no heating) to 6 (most heated).
Petrologic types in the range 3–3.9 are unequilibrated
(UOCs) and the equilibrated ordinary chondrites (EOCs)
of type 4 through 6 have been sufficiently heated with
associated mineralogical changes (McSween Jr. &
Labotka, 1992). Internal heat within ordinary chondrite
parent bodies—produced via the decay of the 26Al
radioisotope in the early solar system—created the
successive petrologic types that record increasing
temperature with increasing burial depth, as the heat
buildup created greater temperatures, leaving the surface
relatively unaltered (Ghosh & McSween Jr., 1998;
McSween Jr. & Labotka, 1992). This scenario has been
dubbed the “onion shell” model due to the supposed
layers of differing petrologic types within an ordinary
chondrite parent body (Miyamoto et al., 1981). The UOCs
are the least thermally altered and type 6 have been heated
to just short of the metal-sulfide (Fe-FeS) eutectic melting
temperature (988°C; Fei et al., 1997; Huss et al., 2006).

In this work, we establish a parameter called the
Space Weathering Index (SWI ), which quantifies
the degree of alteration due to space weathering. Akin to
the approach of Moroz et al. (1996), we measure the
differences between meteorites and irradiated samples
using two band parameters diagnostic of space
weathering: spectral slope and band depth. To calculate
band parameters, we develop a spectral analysis
routine that uses a parametric smoothing algorithm to
mitigate subjective choices in their calculation. The
meteorite spectra are taken from samples having different
compositions and petrologic types and sieved into various
grain size ranges, allowing us to investigate their effects on
spectral band parameters. This large, diverse data set is
possible from combining spectra made available from
previous studies, for which we perform a meta-analysis of
these works.

METHODS

Our investigation targets ordinary chondrites, as their
high abundance makes them the most well-characterized
meteorite type, and they correspond to S-type asteroids—
the most populous asteroid spectral group. The reflectance
spectra of material of S-type/ordinary chondrite
compositions exhibit characteristic absorption bands
positioned near 1 μm (BI ) and 2 μm (BII ) due to the
presence of olivine and pyroxene (Burns, 1993). From such
spectra, we compute spectral parameters that are mostly
affected by space weathering (spectral slope and band

depth), as well as those that are compositional dependent.
It is already well known that BI & BII positions and band
area ratio, or BAR (defined as the area of BII, BIA, divided
by the BI area, BIIA) can be used as diagnostic indicators
(e.g., Cloutis et al., 1986). The BAR is a well-known
diagnostic in approximating the relative abundance of
olivine and pyroxene found in ordinary chondrites. In the
pioneering work of Gaffey, Bell, et al. (1993), BAR and
the position of the reflectance minimum of BI were used
to define asteroid subtypes associated with distinct
mineralogic compositions: the so-called ordinary chondrite
“boot” shape in this band parameter space encapsulates
the H, L, and LL chemical groups. Recent work by
McClure and Lindsay (2022) shows that there is a need to
independently define the boundaries of this space when
different band parameter analyses are implemented, which
we do here. Additionally, we investigate other band
parameters that can potentially enhance the classification
of asteroid spectra into ordinary chondrite chemical types.

Our methods in this work are therefore the following:

• Evaluation of diagnostic band parameters of
meteorites that represent unweathered surfaces, or
spectrally “fresh” spectra, and for experimentally
irradiated meteorite samples that represent space
weathered surfaces.

• Development of a multiparameter classification
model for classifying ordinary chondrite-like asteroid
spectra into H, L, LL, and unequilibrated groups of
ordinary chondrites.

• Characterization of changes in spectral slope and
band depth using laboratory-irradiated meteorites to
quantify a space weathering trend. This will inform
the SWI parameter formulations.

Data Sources

The NASA Reflectance Experiment Laboratory
(RELAB; Pieters & Hiroi, 2004) contains Vis-NIR
(�0.32–2.55 μm) reflectance spectra of meteorites.
Because the facility makes its services available to others,
several hundred meteorite and mineral samples have been
sent by investigators for analysis and are subsequently
posted in an online database.1 In this work, we make use
of the RELAB database which contains irradiated and
unaltered (fresh) ordinary chondrite meteorite spectra
(Tables 1 and 2, respectively).

Band Parameter Calculation

Band parameters and their uncertainties are calculated
using the Spectral Analysis for Asteroid Reflectance
Investigation (SAARI) routine. In the current version of
SAARI, BI and BII are characterized by the wavelength of
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the band minimum and the midpoint, the band depth at
the minimum, the spectral slope of a continuum across
the band, and the area enclosed by a linear continuum
and reflectance values (Figure 1). The routine is similar
to that used by Dunn, McCoy, et al. (2010), Sanchez
et al. (2015), Popescu et al. (2012) (Modeling for
Asteroids, M4AST), and Lindsay et al. (2015; Spectral
Analysis Routine for Asteroids, SARA). These routines
disagree over the positions of band edges and band
centers because their calculations use different order
polynomials to define the linear continuum for each
absorption feature. A notable distinction from these
works is that SAARI utilizes a nonparametric smoothing
function to model the reflectance data, which mitigates
subjective choice such as which wavelength window is
used for polynomial fitting. Another advantage of this
approach is its robustness for ground-based astronomical
spectra for which the SNR may be less than optimal. In
particular, the wavelength regions near 1.4 and 1.85 μm
at which telluric absorption features decrease the signal
relative to other regions (Lord, 1992).

• Step 1: The reflectance values are smoothed using a
locally weighted scatterplot smoothing (LOWESS)
algorithm (Cappellari et al., 2013; Cleveland,
1979), which fits a second-order polynomial curve
to localized subsets of data (within a moving
window of 0.1 μm) via least-squares minimization.
The smoothed function implements proximal
weights using a triangle function in which more
outlying data points are given less weight that is
linearly proportional to the distance. The
magnitude of the reflectance uncertainty is also
incorporated into the weighting scheme for which
higher noise elements are given less weight. The
smoothed function is assessed at increments of
Δλ= 0.001 μm to ensure that the spectrum is
sampled at intervals smaller than the typical band
parameter uncertainties.

• Step 2: Spectral slopes (BIS and BIIS) are taken as
the slope of the linear continua across each band.
The short and long wavelength (blue and red,
respectively) edges of both bands are determined in
the following ways:

� BI: For the 1-μm band, the blue edge is initially
identified as the maximum reflectance value in
the 0.65–0.85 μm range. The red edge is then
identified as the tangent point that maximizes the
slope of a linear continuum across BI. The final,
reported, blue edge is then chosen as the point
where the modeled linear continuum is tangent
to the smoothed reflectance curve.

� BII: The red edge of BII is held fixed during the
entire procedure at 2.45 μm (the spectral noiseT
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â
te
a
u
-R

en
a
rd

(f
re
sh
)

L
6

O
C
-T
X
H
-0
1
1
-A

C
h
ip

Q
0
.9
5
9

�0
.1
8
9

3
3
.9

1
.9
5
3

0
.3
1
4

C
h
â
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drastically increases for several astronomical
spectrographs at λ> 2.45 μm) and the blue edge of
BII is identified where the linear continuum lies
tangent to the smoothed reflectance function.

• Step 3: The reflectance values across each band are
divided by their respective modeled linear continua,
and the band centers (BIC and BIIC) are identified as
the wavelength of the minimum of the smoothed,
continuum-divided reflectance. It is worth noting
here that BIIC is likely not the true minimum of BII
because of the fixed red edge cutoff at 2.45 μm
(Lindsay et al., 2015; McClure & Lindsay, 2022),
which is short ward of the true edge of the
absorption feature that lies beyond 2.55 μm.

• Step 4: Band depths (vertical short dashed lines in
Figure 1) for each respective band (BID and BIID)
are calculated from the minimum reflectance after
dividing by the continuum, Rm, as follows: BD=
1 � Rm.

• Step 5: The full width at half-minimum (referred to
hereafter simply as the band width: BIW and BIIW) of
each band is calculated by measuring the width, in
microns, at which the continuum-divided reflectance
is halfway to the minimum value. This parameter is
shown as short dashed lines in Figure 1.

• Step 6: Band midpoints (BIM, BIIM) are defined by
the center wavelength at half-minimum. Band

midpoints, shown as dotted lines in Figure 1 do not
necessarily, and often do not, correspond to band
centers.

• Step 7: Band areas (BIA and BIIA) are computed by
integrating the region enclosed by the continuum-
divided reflectance values and the linear continuum.
The band area ratio, BAR, is computed via
BAR =BIIA/BIA.

RESULTS

All of the available RELAB meteorite spectra were
acquired with a very high SNR (>100) and sample-to-
sample variations are dominant over any band parameter
uncertainties. Therefore, we report meteorite band
parameters without individual uncertainties.
Band parameters of fresh (unirradiated) and irradiated
meteorite spectra are given in Tables 1 and 2, respectively.
The terrestrial weathering grade (A, AB, B, C in the
ANSMET system; Harvey, 2003) of each sample is given
unless it was an observed fall (marked as “Y”). The
RELAB ID, which contains information about the sample
for each experiment/PI is given for each sample.

In total, we analyzed 195 ordinary chondrite spectra
from RELAB (162 fresh and 33 irradiated), with samples
from all chemical groups (H, L, and LL), petrologic types
(3 through 6), and various particle size ranges. Meteorite

FIGURE 1. Depiction of band parameters for Denver (L6) as calculated with SAARI for BI (red) and BII (yellow). Long dashed
lines are model continua, short dashed lines indicate band widths at half-minimum, dash-dot lines are band minima, and dotted lines
are band midpoints. The band minima and midpoints are marked for clarity. (Color figure can be viewed at wileyonlinelibrary.com)
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spectra were collected for samples that had been sieved
into various, distinct size bins: <45 μm, <75 μm, <125 μm,
<150 μm, and 125–500 μm. In addition, some samples are
not ground into powders but left as centimeter-scale chips.
All chemical groups and petrologic types are represented.
We noted the petrologic type of all samples as listed in the
Meteoritical Bulletin Database2 on January 30, 2023.
Finally, we are using only the meteorites reported as falls,
or that have a weathering grade of “A” or “AB” because
of the considerable effect that terrestrial weathering
products have on these spectral parameters (e.g., Lucas
et al., 2019).

Next, we focus on two sets of band parameters: those
that are characteristic of space weathering (BIS and BID;
Gaffey, 2010) and those that are indicative of mineralogy
(band midpoints, band minima, and BAR; Gaffey et al.,
2002). From our analyses, we seek to identify
dependencies on the grain size and petrologic type of
meteorites. The findings are used to inform a band
parameter-based spectral classification model, followed by
the development of the SWI.

Space Weathering Band Parameters

We look for statistically significant dependencies of
the band depth and slope on grain size and petrologic
type using a two-way analysis of variance (ANOVA;
Fisher,1919) test in the R package “car”. A two-way
ANOVA calculates how much of the variance in a
quantitative dependent variable (in our case, BIS and
BID) can be explained by two categorical independent
variables (grain size and petrologic type). The null
hypothesis is that the means are no different and,
alternatively, that the mean are different. We also test for
possible interaction between the independent variables in
the ANOVA, in which changes in one variable are partly
dependent on the other.

For this part of our analysis, we use only the spectra
from powdered <75 μm, <125 μm, 125–500 μm grain size
bins and spectra from meteorite chips. In doing so, we (1)
reduce the risk associated with different sample
preparation from various experiments and (2) optimize the
variation in band parameters from grain size differences
by using mutually exclusive (the <125 μm and 125–500 μm
bins) or drastically different sizes (<75 μm powder and
chips). An example of the former is that metal grains were
removed by Dunn, McCoy, et al. (2010), which led to a
decrease in the band depth of their <150 μm powdered
samples (figure 3.5 in MacLennan, 2019). We plot the
distributions of band slopes and depths as a function of
these size bins and petrologic type in Figure 2. Lines
connect data points that represent the same meteorite in
which spectra were available for different grain sizes (or
chip). See Table 1 for details about these samples.

A summary of the F-statistics (variation between
sample means and the intragroup variation) and p-values in
parentheses is given in Table 3. Higher values of the F-
statistic indicate that the independent variable accounts for
more of the variation in the sample and is thus a significant
factor. Lower p-values indicate a higher statistical
significance (1-p gives the probability that the alternative
hypothesis of different means is supported). We also
considered chemical groups in this analysis but found no
correlation between these two space weathering parameters.

The most apparent trend is that between the grain size
and the spectral slope, which is also indicated by the large
F-statistic (Table 3). The chips preferentially show
negative (bluer) spectral slopes and slopes in the smallest
size bin are the largest (reddest). This trend is present for
each petrologic type, although type 5 samples show a
weaker trend. While there is a decrease in BIS with higher
petrologic type (for the same grain size/chip), this trend is
not always apparent across all petrologic types and grain
sizes. For example, when looking at the smallest grain size
bin, one does not observe a clear difference in BIS with
petrologic type. However, the trend between BIS and
petrologic type becomes stronger for larger grain sizes.
This interaction between grain size and petrologic type is
indicated in Table 3 and is consistent with increased
olivine abundance (Gaffey, Bell, et al., 1993) and Fe-Ni
metal content (Gaffey, Burbine, & Binzel, 1993) for higher
petrologic types. However, we do not see any clear BIS
changes with chemical group, where olivine and metal
abundances are more varied than with petrologic type
(McSween Jr. & Labotka, 1992).

Similar to the spectral slope results, we find that BID is
dependent on both the grain size and the petrologic type.
This band depth dependency is stronger for petrologic
type (higher F-statistic) than for grain size: higher
petrologic types show greater band depths, on average.
Our results are very consistent with Eschrig et al. (2022)
for both dependencies. For each petrologic type except for
type 5, an increase in band depth is seen for the powdered
samples, and a decrease for spectra of the chips. This trend
is the weakest for the UOCs (types 3–3.9), which exhibit
the weakest absorption band features compared to all
other petrologic types. The petrologic type versus BID
trend for <75 μm samples is not clear, given that only one
spectrum for types 3–3.9 and type 4 exists, and the BID
values for type 6 OCs are smaller. We also analyze the BID
values for the UOCs with <45 μm grain sizes (Vernazza
et al., 2014, RELAB ID beginnings with “MT-PFV” in
Table 1) in Figure 3 to confirm that this trend extends to
lower grain sizes and petrologic types. There is a clear
increasing trend in BID for petrologic types larger than 3.5
(Figure 3), which most likely corresponds to chemical
changes caused by metamorphic heating above 400°C
(Vernazza et al., 2014).
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FIGURE 2. Band I slopes (a) and depths (b) of ordinary chondrites as a function of the grain size of the sample, separated by
petrologic types. Lines connect the same meteorite that has been sieved into different size bins. Box-whisker representations show
the quartile ranges and median for the samples in each grain size bin. (Color figure can be viewed at wileyonlinelibrary.com)
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Compositional Band Parameters

We now extend our analysis to the many band
parameters that are diagnostic of mineralogy, notably the
band positions and band area ratio, BAR. Similar to our
approach in the last subsection, we wish to examine the
potential effects of grain size and petrologic type on
this set of parameters using ANOVA testing. These
independent variables are unbalanced, meaning they do
not have equal sample sizes. Thus, for each of the
ANOVA tests, different permutations of the independent
variable were considered, in order to find the sequence that
prioritizes the most statistically significant effect. For this
analysis, we reintroduce the spectra from the Dunn,
McCoy, et al. (2010)<150 μm metal-free powders, noting
that the band positions and BARs don’t deviate from the
other samples from the same groups (MacLennan, 2019).
Therefore, including them here will not skew the results as
they did in the analysis of the previous subsection.

In addition to the traditionally used BIC and BAR to
discern between OC chemical groups, we consider band
parameters not often used for compositional studies—the
positions of the band edges: the red and blue edges of BI
(BIb and BIr) and blue edge of BII (BIIb). We also use the
BII midpoint (BIIM) as opposed to the center because
telluric water vapor significantly increases the noise where

BII band centers (i.e., reflectance minima) are often found
(1.8–1.95 μm). By selecting the band midpoint, which is
calculated using the sides of the band (i.e., the center at
half-minimum), this uncertainty is mitigated. In addition,
some investigations have noted that the spectra of UOCs
show spectral signatures of two distinct pyroxenes
(orthopyroxene and clinopyroxene) in BII, whereas EOCs
do not (Gietzen et al., 2012; Sears et al., 2021). Being
dependent on the sides of the band, rather than the
minimum value, the midpoint is sensitive to this spectral
variation and is therefore sensitive to the pyroxene
compositions.

Table 4 gives a summary of the F-statistics and p-
values in parentheses for the ANOVA tests using three
independent variables (chemical group, petrologic type,
and grain size) for each band parameter. Figures 4 and 5
also show the relationship between each parameter with
grain size and petrologic type, respectively. We find that
grain size has a small, but statistically significant, effect on
both the BIC and BAR. Such a correlation has been noted
for HED meteorites (Bowen et al., 2023; Duffard et al.,
2005). These two band parameters are the typical default
analysis tool to discern between different mineralogical
compositions of S-complex asteroids. The band widths are
also seen to vary with grain size, which agrees with Gaffey
et al.’s (2015) analysis of terrestrial olivine.

In addition to the chemical group, we find that most
of the band parameters considered are influenced by the
petrologic type; notably the BAR, BIb, BIIM, and BIIW.
Our results are not surprising for BAR and BIIM, as these
parameters are influenced by the olivine/pyroxene
abundance ratios (Gaffey, Bell, et al., 1993) which have
been shown to increase with higher thermal alteration
within each chemical group (Dunn, McSween Jr., et al.,
2010). The modal increase in olivine relative to
orthopyroxene for higher petrologic types is due to
progressive oxidation with increasing thermal
metamorphism (Rubin, 1990). Although, it is seen that
the variation in relative mineral abundances between
groups is larger than the variation within each of them.

TABLE 4. ANOVA results, F-statistic (p-value). (Color
table can be viewed at wileyonlinelibrary.com)

Chem. group Pet. type Grain size

BIC 151.3 (<0.001) 1.2 (0.324) 6.2 (<0.001)
BAR 160.6 (<0.001) 17.4 (<0.001) 5.0 (<0.001)

BIIM 87.0 (<0.001) 13.3 (<0.001) 1.5 (0.195)
BIr 97.1 (<0.001) 4.4 (0.005) *3.8 (0.005)
BIb 23.8 (<0.001) 28.2 (<0.001) *11.4 (<0.001)
BIIb 134.2 (<0.001) 2.4 (0.056) 2.0 (0.114)

BIW 253.5 (<0.001) *3.9 (0.010) 19.7 (<0.001)
BIIW *5.7 (0.004) 9.9 (<0.001) 6.5 (<0.001)

Note: All shaded cells indicate a statistically significant result.
*Result changes to nonsignificant when <150 μm bin is removed.

TABLE 3. ANOVA results, F-statistic (p-value). (Color
table can be viewed at wileyonlinelibrary.com)

Pet. type Grain size Interaction

BIS 8.376 (<0.001) 35.135 (<0.001) 2.551 (0.006)
BID 14.223 (<0.001) 5.115 (<0.001) 1.024 (0.429)

Note: Shaded cells indicate a statistically significant result.
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FIGURE 3. BID as a function of petrologic type for
unequilibrated ordinary chondrites (UOCs). Open circles are
measurements for individual spectra and filled circles are
averages of adjacent bins with sample standard deviation
shown by the vertical bars.
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FIGURE 4. Band parameters for different chemical groups, separated by grain size: (a) band I minimum, (b) band area ratio, (c)
band II center, (d) band I red edge, (e) band II blue edge, (f) band I blue edge, (g) band I width, and (h) band II width. Box-
whisker representations show the quartile ranges and median for the samples in each grain size bin. (Color figure can be viewed
at wileyonlinelibrary.com)
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FIGURE 5. As in Figure 4 but organized by petrologic type. Box-whisker representations show the quartile ranges and median
for the samples in each petrologic type. (Color figure can be viewed at wileyonlinelibrary.com)

1342 E. M. MacLennan et al.

 19455100, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.14150 by H
elsinki U

niversity L
ibrary, W

iley O
nline L

ibrary on [11/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.wileyonlinelibrary.com


Interestingly, the BIb position and BIIW are mostly
influenced by petrologic type over the chemical group.

The ANOVA test is advantageous for identifying
differences among categorical groups but cannot
necessarily identify trends for ordinal variables. We inspect
the group variations in BAR, BIIM, BIr, and BIIb and find
many of these variables show some correlation with the
petrologic type, but the strength depends on the chemical
group. These findings, while seemingly complex at first
glance, can be used in a supervised spectral classification
model that predicts chemical group and petrologic type
from band parameters, which we perform in Petrologic
Type Classification Section. First, we demonstrate such an
approach for a simpler case of chemical groups in the next
subsection.

Chemical Group Classification

It has been shown that band parameter model
choices can have noticeable effects on band parameter
estimations (e.g., McClure & Lindsay, 2022). We define
a customized set of criteria from SAARI band
parameters shown in Figure 5. Comparing our results
with that of Gaffey, Bell, et al. (1993), the differences
in band parameter calculation methods correspond to
a change in the location of the ordinary chondrite
boot (Figure 6a). In addition to the traditional BIC
and BAR parameters, we also incorporate the BII
midpoint (Figure 6b), as we have shown that it is not
affected by the grain size. Additionally, this parameter
is useful in distinguishing H chondrites from the
acapulcoite and lodranite clans (Lucas et al., 2019), as

opposed to using only BIC and BAR. The band
parameter data sets shown in Figure 6 are marked by
UOC classification or, if an EOC, into three chemical
groups: H, L, and LL. One meteorite, Cynthiana, is
ambiguously classified as an L/LL, but its band
parameters are clearly more similar to those of L
chondrites, so we treat it as such in the analysis.

We use a linear discriminant analysis (LDA) to
classify spectra into four groupings: H, L, LL, and
UOC. This method computes a linear combination of
input variables (linear components) that maximizes the
distance between known classes in linear discriminant
coordinates (Fisher, 1936). As opposed to an
unsupervised principal component analysis (PCA),
which maximizes the variation across an entire data
set, the LDA algorithm is optimized for classification
of data sets into a priori groupings (i.e., H, L, LL,
and UOC) by maximizing the variance between these
groupings.

Initially, we treat all samples in the data set
according to their chemical group (H, L, or LL).
Using the BIC, BIIM, and BAR as independent band
parameters in the LDA, we observe that the prediction
accuracy for the L group increases by removing the
UOCs. It is interesting to note here that different
chemical groups within the UOCs diverge from their
EOC counterparts, and they have previously been
shown to be spectrally similar to equilibrated L
chondrites (Vernazza et al., 2014). In a second
iteration, we treat the UOCs as a distinct grouping
with all chemical groups included (i.e., H3-3.9, L3-3.9,
and LL3-3.9 are all treated as one UOC grouping).
Because of this modification, as shown below, the
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FIGURE 6. Ordinary chondrite BIC with BAR (a) and BIIM (b) values calculated using the SAARI routine. Colors
indicate the chemical group (H, L, or LL) of EOC samples and black symbols represent UOCs from all three chemical
groups. The boundary of the Gaffey, Bell, et al. (1993) ordinary chondrite boot is shown as a dashed orange line in
panel (a). (Color figure can be viewed at wileyonlinelibrary.com)

Space weathering, grain size, and metamorphic heating effects 1343

 19455100, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.14150 by H
elsinki U

niversity L
ibrary, W

iley O
nline L

ibrary on [11/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.wileyonlinelibrary.com


prediction accuracy for the L chondrites is comparable
to that of the H and LL groupings.

The LDA model calculates three linear discriminant
(LD) functions, or dimensions, by multiplying the input
band parameters by coefficients. We have taken the
additional step to normalize the LD functions by
subtracting the means of each as follows:

LD1 ¼ 29:050 BIC þ 34:775 BIIM�3:219 BAR�93:850,

(1(a))

LD2 ¼ �55:554 BIC þ 38:204 BIIM�4:767 BAR�19:746,

(1(b))

LD3 ¼ �2:606 BIC�40:228 BIIM�5:542 BAR þ 84:222:

(1(c))

Therefore, in order to classify any set of band
parameters, one calculates the linear discriminant values
and compares them to the mean values for each grouping
in Table 5.

The classification results for our sample are
summarized as a confusion matrix in Table 6 with the
number of samples for the true (known) and predicted
groupings are given in the rows and columns,
respectively. The diagonal values represent true positives,
and nondiagonal values are false positives. For example,
of the 37 total H chondrite spectra, 31 were correctly
classified, and of the 41 spectra that are predicted to be

an H chondrite, 10 are from other groupings: five UOCs
and five L types. The bottom row gives the balanced
success rate, which is an average of the true positive rate
—the correct prediction rate of a sample in the true
grouping—and the true negative rate—the correct
rejection rate of a sample not in the true grouping for
each grouping.

The linear discriminant plot shown in in Figure 7
shows the true classes of samples as symbol labels and
predicted classes as colors. For example, a correctly
classified UOC spectrum is represented by a black “U”,
and a red “U” indicates a misclassification in the H
grouping. Because LD1 and LD2 together explain over
97% of the intergroup variation, Figure 7a best shows

TABLE 5. Mean values of linear components for each
grouping in the LDA model.

LD1 LD2 LD3

H �2.059 �0.928 �0.574

L �0.612 0.045 0.778
LL 3.128 �1.047 �0.160
U 0.499 1.473 �0.186

TABLE 6. Confusion matrix and balanced success rate
statistic of the LDA classification. The cells show the
number of samples in the true (rows) and predicted
(columns) classes.

Predicted grouping

True grouping H L LL UOC
H 31 5 0 0

L 5 34 0 8
LL 0 4 30 7
UOC 5 4 0 30

85.7% 80.6% 95.8% 79.1%
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the separation of the classes. The L chondrites and
UOCs are most difficult to correctly classify as they
have band parameters that are situated between all
other groups. Although four LL chondrites are
misclassified in the L group, and seven being
misclassified as UOCs (Table 6), the true positive rate is
100%. This occurrence is most likely due to the clear
separation in linear discriminant space from the other
groupings (Figure 7a).

We note that false positives (10 of 41 for H, 13 of 47
for L, 0 of 30 for LL, and 16 of 45 for UOC) are mitigated
by using meteorites that are observed falls or with minimal
signs of weathering (a grade of A or AB). This is because
weathered meteorite spectra have band parameters that
deviate significantly from others in their grouping.
Therefore, we strongly advise future studies to consider
the mitigation of terrestrial weathering effects (i.e., Lucas
et al., 2019) for meteorite spectral band parameters.
Finally, we point out that 9 UOCs were classified as in H,
L, or LL chemical groups. However, some of these UOCs
are correctly predicted to into their actual chemical group
(e.g., a type 3–3.9 H chondrite is classified as an H instead
of UOC). Considering this fact, the true positive rates of
the H, L, and LL groups are somewhat higher than those
presented in Table 6.

Petrologic Type Classification

Motivated by our finding that some band parameters
are influenced by the petrologic type, in addition to the
chemical group, we employ a LDA model to formulate a
classification scheme for discerning both the chemical
group and the petrologic type. For this model, we only
select the band parameters from EOC samples, noting
that doing so removes all samples from the <45 μm grain
size fraction. This still provides us with a large set of band
parameters from 125 EOC meteorite spectra.

In total, there are nine groupings for which the LDA
will consider, making it more challenging to accurately
separate them compared to the classification model in
the previous subsection. To improve the model
accuracy, we include several more band parameters,
such as the band edges and widths: BIC, BIr, BIb, BAR,
BIIM, BIIb, BIW, and BIIW. As we have shown in
Compositional Band Parameters Section, some of these
parameters are highly dependent on chemical group, but
some are affected mostly by the petrologic type (BIb and
BIIW). Using eight independent variables to classify into
nine groupings avoids the potential risk of model
overfitting.

The first four LD functions, which encapsulate 98%
of the total variation, are formulated using the linear
discriminant coefficients given in Table 7. Each
coefficient is multiplied by the relevant band parameter,

as done in Equations 1(a)–1(c). The bottom half of
Table 7 gives the mean values of each LD axis for all
groups, similar to that in Table 5.

The confusion matrix for this LDA (Table 8) shows
the true and predicted groupings of each of the nine EOC
groupings. The most challenging group to predict is the
L5, as they have band parameters that lie in the center of
the entire data set, which comprises a compositional
continuum of varying olivine and pyroxene abundances
(see discussion in Discussion Section).

The balanced accuracies across all groups are greater
than 70%, which is encouraging. However, truly
assessing the accuracy of this LDA is challenging due to
the small sample sizes that comprise each grouping (for
example, there are only six L4 meteorites in this sample).
Future work will incorporate more spectra, consider
independent variable interactions, and consider other
classification schemes like machine learning to improve
upon this classification model.

The Space Weathering Index

We now formulate a parameter called the SWI that is
intended to encapsulate the extent, or degree, of space
weathering for an asteroid spectrum. The SWI is based
on the separation between the weathered asteroids and
fresh meteorites as measured using BIS and BID values.
The separation metric is assessed along the approximate
direction of spectral changes for irradiated meteorites
(Figure 9a). A zero point for the SWI coordinate is
established using the space weathering parameters of the
fresh meteorites analyzed herein, which are shown in
Figure 9b. Differences in spectral slope among the grain

TABLE 7. LDA coefficients and mean values for each
grouping.

LD1 LD2 LD3 LD4

BIC �5.013 �1.734 47.493 11.597
BIr �7.325 �14.243 �5.434 �17.406

BIb 2.912 30.331 �17.335 63.908
BAR �5.048 7.916 3.816 �9.207
BIIM 32.804 16.007 �1.189 �33.660
BIIb 16.945 31.193 �36.579 �7.192

BIW 11.123 13.133 4.932 5.880
BIIW 2.989 3.996 �23.535 21.157
H4 �2.300 1.317 �0.279 �0.448

H5 �2.685 �0.081 0.718 0.324
H6 �2.480 �0.212 0.802 �0.102
L4 �0.798 1.722 �0.821 �0.407

L5 �0.856 �0.431 �0.328 �0.492
L6 �0.295 �1.010 �0.564 0.349
LL4 2.631 1.957 0.004 0.781

LL5 2.647 0.457 0.295 �0.179
LL6 3.126 �0.849 0.336 �0.351
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size bins make it inherently difficult to determine this zero
point. We arbitrarily choose the slopes of the <150 μm
grain size bin because all petrologic types are well
represented.

A second coordinate called the band depth index (BDI )
is established and is aligned with the set of meteorite
samples. It is named as such because it is highly dependent
on the BID, which we have shown to vary with the
petrologic type. From our current interpretation, however,
it cannot be used to uniquely assess the petrologic type.
Interestingly, we found that the BIr position correlates with
the petrologic type. Future work may demonstrate utility in
identifying asteroid surfaces comprised of a high petrologic
type using multiple diagnostic parameters.

We examine spectra of 13 ordinary chondrite samples
—two of which are from the same meteorite—that have
been subjected to high-energy laser and ion bombardment
irradiation to simulate the effects brought on by space
weathering (Table 1). The space weathering band
parameters estimated using SAARI are shown in
Figure 9a, with lines showing the same sample exposed to
various irradiation doses. Unlike the fresh meteorite
samples, many of these samples were not prepared into
particulates, but instead left as chips for the irradiation
experiment. Therefore, the BIS of these samples are
shifted somewhat to smaller, often negative, values
(compare both panels of Figure 9). Changes in the spectra
of irradiated samples are mostly in BIS (up to a 40%
change) and a decrease in the BID which exceeds 10% in
some cases. The change in spectral slope and band depth
averaged across all samples (�25.5% μm�1) is used to
establish the SWI.

Unit bases for the space weathering coordinates are
developed such that a change of one unit in the space
weathered direction represents a change in spectral
slope of 0.15 μm�1 and one unit change in the
orthogonal direction represents a change in band depth
of 10%. These values for basis lengths are somewhat
arbitrary but are chosen to reflect the magnitude of

variations due to grain size in comparison to the
changes caused by space weathering. In other words,
we attempt to find a useful “measuring stick” that can
be used to indicate when two asteroids that differ by
ΔSWI� 1 and ΔBDI� 1 indicate meaningful changes.
The basis coordinates are combined to form a 2 × 2
matrix that represents a transformation from the space
weathering coordinates to the original spectral slope
and band depth parameters. Inverting this matrix yields
formulae for converting spectral slope and band depth
to the space weathering coordinate system:

SWI ¼ 5:14 BIS�0:053 �0:084½ �ð Þ þ 0:60 BID

and

BDI ¼ 1:96 BIS�0:053 �0:084½ �ð Þ þ 7:71 BID,

where BID is expressed as a fraction, not a percentage.
An adjustment to the BIS is necessary in order to align
the SWI zero point with the meteorite cluster, which is
done by subtracting 0.053 from the BIS in both
equations. These equations represent a shearing and
translation of the original BID and BIS coordinate axes,
as depicted by the grid lines in both panels of Figure 9.

Comparison to Bus-DeMeo Principal Components

Another proposed scheme for assessing the degree of
space weathering uses principal components from the
Bus-DeMeo asteroid taxonomy, dubbed the Space
Weathering Parameter” (Δη) (Binzel et al., 2010, 2019).
This parameter is based on the concept that the S-Sq-Q
taxonomic trend is chiefly due to space weathering
irradiation. In the Bus-DeMeo taxonomy, spectral slope
is removed prior to calculating the principal components.
Because principal components capture natural variations
in spectral features among the asteroid population,
compositional and grain size variations are also factors.

TABLE 8. Confusion matrix for the chemical group and petrologic type LDA.

Predicted grouping

True grouping H4 H5 H6 L4 L5 L6 LL4 LL5 LL6
H4 8 2 0 0 1 1 0 0 0

H5 2 11 0 0 1 2 0 0 0
H6 0 5 3 0 0 1 0 0 0
L4 2 0 0 2 1 0 1 0 0

L5 0 1 0 0 4 7 0 0 0
L6 1 0 0 0 1 26 0 0 1
LL4 0 0 0 0 0 0 8 2 0

LL5 0 0 0 0 0 2 1 8 2
LL6 0 0 0 0 0 1 0 1 13

79.0% 76.6% 97.5% 81.7% 71.6% 79.2% 89.1% 83.7% 88.8%
Balanced success rate
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The Δη parameter is mostly affected by the band depth of
BI, as stated in the original work (Binzel et al., 2010), so
it is not clear to what extent this parameter accurately
represents changes in space weathering. Given the latter
point, we expect Δη to correlate mostly with BID, or the
BDI, instead of BIS or the SWI.

To test this expectation, and for a comparison to the
SWI, we calculate Δη for the set of meteorites in our
sample by calculating their PC1’ and PC2’ principal
components in the Bus-DeMeo classification scheme.
Figure 8 shows the meteorite data set, with multiple panels
showing the chemical groups (panel a), petrologic types
(b), and grain sizes (c). The average Δη decreases with
thermal alteration of the samples: 0.341� 0.344 for UOCs,
0.095� 0.368 for type 4, �0.183� 0.596 for type 5,
and�0.419� 0.529 for type 6. However, it is not
immediately clear how the compositional and grain size
variation affects the Δη. We also include the irradiated
samples in Figure 9a, with colors indicating their chemical
group. It is clear that Δη does follow the general trend
shown by these samples. The number of meteorites that
fall into each taxonomic class is given in Table 9,
corresponding to chemical group, petrologic type and
grain size. It is interesting to notice a large number of O-
type meteorite spectra, which are of higher petrologic type,
and that some fresh meteorites (UOCs with small grain
size) are classified as S-types.

The principal components of six ordinary chondrite
samples fall outside of the defined boundary for S-
complex asteroids (dubbed the grand divide). All of these
samples have minor BI and BII absorption features. Five
of these meteorites are UOCs and two are from the same
meteorite, L5 Paragould. Shock darkening has been
identified as an explanation for some asteroid spectra
with OC-like absorption features that fall in this region
(Battle et al., 2022; Binzel et al., 2019; Kohout et al.,
2020). Given that some OC meteorites fall outside of the
S-complex zone, it is not immediately clear to attribute
the shock darkening explanation to asteroid spectra with
olivine and pyroxene absorptions that fall outside the
S-complex region. Further investigation of this is beyond
the scope of this work.

DISCUSSION

We designed a spectral analysis routine, SAARI, as a
minimally subjective approach for the calculation of
spectral band parameters. A comparison of spectral band
parameter analysis techniques was outlined by Mitchell
et al. (2022). They noted, in particular, the differences in
the calculated band I center for that of Sanchez et al.
(2015), Dunn, McCoy, et al. (2010), M4AST, and SARA.
An important factor is the choice in order of polynomial
fits to the reflectance data. Corrections to band

parameters were suggested to account for these
differences, but we find this step to be a cumbersome
addition to the ever-growing list of corrections that must

FIGURE 8. Principal components of fresh (panels a, b, c) and
irradiated (panel a) ordinary chondrites. Panel (a) shows the fresh
OCs colored by chemical group with the irradiated samples at
different doses shown as connected lines. Panels (b and c) show
only fresh meteorites colored by grain size and petrologic type
according to the color schemes in Figures 4 and 5. (Color figure
can be viewed at wileyonlinelibrary.com)
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be made to compare meteorite band parameters to
asteroids (Reddy et al., 2015). Our choice to use a
smoothing algorithm in SAARI mitigates the choices

related to different polynomial fits over different
wavelength windows (e.g., Mitchell et al., 2022).

One aspect that we have not chosen to pursue is to
redevelop calibration equations to estimate the Fa and Fs
compositions of olivine and pyroxene. McClure and
Lindsay (2022) demonstrated an essential need to develop
independent calibration equations for each band analysis
routine. In this work, we have demonstrated how a self-
consistent framework can be constructed. To avoid
complications that can arise from comparing band
parameters that have been calculated from using different
routines, we encourage other investigators to consider
this approach.

The olivine and pyroxene compositions of the UOC
chondrules demonstrate a large variability, as their
chondrules have not thermodynamically equilibrated
fully with the surrounding matrix (Huss et al., 2006).
Even though the olivine iron contents show a similar
trend in relation to their corresponding equilibrated
chemical group counterparts, they are more similar to
one-another than those found among EOCs (Dodd et al.,
1967; McSween Jr., 1992). This justifies why their spectral
parameters can be treated as a distinct grouping, as
shown in Figures 6 and 7, despite having varying
compositions. Progressive heating in the EOCs caused the
diffusion of metallic Fe, resulting in an increase of silicate
FeO—depending on the oxidation conditions (highest in
LL and lowest in H; Rubin & Ma, 2017)—and in the
equilibration of chondrule compositions with the matrix.
Low petrologic type UOCs were slightly metamorphosed
in reduced conditions (Dodd et al., 1967) and with EOCs
showing evidence of oxidation starting with type 4
samples (Dunn, McSween Jr., et al., 2010; McSween
et al., 1991). The oxidation and thermal conditions
produce olivine at the expense of pyroxene (McSween Jr.
& Labotka, 1992), which is more pronounced among H
chondrites and for higher temperatures (Dunn, McSween
Jr., et al., 2010). This results in olivine/pyroxene
variations within each chemical group that, in turn, affect
band parameters to varying degrees (Table 4, Figure 5).
We can see this result in our LDA that classifies spectra
into both petrologic types and chemical groups (Table 8).

TABLE 9. Bus-DeMeo taxonomic classification of fresh meteorite spectra.

Tax.

Group (no UOC) Pet. type Grain size bin (μm)

H L LL <4 4 5 6 <75 <125 <150 125–500 Chip

O 8 8 6 0 1 8 13 1 3 10 6 2

Q 10 22 28 0 11 19 30 4 13 24 10 15
Sq 10 7 5 20 10 5 7 3 4 19 2 2
S 5 2 1 34 3 2 3 1 0 8 1 0

Sr 3 8 0 0 4 4 3 0 0 10 0 1
L 0 0 0 5 0 0 0 0 0 1 0 0
K 0 0 0 4 0 0 0 0 0 0 0 0

FIGURE 9. Space weathering parameters, BIS and BID, of
irradiated (panel a) and fresh (panel b) ordinary chondrites. Grid
lines show the SWI (dotted) and BDI (dashed) coordinates. Colors
of irradiated samples indicate the chemical group consistent with
other figures. Lines in panel (a) connect the same meteorite sample
at different irradiation doses, with stars and open circles
representing the unirradiated and completely irradiated samples,
respectively (see Table 1). Colors of fresh samples in panel (b)
indicate the grain size bin (r chip) consistent with other figures.
(Color figure can be viewed at wileyonlinelibrary.com)
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We show that some band parameters such as the BI
red-edge (BIr) are correlated with the petrologic type. We
also find that band depth variations, expressed as the
BDI, could be used as an indicator of petrologic type.
Future work can further utilize these findings to
investigate petrologic type variations among the asteroid
population. For example, the potential identification of a
size-dependent variation of petrologic types could give
insight as to the formation and evolution of planetesimals
in the early solar system. The onion shell model of the
ordinary chondrite parent body is a plausible explanation
for the formation of various petrologic/metamorphic
types seen in the meteorite record (�2/3 of L are
petrologic type 6 and� 2/3 of H and LL are of petrologic
types 5 or 6; Hutchison, 2004; Vernazza et al., 2014).
Also, given the relatively low abundance of UOCs (4%
among OCs; Grady, 2000; Menzies et al., 2005), we can
expect to find very few asteroids with spectral properties
corresponding to lower petrologic types.

A method for characterizing petrologic type of UOC-
like spectra via the amount of clinopyroxene estimated
from the band II position is presented by Sears et al.
(2021). Our LDA classification model demonstrates how
OC-like asteroids can be classified into UOC, H, L, and
LL groupings using BIC, BIIM, and BAR. Visual
inspection of Figure 7 shows how the LDA model is able
to distinguish the UOCs from EOCs, which is possible
because of the inclusion of the BII position (see
Figure 5c) in the LDA. For practical purposes, darker
UOC material may be difficult to identify among asteroid
spectra, as relatively brighter EOC spectra may spectrally
dominate the reflected sunlight from these surfaces. The
LDA results presented herein offer a method to identify
UOC spectra, yet users should be cautious when applying
such calibration equations to asteroid spectra that may be
UOC material.

In our work, we have not attempted to redevelop
calibration formulae for calculating mineral abundances
and chemistries (i.e., olivine Fa and orthopyroxene Fs
content). Only EOCs of a single grain size were used by
Dunn, McCoy, et al. (2010) and Dunn, McSween Jr.,
et al. (2010) to calibrate equations for estimating the iron
content in olivine (Fa#) and orthopyroxene (Fs#). Given
that such diagnostic band parameters are affected by
petrologic type and non-compositional factors such as
grain size (Table 4), brings up doubt as to whether such
formulae can be applied to asteroids with confidence that
the result will be true to the purported accuracy and
precision. As such, we are confident that the classification
of asteroid spectra into chemical groups (and petrologic
types) will yield reasonably accurate and consistent
results.

We have based the SWI on the spectra of fresh and
irradiated meteorite samples. This approach differs from

other systems that use taxonomic class abundances (e.g.,
the ratio of Q-types to S-types) to infer space weathering
mechanisms among the asteroid population (e.g., Binzel
et al., 2019; DeMeo et al., 2023). The taxonomic system is
based on the naturally occurring spectral variability of
asteroids, which can be influenced by grain size and
composition in addition to space weathering. For
example, it is often presumed that Q-types always
represent spectrally fresh asteroid surfaces and S-types
are the space weathered counterpart. As we have pointed
out in section some irradiated chips can still exhibit Q-
type features (Figure 8a), as also concluded by Hasegawa
et al. (2019). Therefore, we posit that the taxonomic
classes can partly capture grain size variations, muddling
a “pure” space weathering explanation. Interestingly,
Eschrig et al. (2022) showed two different space
weathering and grain size trends using principal
component analyses, but these trends were shown to not
completely be independent from one another. More
detailed analysis, possibly combining principal
components with spectral slopes, may be able to better
separate space weathering and grain size effects.

The effect of space weathering on lunar regolith band
parameters is distinct between the anorthositic highlands
and basaltic maria (Pieters et al., 2000) and is specifically
dependent on the amount of FeO in the regolith/rock
(Lucey et al., 1998; Morris, 1978). Therefore, one may
expect to see similar differences among OCs. We do not
find any differences in space weathering trends among the
different OC chemical groups, despite their differing
olivine/pyroxene abundances and FeO contents. This
inconclusive result could be due to the low number of
irradiated samples considered herein. Interestingly,
asteroids with higher spectral slope have been observed to
have higher olivine content (Vernazza et al., 2009), which
is consistent with higher olivine content being more
sensitive to space weathering. However, this
interpretation is not obvious, as the spectral slope can
increase with FeO content, as just mentioned. We plan to
explore the effects of Fe-rich olivine and pyroxene
compositions in future work.

The spectra of irradiated meteorite samples are
classified in the Bus-DeMeo asteroid taxonomy
(Table 2) for which we find a large fraction of Q-types,
even among the most irradiated samples. As many
irradiated samples are centimeter-scale chips, this result
implies that irradiated surfaces dominated by larger
grains can be spectrally similar to fresh particulate
surfaces, as claimed by Hasegawa et al. (2019). In the
light of our interpretation of spectral slope variation of
meteorite spectra, we suppose that the effect of space
weathering may be overstated in the literature and a
reevaluation of the relevant hypotheses and conclusions
is warranted.

Space weathering, grain size, and metamorphic heating effects 1349
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CONCLUSIONS

To conclude, we highlight some main points from our
methods and related discussion:

• Ordinary chondrite powders comprised of larger
particle sizes show a decrease in the spectral slope across
the 1 μm absorption band and mimic changes due to
simulated space weathering via experimental irradiation.

• Unequilibrated ordinary chondrites of lower petrologic
type exhibit a trend of more attenuated absorption
bands (smaller band depths). Several band parameters
are also affected by the petrologic type (Table 4).

• We found that some band parameters traditionally
used for mineralogical analysis of asteroids, such as
the 1 μm band center and band area ratio, are
dependent on the grain size of the sample.

• We demonstrate the utility of linear-discriminant
analysis (LDA) as a method that can minimize non-
compositional influences, such as grain size, when
classifying reflectance spectra of ordinary chondrites
into their compositional groups and petrologic types.

• Our space weathering index (SWI) is a simple heuristic
for measuring the degree of space weathering of an
asteroid spectrum and is complimentary to using Bus-
DeMeo principal components.
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Endnotes

1 http://www.planetary.brown.edu/relab/.
2 https://www.lpi.usra.edu/meteor/.
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