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Abstract We compare methods for determining the pyroxene mineralogies of V-type near-Earth asteroids
from their reﬂectance spectra. We evaluate whether band centers derived from the spectra of synthetic
pyroxenes can be used to achieve greater analytical accuracy than is achieved through the use of band
centers derived from the spectra of basaltic achondrites (howardites, eucrites, diogenites or HEDs). We
conclude that band centers derived from the reﬂectance spectra of synthetic pyroxenes with known
mineralogies do not provide useful diagnostic information to derive equations for determining accurate
pyroxene compositions of V-type asteroids. Band centers from the reﬂectance spectra of HEDs with known
pyroxene mineralogies can be used to derive equations for determining accurate pyroxene compositions of
V-type asteroids. HEDs are physical mixtures of a number of different types of pyroxenes and best simulate
the surfaces of V-type asteroids. Formulas using the Band I center appear best for determining asteroid
pyroxene mineralogies for V-type asteroids due to the current difﬁculty in doing accurate temperature
corrections to the Band II center. Most of the observed V-type near-Earth asteroids have interpreted
mineralogies similar to eucrites or howardites. One of the observed near-Earth asteroids could possibly have
a surface mineralogy similar to diogenites.

Plain Language Summary We have tested whether relatively simple formulas can be derived to
determine the mineralogies of pyroxene-rich asteroids with interpreted mineralogies similar to basaltic
achondrites and their proposed parent body (4) Vesta. We have concluded that the best way to derive
formulas for determining the mineralogies of asteroids is to use meteorites with mineralogies that appear
similar to asteroids and not homogeneous pyroxenes since meteorites best simulate the characteristics of
asteroid surfaces. We have determined the pyroxene mineralogies for a number of V-type near-Earth
asteroids. We have found that most of the observed V-type near-Earth asteroids have mineralogies similar to
eucrites or diogenites.

1. Introduction
Many methods have been used to estimate asteroid mineralogies. These methods include curve matching
(e.g., Chapman & Salisbury, 1973), absorption band modeling (e.g., Sunshine et al., 2007), radiative transfer
modeling (e.g., Lawrence & Lucey, 2007), and formulas using derived spectral parameters (e.g., Dunn et al.,
2010; Gaffey et al., 2002). The goals of these methods are to determine the abundances of different minerals
on the asteroids’ surfaces and/or the composition of their minerals.
FeO-bearing pyroxenes tend to have a symmetric Band I centered near ~1 μm and a symmetric Band II centered near ~2 μm (Figure 1) due to the absorption of photons by electrons in the 3d orbitals of Fe2+. The
exceptions are high-Ca pyroxenes (Schade et al., 2004), which can have a broad Band I and a weak to absent
Band II. The band center positions for pyroxenes are known to be a function of their mineralogy (e.g., Cloutis
& Gaffey, 1991). Pyroxene band centers tend to move to longer wavelengths with increasing contents of iron
and/or calcium.
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To derive equations for determining pyroxene compositions from reﬂectance spectra, spectra need to be
measured for compositionally well-characterized pyroxenes. Gaffey et al. (2002) derived a series of equations
using spectral data from Adams (1974, 1975) and Cloutis and Gaffey (1991) of compositionally characterized
pyroxenes. Gaffey et al. (2002) found that no single equation was applicable to the full range of pyroxene
compositions. They found that the wollastonite (Wo) content was a function of the Band I center whereas
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the ferrosilite (Fs) content was a function of the Band II center. Gaffey
et al. (2002) derived seven equations, three for calculating the Wo content and four for calculating the Fs content.
Burbine et al. (2009) used the spectra of 13 basaltic achondrites (also
known as HEDs [howardites, eucrites, diogenites]) with reﬂectance
spectra (Burbine et al., 2001; Hiroi et al., 1994, 1995) and measured pyroxene compositions to derive formulas for determining the mineralogies of V-type asteroids. V-type asteroids (often called Vestoids) have
distinctive spectral features due to pyroxene. V-type asteroids have
interpreted mineralogies similar to HEDs (e.g., Kelley et al., 2003), a clan
of basaltic meteorites. Asteroid (4) Vesta, the second-largest body in
the asteroid belt, is commonly thought to be the parent body of almost
Figure 1. Normalized reﬂectance spectrum of a synthetic pyroxene with compo- all HEDs due to similarities in spectral reﬂectance (e.g., Larson & Fink,
sition Fs47Wo10. The spectrum is normalized to unity at 0.55 μm. The error bars 1975; McCord et al., 1970). Vesta was also one of the targets of the
are one sigma.
Dawn spacecraft mission (Russell et al., 2012), whose measurements
were also consistent with a linkage with HEDs (e.g., McSween et al.,
2013). However, some HEDs have distinctly different oxygen isotope values from typical HED values (e.g.,
Benedix et al., 2017; Scott et al., 2009) implying more than one Vesta-like asteroid formed in the solar system.
Hardersen et al. (2018) has determined the pyroxene mineralogies of approximately 30 V-type asteroids in
the inner and outer belt to test their mineralogical relationship with Vesta.
Recently, Klima (2008) and Klima et al. (2007, 2008, 2011) did a spectral and mineralogical study of synthetically produced pyroxenes (Turnock et al., 1973; Lindsley, 1983). This study will test whether band centers
derived from these synthetic pyroxene reﬂectance spectra can be used to derive equations for determining
the pyroxene mineralogies of V-type asteroids. Alternatively, are equations derived from the band centers of
HEDs with known pyroxene compositions better for determining pyroxene mineralogies of V-type asteroids?
Our study will investigate how well we can determine V-type pyroxene mineralogies. The pyroxene mineralogies of only V-type NEAs (near-Earth asteroids) will be determined. V-type NEAs have roughly similar sizes
(~2 km or less in diameter) and orbits, which will hopefully mean that the studied V-type NEAs will have had
roughly similar surface lifetimes and been exposed to similar ﬂuxes of radiation from the Sun.

2. Data and Methodology
The pyroxenes in this study were synthesized by Donald Lindsley and coworkers between 1972 and 2007
using the techniques detailed in Turnock et al. (1973). The samples were prepared from reagent grade chemicals, and the oxygen fugacity was buffered at the iron-wüstite boundary. Speciﬁc synthesis methods varied
by composition and were chosen to prevent the nucleation of pyroxenoids and to produce a single pyroxene
that was homogeneous in composition. Pyroxene mineralogies were validated using X-ray diffraction.
Mössbauer spectra were obtained by Klima (2008) on the pyroxene samples, and no samples were found
to contain Fe3+ or other iron-bearing phases. The powders were crushed and sieved to less than 45 μm
and greater than 45 μm grain size fractions for spectroscopic and compositional analysis (Klima, 2008). The
less than 45 μm size fraction was used for visible/near-infrared and Mössbauer spectroscopy. The
visible/near-infrared spectra were taken at the KECK/NASA Reﬂectance Experiment Laboratory (RELAB) at
Brown University. When available, the greater than 45 μm size fraction was used to prepare grain mounts
for electron microprobe analysis where the enstatite (En), ferrosilite (Fs), and wollastonite (Wo) molar contents were determined. The total of the En, Fs, and Wo contents will equal ~100. The pyroxene mineralogies
derived from the electron analyses often differed from the mineralogies derived from the X-ray diffraction
analyses. The mean difference in Fs content between the probe and the X-ray diffraction results for synthetic
pyroxenes used in this study was ~5 mol%, while the mean difference in Wo content was ~3 mol%.
Approximately one fourth of the synthetic pyroxenes had differences of 9 mol% differences or greater
between the probe and the X-ray diffraction results.
The Band I and II centers and uncertainties for the pyroxene spectra were calculated using a specially written
MATLAB™ program that was modiﬁed from the one used in Burbine (2014). The primary revisions were to
normalize the uncertainties when the reﬂectance values are normalized to unity during the ﬁtting, to do
BURBINE ET AL.
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Table 1
Band I and Band II Centers With Errors for Synthetic Pyroxene Reﬂectance Spectra
With Measured Compositions Using an Electron Microprobe (Klima, 2008)
Band II

Band II

(mol%)

RELAB ID

Center

Error

Center

Error

En

Fs

Wo

DL-CMP-002-A
DL-CMP-003-A
DL-CMP-004-A
DL-CMP-005-A
DL-CMP-020-A
DL-CMP-021-A
DL-CMP-022-A
DL-CMP-023-A
DL-CMP-024-A
DL-CMP-025-A
DL-CMP-026-A
DL-CMP-027-A
DL-CMP-028-A
DL-CMP-061-A
DL-CMP-064-A
DL-CMP-065-A
DL-CMP-015-A
DL-CMP-012-A
DL-CMP-010-A
DL-CMP-018-A
DL-CMP-053-A
DL-CMP-009-A
DL-CMP-011-A
DL-CMP-013-A
DL-CMP-019-A
DL-CMP-056-A
DL-CMP-017-A
DL-CMP-050-A
DL-CMP-057-A
DL-CMP-055-A
DL-CMP-051-A
DL-CMP-087-A
DL-CMP-066-A
DL-CMP-068-A
DL-CMP-067-A
DL-CMP-073-A
DL-CMP-074-A
DL-CMP-085-A
DL-CMP-070-A
DL-CMP-075-A
DL-CMP-077-A
DL-CMP-071-A
DL-CMP-076-A
DL-CMP-079-A
DL-CMP-033-A
DL-CMP-036-A
DL-CMP-037-A
DL-CMP-039-A
DL-CMP-044-A
DL-CMP-082-A

0.914
0.916
0.925
0.921
0.950
0.958
0.915
0.945
0.948
0.940
0.917
0.914
0.938
0.961
0.908
0.909
0.930
0.940
0.953
0.945
0.974
0.956
0.960
0.940
1.000
0.977
0.990
0.995
1.000
1.009
1.000
0.975
1.020
1.020
1.019
1.016
1.022
1.030
1.040
1.030
1.025
1.035
1.039
1.035
1.044
1.051
1.058
1.055
1.045
1.060

0.002
0.002
0.000
0.002
0.001
0.002
0.001
0.001
0.002
0.000
0.002
0.002
0.003
0.002
0.002
0.002
0.002
0.002
0.003
0.002
0.002
0.003
0.001
0.002
0.001
0.002
0.000
0.000
0.001
0.002
0.000
0.000
0.000
0.001
0.002
0.002
0.002
0.000
0.000
0.001
0.000
0.000
0.002
0.001
0.002
0.002
0.003
0.001
0.000
0.001

1.875
1.895
1.969
1.948
2.043
2.061
1.890
2.020
2.045
2.010
1.909
1.875
2.025
2.065
1.817
1.838
1.908
1.961
1.976
1.944
2.100
2.055
2.068
2.011
2.186
2.121
2.176
2.140
2.238
2.195
2.200
2.210
2.240
2.246
2.287
2.298
2.260
2.264
2.258
2.290
2.300
2.290
2.295
2.297
2.315
2.297
2.326
2.319
2.309
2.309

0.000
0.001
0.002
0.002
0.002
0.002
0.001
0.000
0.000
0.000
0.002
0.001
0.000
0.000
0.005
0.003
0.004
0.002
0.002
0.004
0.001
0.001
0.002
0.002
0.003
0.002
0.002
0.001
0.003
0.001
0.001
0.001
0.000
0.002
0.004
0.002
0.001
0.002
0.003
0.003
0.003
0.002
0.004
0.002
0.007
0.007
0.020
0.006
0.004
0.121

80
77
50
43
18
9
75
30
18
35
72
80
25
0
97
90
79
62
73
78
23
43
36
56
69
18
65
19
36
18
39
0
15
29
52
36
24
0
14
46
52
23
18
38
42
27
16
29
43
1

20
23
50
57
82
91
25
70
82
65
28
20
75
100
3
10
19
35
20
14
70
47
50
31
15
60
12
58
39
56
34
71
48
33
9
25
37
61
41
9
3
31
35
15
8
24
35
22
8
50

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
3
7
8
8
10
14
14
16
22
23
23
25
26
27
29
38
38
39
39
39
39
45
45
45
46
46
47
49
49
49
49
49
49

Note. The spectra are ordered with increasing wollastonite content. All the
spectra were taken of samples of grain sizes of less than 45 μm. No uncertainties were given for the measured En, Fs, and Wo contents. The sum of the En,
Fs, and Wo contents sometimes does not equal 100% due to rounding to the
nearest integer.
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the resampling 99,999 times, and to ﬁt Band I using a fourth order polynomial. Band II is ﬁt with a second-order polynomial; however, Band I is
ﬁt with a fourth-order polynomial due to the potentially more complex
nature of the band in high-Ca pyroxenes. The broader nature of Band II
relative to Band I for these pyroxene-dominated spectra appears
visually to allow for a lower order ﬁt to the band. The program inputs
the wavelength, reﬂectance, and the reﬂectance uncertainties for a
spectrum. Fourth-order polynomials were ﬁrst ﬁt over the maxima at
~0.7, ~1.5, and ~2.5 μm to determine eak positions. The continua over
Bands I and II were then divided out using the maxima as tangent
points. The bottom one third of Band I was then ﬁt with a fourth-order
polynomial and the bottom one third of Band II was then ﬁt with a
second-order polynomial. The wavelengths of the band minima were
then determined. All reﬂectance values for the asteroid spectra were
then randomly resampled using a Gaussian distribution based on the
one-sigma uncertainty for each reﬂectance value. The resampling produces a new spectrum, which is then ﬁt. This resampling was then done
99,999 times for each band. The goal of the resampling and reﬁtting is
to determine the range of possible band centers consistent with the
uncertainties of the spectrum. A mean band minimum and a standard
deviation for each band can then be determined. All Band I centers and
Band II centers, respectively, for the synthetic pyroxene, the meteorite,
and the asteroid spectra are ﬁt using the exact same way to allow the
calculated band centers for different materials to be directly comparable to each other. Different ﬁtting routines and different polynomial
ﬁts will produce different band centers; however, the results using different methods should be comparable as long as all spectra are analyzed the same way.
All available pyroxene spectra were ﬁt. However, the only spectra that
were used in this analysis (Table 1) were those that had calculated
Band I and Band II centers that fell on a relatively straight curve in a plot
of Band I versus Band II center and also were electron microprobed to
determine their pyroxene compositions. The band centers for these
pyroxenes are plotted in Figure 2. Pyroxenes with Wo0, which are extremely rare in meteorites, are plotted with different symbols than pyroxenes with Wo>0.
To try to determine if these pyroxene spectra can be used to determine
the mineralogies of asteroids, the calculated pyroxene band centers
and their mineralogies are compared to the band centers and pyroxene
mineralogies of 13 HEDs (Table 2) studied by Burbine et al. (2009). Like
the synthetic pyroxenes, the HED spectra were measured at RELAB.
The pyroxene mineralogies are the average mineralogies of all pyroxenes determined using electron microprobe analyses of thin sections
of these meteorites. We do note that the thin sections were not made
from the same samples that were used for reﬂectance spectra. This
could potentially be an issue for polymict eucrites and howardites;
however, very little research has been done previously on correlating
the spectral reﬂectance and microprobe measurements of HEDs. The
band centers for these HEDs are also plotted in Figure 2. The HEDs
have band centers that fall on the trend for synthetic pyroxenes.
Other researchers (e.g., Beck et al., 2011) have also seen a relatively
linear trend for HEDs when their Band II centers versus their Band I
centers are plotted. The HED band centers tend to overlap the
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points for Wo0 pyroxenes even though the HED pyroxenes have Wo2–
14 contents.
Eucrites, diogenites, and howardites are three groups of pyroxene-rich
achondritic meteorites (e.g., Mittlefehldt et al., 1998). Almost all members of these groups appear to have been derived from the same parent body due to relationships in mineralogy and chemistry plus similar
oxygen isotopic values. Eucrites are primarily composed of anorthite
and a low-Ca pyroxene with exsolved lamellae of augite. Diogenites primarily contain Mg-rich orthopyroxene. Howardites are polymict breccias that contain fragments of both eucrites and diogenites. The HED
meteorites contain a wide variety of pyroxenes, including orthopyroxene, augite, and pigeonite. These pyroxenes range in composition from
Figure 2. Plot of Band II center versus Band I center for synthetic pyroxenes and the magnesian diogenitic orthopyroxenes to iron-rich pyroxenes of the
HEDs used in this analysis. The squares are used for pyroxenes with Wo>0, the
Nuevo Laredo trend eucrites. The Nuevo Laredo trend is characterized
triangles are used for pyroxenes with Wo=0, and the black circles are used for
HEDs. A color gradient is used for the synthetic pyroxene symbols with a pure En by limited variations of incompatible element contents despite considcomposition having a red color, a pure Fs composition having a green color, and erable variations in the ratio of magnesium to iron and appears to
a pure Wo composition (which does not exist in nature) having a blue color.
represent melts that have undergone varying degrees of fractional
Synthetic pyroxenes with intermediate compositions will have colors that are
crystallization (Warren & Jerde, 1987). Pyroxenes also display a wide
weighted mixtures of red, green, and blue.
variety of equilibration textures. Metamorphosed pyroxenes in some
HED meteorites are composed of a host of low-Ca pyroxene with augite
exsolution lamellae. Unequilibrated eucritic pyroxenes, similar to those found in quickly cooled terrestrial lava
ﬂows, have extreme zoning with magnesian cores and iron-rich edges. Even though HEDs contain a wide
variety of pyroxenes, HEDs have only one Band I absorption band and one Band II absorption band due to
the pyroxenes in the meteorite. However, olivine-bearing diogenites can have their pyroxene band centers
inﬂuenced by their olivine component (e.g., Carli et al., 2018).

3. Results
Figure 3 plots the Band I center versus the Fs content of the pyroxenes, Figure 4 plots the Band I center versus
the Wo content, Figure 5 plots the Band II center versus the Fs content, and Figure 6 plots the Band II center
versus the Wo content. The plots of band center versus Wo content (Figures 4 and 6) tend to be relatively linear with longer band centers correlating with increasing Wo content. The plots of band center versus the Fs
content (Figures 3 and 5) appear much more complicated. At shorter wavelengths (0.9–0.98 and 1.8–2.1 μm),
longer band centers tend to indicate increasing Fs content. However, at wavelengths longer than 0.98 μm for
Table 2
Band I and Band II Centers for HEDs With Measured Pyroxene Mineralogies
Band I

Band II

Name

RELAB ID

Center

Error

Center

Error

Tatahouine
Johnstown
EET 87503
Petersburg
Stannern
EETA79005
LEW 87004
Juvinas
EET 87542
EET 90020
Pasamonte
PCA 82502
Bouvante

MP-TXH-088-A
MB-TXH-095-A
MB-TXH-068-A
MP-TXH-070-A
MB-TXH-097-A
MP-TXH-072-A
MP-TXH-079-A
MB-TXH-070-A
MP-TXH-075-A
MP-TXH-076-A
MP-TXH-087-A
MP-TXH-080-A
MP-TXH-090-A

0.92
0.92
0.93
0.935
0.94
0.935
0.935
0.94
0.94
0.94
0.94
0.945
0.95

0
0
0
0
0
0
0
0
0
0
0
0
0

1.905
1.89
1.96
1.98
2.025
1.97
1.985
1.995
2.01
2.01
2.02
2.025
2.02

0
0
0
0
0
0
0
0
0
0
0
0
0

En

Fs

Wo

Type

75.5
73.7
51.6
50
34.6
46.5
44
36.9
43
33
42.7
33
32.5

23
23.5
40.3
40.6
55.8
43.2
45
51.8
44
53
43.5
53
53.5

1.5
2.8
8.1
9.4
9.6
10.3
11
11.3
13
13
13.7
14
14

diogenite
diogenite
howardite
eucrite, polymict
eucrite, monomict
eucrite, polymict
eucrite, polymict
eucrite, monomict
eucrite, brecciated
eucrite, unbrecciated
eucrite, polymict
eucrite, unbrecciated
eucrite, monomict

Note. The uncertainties for the band centers are zero since the errors are not given for their reﬂectance measurements. The spectra are ordered with increasing
wollastonite content. All spectra were measured for grain sizes of less than 25 μm. Petersburg, EET 87542, and EET 90020 were indicated in the RELAB database as
being slightly rusted; however, their spectra visually looked not to be inﬂuenced by iron oxides.
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Band I and 2.1 μm for Band II, there is considerable scatter but with a
slight trend of decreasing Fs content for longer band centers.
The HEDs fall on a relatively linear trend but for a much more restricted
compositional range than the synthetic pyroxenes in Figures 3–6.
However, for the most part, the trend for the HEDs do not overlap well
the trends for the Wo>0 pyroxenes. The trend for the HEDs tends to fall
above the trends for Wo>0 pyroxenes. The HED values do not have any
error bars since the HED reﬂectance spectra did not have reﬂectance
points with listed uncertainties.
The reason that trends for Wo>0 pyroxenes do not appear able to reliably predict the mineralogies of HED meteorites is that HEDs contain a
wide variety of pyroxenes that have differing optical constants. The
Figure 3. Plot of Fs content (mol%) versus Band I center for synthetic pyroxenes imaginary index of refraction (k), which is a function of wavelength
and HEDs. The squares are used for pyroxenes with Wo>0, the triangles are used and is related to how efﬁciently light is absorbed by a medium, varies
for pyroxenes with Wo=0, and the black circles are used for HEDs. A color grabetween pyroxenes of different mineralogies (Fs and Wo contents;
dient is used for the synthetic pyroxene symbols with a pure En composition
Trang et al., 2013). Therefore, the spectral properties of one pyroxene
having a red color, a pure Fs composition having a green color, and a pure Wo
with a particular mineralogy will not be equivalent to the spectral propcomposition (which does not exist in nature) having a blue color. Synthetic
erties of a material containing a variety of pyroxenes with the same
pyroxenes with intermediate compositions will have colors that are weighted
mixtures of red, green, and blue.
average mineralogy as that one pyroxene. Moriarty and Pieters (2016)
have previously noted that the relationship between band centers
and mineralogy for synthetic pyroxenes is different than the relationship between band centers and mineralogy for naturally occurring pyroxenes. We argue that formulas for deriving asteroid pyroxene mineralogies
should be derived from meteoritic spectra with measured compositions since this material will best reﬂect
the compositions of asteroids, which are physical mixtures of a variety of different pyroxenes. Formulas
derived from the spectra of just pyroxenes with measured compositions will not accurately predict the pyroxene mineralogies of asteroids. We do note that reﬂectance spectra of pyroxenes with a single composition
are critical for determining optical constants for radiative transfer modeling.
Four linear formulas have been derived to determine the pyroxene mineralogies (Fs and Wo molar contents)
of the HEDs. The formulas are
Fs ðmol%Þ ð±4Þ ¼ 1119:4Band I Center ðμmÞ  1004:1;

(1)

Wo ðmol%Þ ð±1Þ ¼ 436:31Band I Center ðμmÞ  398:33;

(2)

Fs ðmol%Þ ð±3Þ ¼ 223:15Band II Center ðμmÞ  398:91; and

(3)

Wo ðmol%Þ ð±1Þ ¼ 85:342Band II Center ðμmÞ–159:21:

(4)

The uncertainties are calculated by ﬁnding the average deviation of the
measured molar content versus the predicted content. The R2 (coefﬁcient of determination) for equation (1) is 0.886, for equation (2) is
0.8485, for equation (3) is 0.8723, and for equation (4) is 0.8652. These
newly derived formulas are different than the previously derived formulas of Burbine et al. (2009) even though the same HED reﬂectance
spectra are used. The previously derived formulas are

Figure 4. Plot of Wo content (mol%) versus Band I center for synthetic pyroxenes and HEDs. The squares are used for pyroxenes with Wo>0, the triangles
are used for pyroxenes with Wo=0, and the black circles are used for HEDs. A
color gradient is used for the synthetic pyroxene symbols with a pure En composition having a red color, a pure Fs composition having a green color, and a
pure Wo composition (which does not exist in nature) having a blue color.
Synthetic pyroxenes with intermediate compositions will have colors that are
weighted mixtures of red, green, and blue.

BURBINE ET AL.

Fs ðmol%Þ ð±4Þ ¼ 1023:4Band I Center ðμmÞ–913:82;

(5)

Wo ðmol%Þ ð±1Þ ¼ 396:13Band I Center ðμmÞ–360:55;

(6)

Fs ðmol%Þ ð±3Þ ¼ 205:86Band II Center ðμmÞ  364:3; and

(7)

Wo ðmol%Þ ð±1Þ ¼ 79:905Band II Center ðμmÞ–148:3:

(8)

The Burbine et al. (2009) equations are different due to using different
ﬁtting techniques for the band centers, which results in slightly
5
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different calculated values. Neither set of equations should be considered “better” since the differences are just due to different ﬁtting techniques. These equations should be derived again for future studies to
account for most likely different ﬁtting technique that will be used in
that study.

Figure 5. Plot of Fs content (mol%) versus Band II center for synthetic pyroxenes
and HEDs. The squares are used for pyroxenes with Wo>0, the triangles are used
for pyroxenes with Wo=0, and the black circles are used for HEDs. A color gradient is used for the synthetic pyroxene symbols with a pure En composition
having a red color, a pure Fs composition having a green color, and a pure Wo
composition (which does not exist in nature) having a blue color. Synthetic
pyroxenes with intermediate compositions will have colors that are weighted
mixtures of red, green, and blue.

There are formulas to determine the pyroxene mineralogies from Band
I and formulas to determine pyroxene mineralogies from Band II.
Burbine et al. (2009) suggested that the Fs and Wo contents, respectively, determined using the Band I and Band II centers should be averaged to minimize the ﬁnal uncertainty of the calculated results. The
advantage of using the Band I formulas is that the Band I wavelength
position should be the least inﬂuenced by asteroidal temperatures.
Temperature is known to affect the band positions for pyroxene reﬂectance spectra (Roush & Singer, 1987; Singer & Roush, 1985) and shift the
band positions to shorter wavelengths at asteroidal temperatures. The
estimated temperature corrections to Band I are less than ~ + 0.005 μm
for most NEA surface temperatures (~210–270 K; Burbine et al., 2009;
Reddy et al., 2012). Almost all meteorite and mineral spectra are only
measured at room temperature.

One possible disadvantage of using the Band I formulas is that the
Band I wavelength position could be inﬂuenced by olivine, which potentially could be found on pyroxenedominated surfaces. However, pyroxene tends to be more absorbing than olivine so pyroxene tends to dominate the spectral properties of pyroxene-olivine mixtures except for high concentrations of olivine (e.g.,
Cloutis et al., 1986). Beck et al. (2013) have found from spectral studies of harzburgitic diogenites, which contain Mg-rich pyroxene and olivine, that olivine concentrations of less than ~30% would not noticeably affect
the spectral properties of a diogenitic spectrum. The advantage of using the Band II formulas is that the Band
II wavelength position would not be expected to be inﬂuenced by a relatively small olivine component.
The disadvantage of using the Band II formulas is that the Band II wavelength position is inﬂuenced to a larger
extent at asteroidal temperatures with estimated temperature corrections of +0.01 to +0.02 μm (Burbine et al.,
2009). A howardite measured at 200 and at 300 K for different grain sizes had a Band II temperature correction to room temperature of 0.02–0.03 μm (Burbine et al., 2001). The range (0.03 μm) in measured Band I centers is also much smaller than the range (0.135 μm) in measured Band II
centers for the HEDs. Small errors in determining the Band I center will
lead to large differences in the estimated Fs and Wo contents.

Figure 6. Plot of Wo content (mol%) versus Band II center for synthetic pyroxenes and HEDs. The squares are used for pyroxenes with Wo>0, the triangles
are used for pyroxenes with Wo=0, and the black circles are used for HEDs. A
color gradient is used for the synthetic pyroxene symbols with a pure En composition having a red color, a pure Fs composition having a green color, and a
pure Wo composition (which does not exist in nature) having a blue color.
Synthetic pyroxenes with intermediate compositions will have colors that are
weighted mixtures of red, green, and blue.

BURBINE ET AL.

To do the temperature corrections in the Burbine et al. (2009) study, the
results of Moroz et al. (2000), who measured the movement of the band
centers for two pyroxenes at temperatures of 293, 173, and 80 K,
respectively, were used. One sample (“bronzite”) was an orthopyroxene
(En83), whereas the other sample (“enstatite”) was an orthopyroxene
(En90) that possibly could contain a small amount of clinopyroxene.
However, the compositions of these pyroxenes are different than the
pyroxene compositions of HEDs (Table 2) and these formulas will not
be tested in this study. More recently, Reddy et al. (2012) calculated
temperature corrections for a eucrite and a howardite (Hinrichs &
Lucey, 2002) and for a diogenite (Schade & Wäsch, 1999). The validity
of the Reddy et al. (2012) corrections will be investigated in this study.
Pyroxene mineralogies were calculated for 12 V-type NEAs (Table 3 and
Figure 7) that were observed as part of the MIT-UH-IRTF Joint Campaign
for NEO Spectral Reconnaissance (Binzel et al., 2006). This observing
campaign was instituted at the NASA Infrared Telescope Facility (IRTF)
to routinely obtain near-infrared reﬂectance spectra of NEAs. IRTF
near-infrared spectra can be used to mineralogically characterize the
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Table 3
V-type NEAs Analyzed in This Paper
Name
(1981) Midas
(3908) Nyx
(4055) Magellan
(5604) 1992 FE
(6611) 1993 VW
(7889) 1994 LX
(8566) 1996 EN
(88188) 2000 XH44
(253841) 2003 YG118
(297418) 2000 SP43
(326290) Akhenaten
(480883) 2001 YE4

IRTF observation (UTC)
(day/month/year)

Distance to
the Sun (AU)

Visual
albedo

Estimated surface
temperature (K)

Estimated
diameter (km)

31/10/13
15/9/04
11/4/05
29/3/01
10/5/05
7/7/08
2/9/09
20/2/04
6/2/11
23/10/11
29/4/12
30/12/11

1.301
1.153
1.843
1.258
1.138
1.685
1.022
1.254
1.135
1.173
1.092
1.021

(0.33)
0.16
0.341
0.443
0.158
0.552
0.328
0.236
(0.33)
0.38
(0.33)
(0.33)

227
255
190
220
257
180
256
239
243
234
247
256

(2.1)
1.0
2.1
0.6
1.4
1.7
1.0
(1.7)
(0.9)
0.4
(0.1)
(0.2)

Note. Given are the IRTF observation date, distance to the Sun when observed at the IRTF, visual albedo, estimated average surface temperature for the IRTF observation, and estimated diameter.
The albedo and diameter of Nyx are from Benner et al. (2002). The albedos and diameters of Magellan, 1992 FE, and 1996
EN are from Trilling (2018). The albedo and diameter of 1993 VW is from Masiero et al. (2017). The albedos and diameters
of 1994 LX and 2000 SP43 are from Nugent et al. (2015). The albedo of 2000 XH44 is from Pravec et al. (2012). Asteroids
without published albedos are given the value of 0.33, which is the average of all the measured V-type NEA albedos in
this study. This albedo value is in parentheses for objects without published albedos. The diameters in parentheses are
estimated using the object’s albedo and H magnitude from the Minor Planet Center database.

asteroid since both olivine and pyroxene absorption features are covered. The near-infrared asteroid spectra
were coupled with visible data (Binzel et al., 2001, 2004; de León et al., 2010; Hicks et al., 2011; M. Hicks,
personal communication, October 26, 2010) to allow for spectral coverage shorter than ~0.7 μm peak
apparent in pyroxene spectra. The visible spectra, which often included some spectral coverage in the

Figure 7. Plots of V-type NEA reﬂectance spectra. All spectra are normalized to approximately unity at ~0.55 μm. The error bars are one sigma.
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Table 4
V-type NEAs That Had Their Band Centers and Errors Calculated
Band I

Band II

Name

Center

Error

Center

Error

(1981) Midas
(3908) Nyx
(4055) Magellan
(5604) 1992 FE
(6611) 1993 VW
(7889) 1994 LX
(8566) 1996 EN
(88188) 2000 XH44
(253841) 2003 YG118
(297418) 2000 SP43
(326290) Akhenaten
(480883) 2001 YE4

0.946
0.935
0.930
0.930
0.935
0.935
0.946
0.930
0.938
0.945
0.917
0.936

0.002
0.001
0.001
0.001
0.000
0.002
0.000
0.001
0.004
0.003
0.012
0.003

1.978
1.906
1.930
1.920
1.975
1.908
1.981
1.955
1.927
1.972
1.932
1.948

0.004
0.002
0.001
0.002
0.001
0.003
0.002
0.000
0.003
0.006
0.017
0.005

From Band I

From Band II

Fs

Fs

55
42
37
37
43
43
55
37
45
53
22
44

Wo
14
9
7
7
10
10
15
7
11
14
2
10

42
26
32
30
42
27
43
37
31
41
32
36

Wo
10
3
6
5
9
4
10
8
5
9
6
7

Note. The pyroxene mineralogies calculated from the Band I center and also from the Band II center are given. The values
in bold are our best estimates for the average pyroxene mineralogies of the V-type NEAs. The average mineralogies are
calculated using more signiﬁcant digits than the given band centers. The uncertainty for the Fs content derived from the
Band I center is ±4 mol%, the uncertainty for the Wo content derived from the Band I center is ±1 mol%, the uncertainty
for the Fs content derived from the Band II center is ±3 mol%, and the uncertainty for the Wo content derived from the
Band II center is ±1 mol%.

near-infrared and ultraviolet, were obtained using various telescopes. We note that the visible and IRTF
spectra of the same object were all taken at different times. Observation and reduction details for IRTF
observations are discussed in Binzel et al. (2001). All these V-type reﬂectance spectra had spectral
properties similar to HEDs. All V-type NEA spectra were ﬁt in the same manner as the ﬁtting for the
synthetic pyroxenes and HEDs. Any overlapping data points in wavelength due to combining two
telescopic observations were deleted from the shorter wavelength observations. When a long wavelength
point at 2.45 μm was added to the spectrum to allow the spectrum to be taxonomically characterized
using the web-based Bus-DeMeo classiﬁer, this point was deleted before the ﬁtting.
Space weathering is assumed not to be altering the spectral properties of the V-type asteroids. Blewett et al.
(2016) found no evidence for lunar-style space weathering on the surface of Vesta. They used radiative transfer modeling of howardite reﬂectance spectra with a nanophase iron component to try to duplicate Dawn
Framing Camera multispectral observations of Vesta. They were unable to duplicate the spectral differences
between fresh and mature areas on the surface. Since the studied V-type asteroids would be expected to
have much younger surface ages than Vesta, we assume that space weathering is not affecting the spectral
properties of these bodies.
Average surface temperatures, assuming that the asteroid is a gray body heated by the Sun, are calculated for
each asteroid using the object’s distance from the Sun during its IRTF observation and its visual geometric
albedo (calculated or estimated). The temperature is calculated using the formula
T¼

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
4
Lo ð1  AÞ=16πr 2 εσ

(9)

where Lo is the solar luminosity, A is the visual geometric albedo, r is the asteroid’s distance from the Sun, ε is
the emissivity (assumed to be 0.9), and σ is the Stefan-Boltzman constant.
Band centers and errors were calculated for the V-type NEAs (Table 4). Also listed are the calculated average
pyroxene mineralogies using the Band I and the Band II centers for each object. The Band I and Band II center
positions have not been corrected for temperature. The lack of a temperature correction for Band II is readily
apparent since the pyroxene mineralogies that are calculated using the Band II center for the V-types are
lower than the pyroxene mineralogies calculated using the Band I center for all but two of the objects. A positive temperature correction for Band II would increase the calculated Fs and Wo content for that band center.
However, a plot (Figure 8) of the differences in both Fs (black squares) and Wo contents (orange squares)
using the band center formulas does not show an obvious trend of decreasing differences in estimated
mineralogy with increasing temperature as would be expected.
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To investigate whether the movement of the band centers due to temperature can be accurately corrected for, we compare (Figure 9) the
band centers for the HEDs versus those for the V-type NEAs before
and after a temperature correction. We assume that accurate temperature corrections would shift the trend for the V-type NEAs so the asteroid trend overlaps the trend for the HEDS. We ﬁrst do a linear
regression through the HED values and a weighted linear regression
(Thirumalai et al., 2011) through the V-type NEA points to account for
the different uncertainty values for some of NEA band centers. For
NEA band centers without an uncertainty, we assume an extremely
small uncertainty value. The regression lines for the HEDs (R2 of
0.900) and V-type NEAs (R2 of 0.900) are roughly parallel but offset.
Figure 8. Plot of the differences in Fs (black squares) and Wo contents (orange
We note that the R2 for the V-type NEA regression line is very low
squares) using the band center formulas. The Fs content from the Band I cen(0.230) due to the large amount of scatter for the NEA band centers.
ter formulas is subtracted from the Fs content from the Band II center formula,
and the Wo content from the Band I center formulas is subtracted from the Wo We then use the temperature correction formulas derived by Reddy
content from the Band II center formula.
et al. (2012) for the V-type NEAs to attempt to correct for the low surface temperatures of the NEAs. For surface temperatures of T (K), the
temperature corrections for eucrites/howardites are
Band I center correction ðμmÞ ¼ 0:01656–0:0000552T ðKÞ

(10)

Band II center correction ðμmÞ ¼ 0:05067–0:00017T ðKÞ

(11)

Band I center correction ðμmÞ ¼ 0:0000000017T3 ðKÞ–0:0000012602T2 ðKÞ
þ 0:0002664351T ðKÞ–0:0124

(12)

Band II center correction ðμmÞ ¼ 0:038544–0:000128T ðKÞ:

(13)

and

and for diogenites are

and

Figure 9. Plot of Band II center versus Band I center for HEDs (black circles), Vtype NEAs before the Reddy et al. (2012) temperature correction (blue
squares), and V-type NEAs after the Reddy et al. (2012) temperature correction
(purple squares). The error bars are one-sigma. The black line is the linear
regression through the HED values, the blue line is the weighted linear regression through the V-type NEA values before the temperature correction, and the
purple line is the weighted linear regression through the V-type NEA values
after the temperature correction. Note that the temperature correction does not
signiﬁcantly move the temperature-corrected V-type NEA weighted regression
line toward the HED regression line.

BURBINE ET AL.

We apply the eucrite/howardite temperature corrections to all the Vtype NEA band centers except for Akhenaten where we apply the diogenite temperature corrections due to Akhenaten having band centers
more consistent with a diogenite surface mineralogy. We then do a
weighted linear regression through the temperature-corrected NEA
band centers. The R2 for the V-type NEA regression line through the
temperature-corrected line is still very low (0.178). Interestingly, temperature corrections to both the Band I and II centers do not signiﬁcantly shift the regression line for the NEA V-type band centers
toward the HED regression line. The temperature corrections of
Reddy et al. (2012) to both the Band I and II centers tend to shift the
V-type NEA band centers parallel to the HED line. For the regression line
for the temperature-corrected V-type band centers to overlap the HED
regression line, the Band II centers for the NEAs would need to be corrected on average by ~0.02 μm. We note that Hardersen et al. (2018)
found a much better correlation between the trend for HEDs and the
trend for inner-belt V-types after a temperature correction in a plot of
Band II versus Band I centers.
Since it does not appear possible to currently construct an accurate
temperature correction for each asteroid based on current laboratory
measurements, formulas using only the Band I centers [equations (1)
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Table 5
Interpreted Mineralogies of the V-Type Asteroids
Pyroxene mineralogy
Name

Fs

Wo

Optimistic
interpretation

Pessimistic
interpretation

Other
interpretations

(1981) Midas
(3908) Nyx
(4055) Magellan
(5604) 1992 FE
(6611) 1993 VW
(7889) 1994 LX
(8566) 1996 EN
(88188) 2000 XH44
(253841) 2003 YG118
(297418) 2000 SP43
(326290) Akhenaten
(480883) 2001 YE4

55
42
37
37
43
43
55
37
45
53
22
44

14
9
7
7
10
10
15
7
11
14
2
10

eucrite
howardite
howardite
howardite
polymict eucrite
polymict eucrite
eucrite
howardite
polymict eucrite
eucrite
diogenite
polymict eucrite

eucrite
polymict eucrite/howardite
polymict eucrite/howardite
polymict eucrite/howardite
polymict eucrite/howardite
polymict eucrite/howardite
eucrite
polymict eucrite/howardite
polymict eucrite/howardite
eucrite
howardite/diogenite
polymict eucrite/howardite

eucrite
howardite, eucrite
howardite, eucrite
howardite
howardite, eucrite
eucrite

Note. The pyroxene mineralogy is calculated from Band I. The optimistic interpretation takes the pyroxene mineralogy at
face, while the pessimistic interpretations takes into account the uncertainties of the measurements and equations. The
uncertainty for the given Fs content, which is derived from the Band I center, is ±4 mol%, and the uncertainty for the
given Wo content, which is derived from the Band I center, is ±1 mol%.
Batista et al. (2014) found that the best spectral matches for Nyx, Magellan, 1992 FE, and 1993 WW were howardites. Ieva
et al. (2016) argued that Midas, Nyx, Magellan, 1993 VW, and 1994 LX had surface mineralogies similar to eucrites.

and (2)] are used to estimate the mineralogies of the V-type NEAs. If you take the derived mineralogies at face
value (Table 5), Akhenaten has a composition similar to diogenites due to its calculated magnesian, low-Wo
content that is similar to Johnstown or Tatahouine. Midas, 1996 EN, and 2000 SP43 appear relatively Fe-rich
and seem to be most similar to Bouvante or PCA 82502. Bouvante is the most rare earth element-rich of
the “classical” eucrites,” indicating a low degree of partial melting (e.g., Barrat et al., 2007). PCA 82502 is a
ﬁne-grained, light rare earth element-depleted, unbrecciated eucrite with a low degree of equilibration
and is argued to have erupted as a surface ﬂow (Bermingham et al., 2008). Paniello et al. (2012) argues
that PCA 82502 is from a distinct parent body compared to other HEDs due to extremely light zinc isotopic
composition. Fe-rich eucrites are either highly differentiated (e.g., Nuevo Laredo) or represent a lower
degree of partial melting (e.g., Bouvante, Stannern; e.g., Mittlefehldt, 1992) than Main Group eucrites (e.g.,
Juvinas; e.g., Stolper, 1975). The other V-type NEAs seem to be most similar to polymict breccias (polymict
eucrites or howardites). We note that discriminating between the howardites and polymict eucrites is a bit
more difﬁcult because there is a lot of overlap in composition since both types of meteorites are physical
mixtures of eucritic and diogenitic material. However, Nyx, Magellan, 1992 FE, and 2000 XH44 appear more
like howardites because they are lower in Fs and Wo, which would indicate more of a low-Ca, magnesian
diogenitic component. Analogous meteorites would be EET 87503 or EET 87513, which have been
proposed to be very similar or paired (e.g., Buchanan & Mittlefehldt, 2003). NEAs 1993 VW, 1994 LX, 2003
YG118, and 2001 YE4 appear richer in Fe and Wo, which suggests that they might be more like polymict
eucrites with less of a low-Ca, magnesian diogenitic component. Analogous meteorites would be
EETA79005 or LEW 87004. It is also possible that these NEAs with mineralogies similar to polymict
meteorites could be similar to a magnesium-rich monomict eucrite (Mittlefehldt & Lindstrom, 1997) or a
crystallized impact melt of a eucrite/diogenite mixture.
There is no obvious correlation between diameter (Table 3) and interpreted composition (Table 5). The largest NEAs have either interpreted mineralogies similar to eucrites (e.g., Midas) or howardites (e.g.,
Magellan). The most interesting possible trend is that Akhenaten, which is the only body with an interpreted
diogentic surface mineralogy, has the smallest estimated diameter (~100 m; Table 3) of all the observed NEAs.
However, more V-type NEAs would need to be studied to see if diogenitic surface mineralogies are more prevalent at this size.
A more pessimistic (and probably more realistic) interpretation (Table 5) that takes in all the uncertainties of
the measurements and equations would be that Akhenaten has a diogenite or howardite composition.
Midas, 1996 EN, and 2000 SP43 are most similar to some type of eucrite. Nyx, Magellan, 1992 FE, 1993 VW,
1994 LX, 2000 XH44, 2003 YG118, and 2001 YE4 are either polymict eucrites or howardites. Without any
BURBINE ET AL.
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ground truth (a sample from a characterized body), these general meteoritic interpretations are the most
defendable using the derived formulas. However, if the same speciﬁc meteoritic interpretation was veriﬁed
using a second technique (e.g., absorption band modeling and radiative transfer modeling), more speciﬁc
interpretations would be much more easily justiﬁed. For example, Batista et al. (2014) found that the best
spectral matches for Nyx, Magellan, 1992 FE, and 1993 WW were howardites. Ieva et al. (2016) used a number
of spectral parameters that they derived from both HEDs and V-types and argued that Midas, Nyx, Magellan,
1993 VW, and 1994 LX had surface mineralogies similar to eucrites.

4. Conclusions
We have tested whether the reﬂectance spectra of synthetic pyroxenes and/or HEDs with known compositions can be used to determine the pyroxene mineralogies of V-type NEAs. Our conclusions are the following:
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1. Band centers from the reﬂectance spectra of synthetic pyroxenes with known compositions cannot be
used to derive equations for determining accurate pyroxene compositions of V-type asteroids. These Vtype asteroids, as apparent by studies of HEDs, contain a wide variety of pyroxenes. Since the absorptions
of these different pyroxenes may not vary linearly according to composition, the spectral properties of
one pyroxene with a particular mineralogy may not be equivalent to the spectral properties of a material
containing a variety of pyroxenes that have the same average mineralogy.
2. Band centers from the reﬂectance spectra of HEDs with known pyroxene compositions can potentially be
used to derive equations for determining accurate pyroxene compositions of V-type asteroids. HEDs are
physical mixtures of a number of different types of pyroxenes. HEDs should be analogous to the surface
mineralogies of V-type asteroids. Pyroxene analyses coupled with spectral reﬂectance measurements
should be done for more HEDs. One promising technique to do these types of analyses was explored
by Fraeman et al. (2016). They did visible-short wavelength infrared imaging spectroscopy of HED fragments at 80 μm/pixel and plan to do spatially correlated scanning electron microscope/energydispersive X-ray spectroscopy to determine the mineralogy of every small area on the chip where a spectrum was obtained.
3. Formulas from previous studies should be derived again if the ﬁtting technique used to determine band
centers is different at all in the new study. Each different ﬁtting technique most likely will calculate slightly
different band centers.
4. Formulas using the Band I center appear best for determining asteroid pyroxene mineralogies for V-type
asteroids due to the current difﬁculty in doing accurate temperature corrections to the Band II Center.
More HEDs need to be measured at asteroidal temperatures to derive accurate temperature corrections.
5. Most of these observed V-type NEA have interpreted mineralogies similar to eucrites or howardites. One
of the observed NEAs could possibly have a surface mineralogy similar to diogenites.
6. Speciﬁc meteoritic interpretations are difﬁcult to conclusively justify without the use of a second technique to validate the interpreted mineralogies of the asteroids.
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