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The reststrahlen features in thermal infrared, or vibrational, spectra of Mg-Fe olivines ((Mg,Fe),SiO4)
exhibit trends in position, strength, and number of features that are diagnostic of the relative
proportions of the Mg and Fe cations in the minerals. Although band positions move to lower
wavenumbers (longer wavelengths) across the forsterite-fayalite compositional binary in a generally
linear manner, specific feature shifts in transmittance data are described best by two linear fits with a
break in slope near Fo;o. The break in slope may be accompanied by an offset as well; both traits are
attributed to structural changes in olivine brought about by distortion of the crystal lattice by Fe.
Reflectance and emissivity spectra exhibit similar trends in band position with composition, and all
three types of data demonstrate that some olivine band strengths change across the Mg-Fe solid
solution series and also are diagnostic of composition. Olivines have been identified in a wide array of
thermal infrared spectra of planetary materials and have been interpreted as being present on the
surfaces of Mercury, the Moon, Mars, and a number of asteroids based on the analysis of thermal
infrared spectra. New linear least squares models of the emissivity spectra of olivine-bearing Martian
meteorites enable a preliminary estimation of the accuracy with which quantitative estimates of olivine

abundance and solid solution composition can be derived from the spectra of mixtures.

© 2009 Elsevier GmbH. All rights reserved.

1. Introduction

Members of the olivine group (“olivines” hereafter) are
important rock-forming minerals in terrestrial, planetary, and
astronomical geomaterials. Olivines are the major component of
Earth’s mantle, they are common in many kinds of meteorites,
and have been identified on the surfaces of planetary bodies, and
in the spectra of astronomical targets. Olivine phases are
indicators of low-silica environments, they crystallize at high
temperatures, and they generally break down readily in the
presence of weathering agents such as water. As such, their
identification and characterization is a subject of considerable
interest to a wide variety of researchers. Spectroscopy can be used
very effectively in the laboratory to study the fine-scale structural
properties of natural and experimentally produced olivines
(e.g., as functions of temperature and pressure). Spectroscopy
also can be used in remote-sensing applications to identify
olivines in data acquired of non-terrestrial environments. Spectro-
scopic methods for examining olivines (and other minerals)
generally utilize visible through infrared wavelengths, which are
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the wavelengths in which geologic materials have diagnostic
spectral signatures.

Deer et al. (1992) provide detailed descriptions of the
characteristics of olivine minerals, portions of which are sum-
marized here. Olivines are silicate minerals with orthorhombic
symmetry and having a general formula of X5SiO4, where X
represents one or more divalent atoms in six-fold coordination
with isolated silicate tetrahedra. The most common cations in
olivine are Mg?* and Fe?*, forming a solid solution between
forsterite (Mg,SiO4) and fayalite (Fe,SiO4). Compositions in the
Mg-Fe series commonly are identified by the molar percentages
of forsterite (Fo) and fayalite (Fa) (e.g., FogoFao), or in shortened
form, by just their forsterite number, where Fou=Mg/
(Mg+Fe) x 100. In this paper, the derivation of forsterite
number is modified slightly (Foy=Mg/(Mg+Fe+Ca+Mn) x 100)
to account for other cations that may substitute into the olivine
structure in small amounts, and serves to ensure that all data
being compared have similarly derived Fog. In a few cases, this
formulation results in very slight absolute differences in Foy
( <Foy) from values published by the original authors. Olivine
with up to one formula unit of calcium (CaMgSiO,4) is referred to
as monticellite. The iron analogue, kirschsteinite (CaFeSiO4), is
rare in nature as a pure phase, but olivine in terrestrial rocks
and meteorites may contain a predominance of this molecule
and it is readily synthesized. There also is a manganese end
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member, tephroite (Mn,SiO4). The metal cations occupy two
positions in the crystal structure, M1 and M2, which are defined
by their symmetry; commonly, Fe?* displays a preference for
the M1 site. The thermal behavior of olivines along the Mg-Fe
binary is such that the first olivines to crystallize from a liquid
are Mg-rich relative to the compositions that crystallize subse-
quently. Among silicate minerals, olivines are relatively suscep-
tible to mechanical and chemical breakdown, as well as low-grade
metamorphism. Common products of these reactions are serpen-
tine and mixtures of mostly phyllosilicates and oxides that are
referred to as iddingsite, chlorophaeite, and bowlingite, depend-
ing on the mixture components. Serpentinization is the most
common form of olivine alteration and can be thought of in
simple terms as the hydration of olivine to yield serpentine
(Mg3Si;05(0H)4).

On Earth, olivine compositions in the forsterite-fayalite series
are common in mafic to ultramafic rocks, in which their
compositions typically range from about Fogs_gs. Compositions
between Fogg and Fosg are typical of gabbroic rocks; more Fe-rich
compositions are less common, occurring in ferrodiorites,
mangerites, and quartz syenites. They also are present in
progressively metamorphosed serpentinites and thermally meta-
morphosed iron-rich sediments. In addition to terrestrial occur-
rences, Mg-Fe olivines are constituents of stony and stony-iron
meteorites, and have been identified on the surfaces of Mars and
some asteroids, in comets, in interplanetary and interstellar dusts,
and in the circumstellar regions around some evolved and pre-
main sequence stars. Olivines are, quite literally, universally
relevant minerals, and it is their identification and discrimination
in planetary materials and on planetary surfaces that will be the
primary emphasis here.

In this paper, I will focus on the spectral characteristics of
olivines along the Mg-Fe binary in the thermal, or middle,
infrared region of the electromagnetic spectrum, from ~ 1200 to
200 cm~! (~8.3-50 pm). Spectroscopy in the thermal infrared
(TIR) region also is referred to in the literature as vibrational
spectroscopy because within this range, spectral features arise
from the fundamental vibrational modes of the material. More
specifically, crystalline solids such as minerals are composed of a
regular, repeating pattern of positive and negative ions that
vibrate at quantized frequencies. When the positive and negative
ions move out of phase with each other, absorption of energy
becomes possible at the wavelength corresponding to the
vibrational frequency of the motions, as long as there is a net
dipole moment. For example, in silicate minerals the primary
spectral absorptions (reststrahlen bands) are due to the stretching
and bending motions in the silicon-oxygen anions. Additional
absorption features result from metal-oxygen and lattice vibra-
tions. The exact frequencies, shapes, intensities, and number of
features in a mineral’s spectrum are dependent on the relative
masses, radii, distances, and angles between atoms and their bond
strengths. These parameters are determined by the structural
arrangement of the anions (i.e., their polymerization), and the
location and composition of the cations associated with them.
Because all minerals, by definition, have unique structures and/or
compositions, virtually every mineral has a different suite of
vibrational absorption characteristics and thus a unique spectrum
in the thermal infrared. Several spectroscopic techniques are
capable of measuring the fundamental vibrational modes of
minerals, including: transmission, reflection, emission, attenuated
total reflection (ATR), and Raman. Of interest here are the results
from transmission, reflectance, and emission spectroscopy, where
transmission data have provided much of the fundamental
information on olivine spectral characteristics in a variety of pure
and mixed samples, and reflectance and emission spectra are
currently used for determining the composition of planetary

materials and surfaces (from returned samples, meteorites, and
remote sensing).

The first objective of this paper (Sections 2-4) is to provide an
overview of the peer-reviewed literature discussing the TIR
properties of the Mg-Fe olivine series as a function of composition
and physical character as measured by transmission and reflec-
tion spectroscopy, along with some new analyses of previously
published data. I also will present new emission data of Mg-Fe
olivine samples, where emission is the technique used for remote
sensing of planetary surfaces. Additionally, I will review the
literature on TIR observations of olivine in planetary materials,
and the identification of Mg-Fe olivines on planetary surfaces via
TIR spectroscopy. Additional discussion (Section 5) will be
dedicated to describing how olivines can identified in mixture
spectra and the accuracy with which their solid solution
compositions and abundances can be obtained from those spectra.
To my knowledge, a quantitative demonstration of the accuracy
and precision with which olivine compositions and abundances
can be distinguished in the emission spectra of natural mixtures
has not been presented previously. The analyses of transmission,
reflection, and emission data presented here complement the
existing literature and will provide additional information that
can aid the identification of olivines on planetary surfaces. With
this application in mind, I have plotted composition and fit
regressions as a function of various spectral feature parameters,
rather than portraying spectral features as the dependent
variable. This approach allows a consideration of how well one
might expect to predict olivine composition from spectral features
in remote-sensing data or when other compositional analyses are
lacking for laboratory samples. Finally, I wish to point out that
there are numerous un-peer-reviewed conference and workshop
abstracts and papers that bear on the topic of olivine spectroscopy
in the laboratory and on planetary surfaces. Because such papers
do not always represent final results I have not attempted to
summarize these references in this review, but I encourage
interested readers to seek them out for additional information.

2. Thermal infrared spectroscopy of the Mg-Fe olivine series
2.1. Focus of this review and definitions

The motivations for and applications of olivine spectral
studies are wide-ranging, covering fields from astronomy to
mantle geophysics, and as such, a wide variety of measurement
techniques and samples are found in the literature. An exhaustive
review of the literature on TIR spectroscopy of olivines could fill a
book, so with application to planetary surfaces in mind, the
discussion here will focus on the highlights of observational
spectroscopy of Mg-Fe olivines as a series and in solid planetary
materials or their analogues, largely setting aside discussion of
other substitution series (e.g., Duke and Stephens, 1964), and
theoretical calculations of vibrational modes and corresponding
experimental derivation of optical constants (e.g., Servoin and
Piriou, 1973; lishi, 1978; Hofmeister, 1997; Fabian et al., 2001). In
terms of what constitutes “olivine” for the purposes of this
review, a wide range of sample types have been investigated, such
as natural and synthetic samples, single crystals, bulk samples,
and powders.

In this review, I will focus on data collected by transmission,
reflection, and emission techniques. Below I describe the nature of
these measurements, excluding details of calibration, which can
be examined on a case-by-case basis in the spectroscopy
literature. Although Raman and attenuated total reflectance
(ATR) spectroscopy are applicable to in situ planetary studies
and measure the vibrational properties of geologic phases, they
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are sufficiently different as measurement techniques from
transmission, reflection, and emission spectroscopy that they will
not be discussed here. Particularly, it should be noted that not all
infrared active vibrational modes are Raman active and vice versa,
so infrared and Raman measurements are complementary but not
directly comparable.

Fig. 1 shows spectra of quartz acquired via transmission,
reflection, and emission spectroscopy (a demonstration using
olivine spectra would have been preferable, but the requisite data
for a common composition are not available). The positions of
spectral features are shown in units of wavenumber (cm~!), where
dividing 10,000 by wavenumber yields wavelength in microns (pm).
As not all readers may be familiar with the differences between these
techniques, here I provide a brief overview. Transmission refers to the
passing of radiant energy through a material. Transmission
spectroscopy measures the quantity of infrared light transmitted
through a sample (as a function of wavelength), usually a powder
or thin-film mounted in or on a transparent medium such as KBr.
The ratio of the measured spectrum to a reference spectrum of the
transparent medium commonly is presented as relative (qualitative)

or percent (quantitative) transmittance, where diagnostic
fundamental spectral features that are indicative of highly
Wavelength (um)
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Fig. 1. Transmittance, biconical (dotted) and hemispherical (solid) reflectance, and
emissivity spectra of o-quartz. Arrows denote the location of the primary
Christiansen feature (CF). Transmittance and reflectance data are from Salisbury
et al. (1992), emissivity data are from Christensen et al. (2000b).

absorbing molecular vibrations are minima (troughs). Spectra may
also be presented in the inverse, as absorbance, where the diagnostic
features of interest are maxima (peaks). Semantically, one may argue
that these should be referred to as transmissivity or absorptivity
spectra because the spectrum is that of a ratio, not the original
measured transmittance (or absorbance), but this is not the
convention in contemporary literature. Reflection refers to a process
whereby incident light is returned from a material's surface. In
reflection spectroscopy, the material of interest, typically an optically
thick particulate or solid sample, is illuminated with an infrared light
source; the ratio of the amount of light reflected to the amount of
light incident yields a spectrum with maxima in the locations
associated with molecular vibrations. Reflectance can vary with
thickness, so the percentage of light reflected from an optically thick
material is described most accurately as its reflectivity. However, in
much of the spectroscopy literature such spectra are presented as
percent reflectance, so I follow that convention here. Emission refers to
the energy radiated from a material. Measurements of emission do
not utilize an external light source, but instead passively measure the
wavelength-dependent emitted infrared radiance of the sample (i.e.,
the sample is the source), which may be a particulate or solid.
Emissivity is defined as the ratio of the energy emitted from a material
to that of a blackbody (perfect emitter) at the same temperature and
has unitless dimensions from O to 1. Emission is reduced at
frequencies where the material is strongly absorbing and the
features of interest in an emissivity spectrum are minima
(emissivity is the term most commonly used in the literature and it
is used here). Readers familiar with the astronomical literature may
be aware that there are references to “emission peaks” observed in
the infrared spectra of cometary dust, circumstellar disks, etc.
Emission peaks are observed because the temperature of the dust
or gas is hotter than that of the background flux. Because the
dust, gas, and background are not in thermal equilibrium, such
spectra cannot be called emissivity (and usually are not labeled
as such).

Transmission spectroscopy measures only the imaginary part
of the complex refractive index, whereas reflection and emission
spectroscopy measure both the real and imaginary parts of the
complex refractive index. As such, the positions of features
determined from transmittance (or absorbance) spectra are only
an approximate guide to the locations of comparable features in
reflectance and emissivity spectra. Reflectance and emissivity
spectra are inverses of each other (E=1-R), according to
Kirchhoff’s law (Nicodemus, 1965). However, this is only strictly
true for cases where the reflectance spectra are measured such
that the solid angle of the measurement is low enough to exclude
grazing and near-grazing angles of incidence and collection.
If grazing angles are included, forward scattering results in
distortion of the spectrum, most notably near the Christiansen
feature (CF), the reflectance minimum/emission maximum on the
high wavenumber side of the fundamental molecular vibration
bands (see the biconical reflectance spectrum in Fig. 1). Grazing
angles may be physically blocked (Salisbury et al., 1991a) or they
can be avoided by the use of an integrating sphere that permits
the measurement of directional hemispherical reflectance (Fig. 1)
(Salisbury et al., 1991a).

2.2. Infrared band assignments

Thermal infrared band assignments for Mg-Fe olivines were
determined early on by Tarte (1963), Oehler and Giinthard (1969),
and Devarajan and Funck (1975) from transmission spectra, and
many studies have resulted in refined and extended assignments
since then based on transmission and polarized and unpolarized
reflection spectra (e.g., see summaries by Reynard (1991) and
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Hofmeister (1997)). As described by Reynard (1991), symmetry
analysis indicates that there are a total of 84 normal modes of
vibration, 35 of which are infrared active (but which may not be
individually observable in unpolarized spectra, or may be too
weak to be observed). These modes represent internal stretching
and bending modes as well as lattice modes (cation translations
and rigid rotation-translation) of the SiO4 tetrahedra. In spectra of
randomly oriented (e.g., particulate, powder dispersed, or thin-
film) samples, the three principal bands between ~1000 and
850cm~! (~10 and 11.8 um) are the result of splitting of
degenerate Si-O asymmetric stretching vibrations of the vz mode
in SiOy4. A feature near 825 cm™! (12.1 um) results from the v,
mode (symmetric stretch), and three or four features in the
~610-460 cm~! (~16.4-21.7 pm) region can be attributed to
splitting of the degenerate v, asymmetric bending vibration.
Features in the 500-200 cm~' (20-50 pm) region are attributable
to the v, symmetric bending mode, rotations and translation of
the SiO4 tetrahedron, and translations of one of the divalent
cations. In the far infrared (200-85 cm™'; 50-117.6 um), addi-
tional translational modes and combinations of SiO4 and cation
translations are observed (Hofmeister, 1997). It should be noted
that in addition to the fundamental bands, other (usually weaker)
bands may be observed that are attributable to combinations or
overtones of fundamental features.

The vibrational modes in olivine series minerals vary slightly
as a function of solid solution composition, leading to shifts in
band position and changes in band strength, including the
presence or absence of some features. Physical characteristics
and environmental conditions also can affect the measured TIR
spectrum. Details of these trends for transmission, reflectance,
and emissivity spectra are described in the following sections.

2.3. Transmission data—spectral trends as a function of solid
solution composition

Numerous investigators have examined in detail olivine band
positions as a function of composition in transmission data (e.g.,
Lehmann et al,, 1961; Lyon, 1962; Tarte, 1963; Duke and Stephens,
1964; Burns and Huggins, 1972; Jager et al., 1998; Koike et al., 2003;
Tarantino et al., 2003; Hofmeister and Pitman, 2007). These studies
have shown that within the olivine series, there are variations in the
positions and number of the absorption bands with Mg-Fe
substitution. Generally, the position of each absorption band shifts
systematically with the proportion of the substituent cations,
although the shifts are not all linear or continuous. Fig. 2 shows
an example series of Mg-Fe olivine thin-film transmittance spectra
over the spectral range 1200-200 cm ™}, acquired by Hofmeister and
Pitman (2007). (This figure and some others in this paper show
normalized spectra to draw attention to the variations in band
positions rather than absolute strengths. Not all measurement
techniques yield directly comparable band strengths, so the reader
interested in quantitative band strength characteristics is referred to
the references herein, where the original data and details of the
measurement approaches are described.) The band numbering
scheme employed in this paper is that of Burns and Huggins
(1972) and was derived by those authors based on the features
observed in their forsterite (Fog;) spectrum. Fig. 3a illustrates
absorption band positions and trends using band positions derived
from the transmission spectra of Duke and Stephens (1964), Burns
and Huggins (1972), Salisbury et al. (1991b), Koike et al. (2003), and
Hofmeister and Pitman (2007). These studies are among those
containing the greatest number and/or range of olivine
compositions with published spectra and/or band positions, and
most band positions can be determined to 1 cm™! in these data.
Band positions plotted for the data of Duke and Stephens (1964),
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Fig. 2. Thin-film transmission spectra (offset for clarity) of 17 Mg-Fe series
olivines (Hofmeister and Pitman, 2007). Band numbers are as defined by Burns and
Huggins (1972). Vertical lines are for visual reference, and indicate the positions of
features in the Foso spectrum, from left to right: the peak between Bands 1 and 2,
Band 4, Band 5, and Band 9. Asterisks denote synthetic samples.

Burns and Huggins (1972), and Koike et al. (2003) were taken from
tables in those papers. I determined band positions for data acquired
by Salisbury et al. (1991b) and Hofmeister and Pitman (2007) from
digital spectra available online and their values are given in Table 1.
Data for bands 6, 8, 10, 11, and 13 are not shown in band position
figures in this review because these features are not always present
in transmittance, reflectance, and emissivity spectra of the full
compositional range of olivines; these absorptions are discussed
further below. Regardless of whether the measured olivines are
natural or synthetic, their infrared spectra exhibit a generally linear
decrease in the wavenumber position of each band as the molar
proportion of Fe increases, and this trend is attributed to the
increasing radius and mass of the cation linking the SiO, tetrahedra.
Although Jager et al. (1998) found that all of the band shifts in units
of wavelength (AA) in the four olivines they examined are
proportional to A2 (to within 20%), the majority of studies have
found that the linear trends for each band are not the same, and this
is borne out by Fig. 3a, which shows variability in the slopes of the
best fit lines from band to band. Burns and Huggins (1972)
examined the utility of linear regression equations for Bands 1-5,
7, and 9 for predicting mol% forsterite. They found that the ability of
the equations to predict compositions from TIR band positions is
very good, providing estimates as close to the true compositions, if
not closer, than values determined from X-ray data and cell
parameter data, with two exceptions. The first exception was that
non-linear band location trends were apparent in spectra of

Please cite this article as: Hamilton, V.E., (2010), doi:10.1016/j.chemer.2009.12.005



dx.doi.org/10.1016/j.chemer.2009.12.005

V.E. Hamilton / Chemie der Erde u (uin) nui-um 5

Band number Band number

100
90
80
70
60
50
40
30
20
10

0
100

90 |
80 b
70 b
60 F
50 b
40 £
30 b
20 b
10 |
0

100
90
80
70 b
60 |-
50 |-
40 b
30 |
20 |
10 |

0
1000

mol.% Fo

mol.% Fo

| o tt— O
T T T

|

1138
i

mol.% Fo
-

LY

800 650 600 550 500 450 400 350 300
Band position (cm™)

1
~'860;

950
Band position (cm™")

900

Band Number Band Number
3 4
T T
o b !
L 1 2
R * 2
3 )t 8
& |
{ i
ﬁ:
@ =
11

mol.% Fo

100 T

P

JUPPEREE T 2
T
. 4

mol.% Fo
3
o
T

10 F

>

i\

[

i Al

|- d v\\ A

1 1 | *[ 1 1 l\ 1 .|I",
800 650 600 550 500 450 400 350 300

Band position (cm™)

900

ol :
1000 950 850

Band position (cm™)

Fig. 3. (a) Infrared band positions in natural and synthetic olivines versus mole percent forsterite from Duke and Stephens (1964) (9 olivines), Burns and Huggins (1972)
(10 olivines), Salisbury et al. (1991) (13 olivines), Koike et al. (2003) (16 olivines) and Hofmeister and Pitman (2007) (17 olivines). (b) Infrared band positions from Duke
and Stephens (1964); (¢) Burns and Huggins (1972); (d) Salisbury et al. (1992); (e) Koike et al. (2003) and (f) Hofmeister and Pitman (2007). Band numbers are as defined by
Burns and Huggins (1972). The data of Duke and Stephens (1964) and Salisbury et al. (1991) do not extend beyond 400 cm . Black lines denote a linear fit to all data for a
given band. Solid colored lines denote linear fit to data representing compositions < Foq (solid symbols) and dotted colored lines denote linear fit to data representing

compositions > Fo;q (open symbols).

compositions in the olivine series that exhibit greater ordering (i.e.,
Mg-Mn and Fe-Mn). These investigators therefore concluded that
the linearity of band positions as a function of composition in the
forsterite-fayalite series indicates a nearly random distribution of
Mg?* and Fe?* in the M1 and M2 sites and that any significant
deviation from linearity would indicate ordering of the Mg?* and
Fe?* ions. They found a second exception in the case of two fayalite
samples, where the linear equations showed greater maximum
deviations than were typical for determination of mol% forsterite.
Burns and Huggins (1972) interpreted this greater deviation in the
fayalites to indicate the presence of another cation, probably Mn?*,
which commonly substitutes for Fe?* (where their analysis of the
fayalite-tephroite (Mn,SiOy4) solid solution suggests a similar linear
function of band positions vs. substituent cation).

Although comprised of data from multiple investigators,
measured at varying spectral range and, in some cases, resolution,
the combined data shown in Fig. 3a exhibit consistent results, and
almost all have strong linear correlations (Table 2). The bands
with the highest R? values (2, 9, 5, 1, and 12) should be the best
bands for determination of accurate Mg-Fe composition from TIR
transmission spectra, as they are the most repeatable across all
studies shown here. The 2-sigma standard errors associated with
the fits to these bands indicate that these equations can be used to

predict composition to within + 6-10 mol% forsterite. Fig. 3b—f
provides a detailed view of the linear fits to each band in the
individual data sets.

For many years, the idea persisted that olivine band positions
shifted linearly across the full range of Mg-Fe compositions;
however, Koike et al. (2003) and Hofmeister and Pitman (2007)
showed that this is not always the case. Koike et al. (2003) did not
provide linear regression fits to their data but their figures reveal
that some positions do not follow a perfectly linear trend across
the full binary, and that some features display offsets in spectra
representing samples having moderate to high Mg contents. The
regression analysis of band positions in TIR thin-film spectra by
Hofmeister and Pitman (2007) showed that some bands are better
described by two linear equations, where the transition from one
equation to the other appears to occur near Fo;o. They also
observed that in addition to a different linear slope, there may
also be discontinuities, or offsets, between the two equations that
are larger than the uncertainties in the band positions. Hofmeister
and Pitman (2007) demonstrated these trends using band
positions derived from Lorentzian curve fits; using this approach,
they were able to map peak positions not readily observed as
minima in the TIR spectra. Fig. 3f shows the positions of the
observable spectral peaks in their data for Bands 1-5, 7,9, and 12,
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Foy Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band 12 Band 13
Salisbury et al. (1991b)
91 991 957 889 841 610 542 507 461 419
91 986 955 885 839 611 544 507 461 424
91 993 955 889 841 610 542 513 461 422
91 988 953 887 839 606 540 505 459 417
88 990 953 887 839 608 540 505 461 415
66 976 941 883 837 592 515 496 - 405
60 970 939 883 835 588 513 492 -
51 963 932 880 833 583 511 488 -
41 961 932 880 833 579 515 486 (413)
29 955 926 878 831 573 513 482 411
18 951 918 874 829 567 511 480 411
11 947 920 874 829 563 507 476 409
1 945 916 874 828 563 505 475 (419)
Hofmeister and Pitman (2007)
100 987 961 891 842 617 (528) 510 476 422 405 383 364 296
93 984 955 892 841 614 524 509 471 421 (402) 380 363 294
91 983 954 886 841 612 525 507 470 418 (400) 378 362 294
81 982 953 889 841 616 523 512 468 416 (398) 377 361 294
80 983 954 888 840 614 522 506 468 418 (399) 378 362 294
75 984 955 888 841 613 524 507 471 419 (402) 380 363 294
68 970 943 889 838 605 519 497 (460) 409 - - 359 288
63 966 939 885 836 594 516 491 - 396 - - 354 284
54 965 937 887 836 592 516 491 - 395 - - 352 282
50 963 936 887 836 588 516 491 - 393 - - 352 (279)
45 962 932 882 835 584 516 488 - 392 - - 347 -
41 960 933 884 835 586 514 485 - 389 - - 347 -
31 956 927 883 833 582 516 482 (417) 385 - - 339 -
14 950 920 883 831 570 506 479 (407) 373 - - 324 -
9 949 920 876 831 570 506 478 (413) 368 - - 320 -
0 945 917 875 830 566 507 478 - 367 - - 307 -
0 946 917 879 830 569 505 479 (418) 367 - - 307 -
Band positions in parenthesis indicate very weak minima or shoulders; Salisbury et al. (1991b) data do not extend past 400 cm~'.
Table 2
Regression data for linear fits to transmittance band positions.
Band number Regression equation(Fog_100) R? (FOg_100) 20 Std. Err. (Fog_100) R2(Fog_70) R2(F070_100)
1 flx)=1.88 x x-1772.38 0.910 9.56 0.837 0.088
2 flx)=2.18 x x-1985.90 0.963 6.15 0.936 0.499
3 flx)=5.31 x x-4634.59 0.760 15.61 0.597 0.050
4 flx)=6.38 x x-5273.64 0.842 12.65 0.686 0.029
5 flx)=1.75 x x-977.00 0.928 8.52 0.878 0.143
7 flx)=2.35 x x-1102.92 0.849 12.37 0.721 0.055
9 flx)=1.52 x x-545.48 0.961 6.48 0.925 0.338
12 flx)=1.72 x x-539.40 0.903 10.20 0.946 0.126

along with linear trends for: (1) the entire binary range of
compositions, (2) compositions < Fo;o, and (3) compositions
> Foo. Although linear fits work reasonably well for the entire
range of Mg-Fe compositions, linear fits to the < Fo;¢ and > Foyq
points show that Bands 1, 2, 5, 7,9, and 12 display a clear break in
the slope of the best fit lines. For Bands 1, 2, 5, and 9, this break in
slope is accompanied by an offset, to higher wavenumbers, of the
positions in spectra representing the most Mg-rich compositions.
Similar comparisons are shown for the other individual data sets
in Fig. 3b-f. The data of Duke and Stephens (1964) (Fig. 3b) do not
display breaks in slope, or any apparent offsets. The band
positions recorded by Burns and Huggins (1972) for Bands 1-3,
7, and 9 display differing trends on either side of Foo (Fig. 3¢);
however, their trends do not always show the generally steeper
slope for the fit to > Foq as observed by Hofmeister and Pitman
(2007) (Fig. 3f). The fits to band positions for compositions > Foq
in the data of Salisbury et al. (1991b) cannot be reliably fit by a

linear equation (Fig. 3d), because they are based on a very narrow
range of compositions (Fogg_g). Linear fits to the band positions
in the data of Koike et al. (2003) demonstrate quantitatively what
was qualitatively observable in their paper—several bands appear
to be better described by two linear equations and exhibit offsets,
although the break in slope in their data seems to occur closer to
Fogo for Bands 1, 7, and 12 (Fig. 3e). For several bands, there is
greater scatter in the positions reported by Koike et al. (2003)
than for the other data sets; this may be an artifact of their
measurement approach. Hofmeister and Pitman (2007) argue that
spectra acquired using pressed powder pellets (the powder
dispersion method, used by the other transmission studies
described here) are not sufficiently accurate to identify these
trends because they are subject to inaccuracies attributable to
variations in the optical depth of the sample. These inaccuracies
result in the rounding of strong band features and the artificial
strengthening of weak peaks and shoulders, which can lead to
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difficulty in identifying band positions and apparent band shifts.
Despite these potential inaccuracies, Fig. 3a suggests that the
combined band position data from 65 olivine samples (48 of
which are derived from powder dispersion data) is adequate to
distinguish at least the break in linear slope near Fo;q in Bands 1,
9, 12, and possibly 5. An offset at Fo;o may be inferred from the
fits to the Band 1 data, but the scatter in the data for samples
> Fos9 (R?=0.09, Table 2) makes this a tenuous inference at best.

Hofmeister and Pitman (2007) attribute the breaks in slope
and offsets in the linear trends at Fo;o to a structural variation
that occurs abruptly near this composition. They infer this
because changes in cation mass occur linearly across the solid
solution series, so bond strength should also change linearly. They
point out, however, that it is likely that bond lengths do not
change linearly across the solid solution series, as unit cell volume
and one of the lattice parameters are non-linear functions of mol%
forsterite. Bond lengths change with distortion of the lattice, so
the composition at which the trend changes is related to the
relative sizes of the Mg and Fe cations; Mg is smaller than Fe and
does not distort the lattice when it is present, but Fe is larger and
distorts the region around the octahedral site which it inhabits. As
such, modest Fe substitution (~30%) in forsterite is sufficient to
distort the structure and change the trend of the observed band
positions.

In addition to band shifts with cation substitution, relative
band intensities change as well (e.g., Burns and Huggins, 1972;
Reynard, 1991; Jager et al., 1998; Koike et al., 2003). Although
Bands 1-7 are present across the solid solution series, Bands 8,
10-13 are apparent only in magnesium-rich compositions greater
than ~Foq. Bands 6, 9, and 12 exhibit discernible variations in
strength as a function of composition. Band 6 is only a shoulder in
the spectra of Mg-rich compositions, but develops into a
discernible peak (or minimum) with increasing iron content
(the composition at which this transition occurs varies between
the data sets referenced here); Burns and Huggins (1972)
attribute this to divergence of Bands 6 and 7. Band 9 is stronger
than Band 12 in forsteritic olivines, but this relationship is
reversed in fayalitic olivines, and the transition appears to be
generally linear across the compositional range (e.g., Fig. 2, the
band strengths are essentially equivalent at ~Fo45_50), consistent
with these bands having their origins in motions of the cations
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Fig. 4. Ratio of Band 9 absorbance to Band 12 absorbance versus mol% forsterite
for spectra acquired by Hofmeister and Pitman (2007). Solid line describes a linear
fit to the entire data set (natural and synthetic samples), and dotted line describes
a linear fit to ratios obtained from spectra of natural samples.

and the lattice, rather than being related to the bending modes of
the silicon tetrahedra.

Fig. 4 shows the relationship between the ratio of the depth of
Band 9 to that of Band 12 and composition (mol% forsterite) for
the Hofmeister and Pitman (2007) spectra shown in Fig. 2. The
linear fit to all data, representing spectra of both natural and
synthetic samples, exhibits a good correlation (R*=0.816) with a
2-sigma standard error of 14.6, indicating that this linear
relationship will be accurate in predicting mol% forsterite from
this band depth ratio to ~ + 15 mol% in 95% of cases. Because
synthetic samples may not produce spectra that exhibit identical
characteristics as natural samples, the linear fit to only the natural
samples also is shown. When synthetic samples are excluded, the
coefficient of determination is excellent (R*=0.925), and the
2-sigma standard error is 9.1, indicating that this linear
relationship will be accurate in predicting mol% forsterite from
this band depth ratio to ~ +9mol% in 95% of cases.

2.4. Reflection data—spectral trends as a function of
solid solution composition

Unpolarized infrared reflectance spectra of randomly oriented
olivine particulate samples have not been studied at the same
level of detail as that described for transmission data in Section
2.3, but offer a similar perspective on the presence or absence of
spectral features and the relationships between olivine composi-
tion and band position. The two most complete sets of publicly
available reflectance spectra for a range of olivine compositions
prepared in a consistent manner have been published by Salis-
bury et al. (1991b) and Clark et al. (2007). Between these two
studies, 14 natural olivines were analyzed, with nine physical
samples common to both. The measured samples are particulates,
all of which are <165 pm. All of the Salisbury et al. measure-
ments were made with an unmodified biconical reflectance
attachment, and thus may exhibit distortion around the Chris-
tiansen feature. Therefore, measurements acquired by Clark et al.
(2007) are used for the analysis here (acquired with 2 cm™!
spectral sampling), and the only spectra from the Salisbury
et al. (1991b) library that are included are those that were not
re-measured by Clark and coworkers. Any distortions in the
Salisbury et al. (1991b) data should only affect the analysis of
the Christiansen feature, and are described below. Note that the
Salisbury et al. (1991b) data extend only to 400 cm~', and the
Clark et al. (2007) data in some cases include the range out to
200cm™ .

Fig. 5 shows infrared reflectance spectra of 14 natural olivines
(sample chemistries and details of sample preparation and
spectral data acquisition may be found in Salisbury et al.
(1991b) and Clark et al. (2007)). Table 3 lists the positions of
spectral features. As expected, the observed general trend is that
of band positions shifting to lower wavenumbers as a function of
decreasing mol% forsterite (Fig. 6). The band positions are well fit
by linear trends (Table 4); unfortunately, although there are five
samples with > 70 mol% forsterite, the compositions are too
similar to derive a good linear fit and evaluate whether the break
in trend observed for transmittance data is also observable in
reflectance spectra. As in the transmittance spectra, it seems that
Bands 8, 10, 11, and 13 disappear with decreasing mol% forsterite,
although from the available data, it is only possible to say that
these features are present in the spectrum of a sample having a
composition of Fog; and are not visible (or are weak in the case of
Band 13) in the spectra of samples with Fo;9_gs. Bands 9 and 12
are outside the range of available data for three of the most
Fe-rich compositions (Fo;, Foq1, and Fosg), so the trend lines in
Fig. 6 do not include these samples. As described above for
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Fig. 5. Reflectance spectra of 14 natural Mg-Fe series olivines from Salisbury et al.
(1991) and Clark et al. (2007). Sample numbers/names for spectra representing
compositions of Fog; are, from the top down, NMNH-137044, Wards Natural
Science Establishment (WNS), GDS70, and GDS71.a. Band numbers are as defined
by Burns and Huggins (1972), with the exception of Band 5a, which is not present
in transmission data (see text for discussion). Most spectra were acquired of
powder samples with mean particle sizes of 65 um or less, except two Fog;
samples (WNS and GDS70), Fogo, and Fo;, which are coarse particulates with
particle sizes > 75 pm. Slopes at high wavenumbers ( > 1050 cm~!) and minima
between the reststrahlen bands (e.g., Fo;, near 725cm™') are transparency
features attributable to volume scattering. Spectra are offset for clarity, and shown
as inverse reflectance (E=1—R) for comparison with spectral data in other figures.

transmittance spectra, Band 9 increases in strength and Band 12
decreases in strength as the iron content in olivines increases. The
band strength ratio for Bands 9 and 12 in the six spectra for which
these bands are measured is described well by a linear fit (Fig. 7).
As suggested above, this transitional behavior is linear with
composition—band depth ratios < 1.0 are indicative of Mg-rich
olivines, whereas ratios > 1.0 indicate Fe-rich compositions. A
trend not clearly observed in transmittance spectra is the
increasing strength of Band 2 with increasing iron content
(Fig. 5). Also, a significant difference between the transmittance
and reflectance spectra is the presence of a shoulder/band
between Bands 5 and 6 (Fig. 5), referred to here as Band 5a,
although this is not intended to denote a relationship to
Band 5. Band 5a is a weak shoulder in Mg-rich compositions,
but becomes stronger with increasing iron content; it is likely
attributable to splitting of the degenerate v, asymmetric bending
vibration. Band 5a is a discernible minimum in the spectrum of
Fogg olivine, and at <Fogg is stronger than Band 6, which
disappears in the spectrum of Fogg olivine. Band 7 also becomes
stronger with increasing iron content, changing from a shoulder

in compositions greater than ~Fogy to an obvious minimum in
spectra of samples < Fogg.

The Christiansen feature (CF), as described above, is located on
the high wavenumber side of the silicate stretching bands in
reflectance and emissivity data, where the real part of the
refractive index changes rapidly and approaches the refractive
index of the surrounding medium (e.g., air). Because scattering is
minimized and absorption is low, infrared radiation passes
through the sample easily, and a reflectance minimum (emissivity
maximum) is observed. The position of this feature in silicate
minerals has been shown to shift to lower wavenumbers (longer
wavelengths) with decreasing polymerization of the silicate
structure (Conel, 1969; Salisbury et al., 1987). Even though the
optical constants are invariant, environmental factors (e.g.,
measurement technique, vacuum, spectral resolution) may cause
the position of this feature to shift, so comparisons of like data are
required to use this feature as an indicator of composition. In
silicate spectra, a second, similar feature is observed on the high
wavenumber (short wavelength) side of the absorption features
resulting from silicate bending modes. Because the feature
adjacent to the silicate stretching bands has been referred to in
the literature as the “primary” Christiansen feature (e.g., Salisbury
et al., 1991a), the feature at lower wavenumbers has been
described as the “secondary” Christiansen feature (Hamilton,
2000). Here I will abbreviate these features as CF1 and CF2,
respectively. To determine whether the positions of the CFs
within the olivine solid solution series are correlated with
composition, I have plotted in Fig. 8a and b the positions of CF1
and CF2 versus mol% forsterite for the 14 samples shown in Fig. 5.
There are good linear correlations between composition and the
positions of CF1 (R*<0.937) and CF2 (R?=0.968), indicating that
the positions of the CFs are diagnostic of Mg:Fe in olivines. The
2-sigma standard errors for these correlations are 8.6 for CF1 and
6.2 for CF2. Although the position of CF1 in reflectance data can be
affected by the instrumental configuration, it does not appear to
be strongly affected by differences between the measurements of
Salisbury et al. (1991a) and Clark et al. (2007) used here.

2.5. Emission data—spectral trends as a function of solid
solution composition

Here I present a data set comprised of new olivine emissivity
spectra as well as near-end member compositions from published
sources. The samples and spectra of Fogy, Fogg, and Fog are from
the Arizona State University spectral library (Christensen et al.,
2000b). The remainder of the spectra are presented here at full
laboratory resolution for the first time; the olivines from which
they were measured were collected from the Kiglapait Intrusion
of north coastal Labrador and provided by S. A. Morse. The
Kiglapait olivines and their genetic relationship in the context of
this layered mafic intrusion are described in Morse (1996), and
their infrared spectra were collected by Koeppen and Hamilton
(2008). Sample chemistries are provided in Table 5. All samples
consist of coarse (> 125pum) particulates. Thermal emission
spectra of the samples from the ASU spectral library were
acquired on a ThermoNicolet Nexus 670 FTIR, as described by
Ruff et al. (1997) and Christensen et al. (2000b). Emissivity
spectra of the Kiglapait olivine samples were measured using a
similarly configured ThermoNicolet Nexus 470 FTIR spectrometer
(Hamilton and Lucey, 2005). All spectra, unless indicated
otherwise, are the average of 270 scans at 2cm~' sampling
(4 cm™~! resolution). These data are available in the Arizona State
University online spectral library (Christensen et al., 2000b).

Fig. 9 shows the emissivity spectra of 11 natural olivines
(a 3-point boxcar filter has been applied twice to minimize noise),
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Table 3
Olivine reflectance band positions in wavenumbers (cm~1).

Sample CF1 CF2 Fo# Band 1 Band 2 Band 3 Band 4 Band 5 Band 5a Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band 12 Band 13
NMNH-137044° 1138 673 91 1071 988 951 839 635 548 530 507 473 426

WNSP 1131 669 91 1067 986 947 839 633 546 527 503 469 421

GDS70? 1123 669 91 1051 984 945 837 629 542 527 505 469 417 (397) (374) 359 289
GDS71.a* 1127 669 91 1051 984 947 837 625 544 527 505 471 417

Brenham® 1130 664 88 1038 986 955 839 621 548 530 507 469 426

HS-285.4b? 1128 669 80 1051 984 947 837 627 546 527 505 469 419

KI3054° 1103 650 66 1044 970 928 833 617 534 521 492 457 407 - - 349 278
KI3189? 1096 646 60 1034 966 926 833 613 530 (513) 490 - 403 - - 347 274
KI3188? 1088 640 51 1038 964 922 831 610 529 - 486 - 390 - - 343 270
KI4143° 1088 642 41 1038 963 920 831 606 527 - 484 - 386 - - 338 264
KI3291? 1063 629 30 1018 957 914 828 594 517 - 478 -

KI3377? 1065 629 19 1015 953 909 829 592 515 - 480 (409) 374 320

KI3005% 1057 621 11 1005 951 903 824 588 509 - 475 -

NMNH-R3517° 1065 617 0 1015 949 901 828 590 509 - 476 -

GSB (GDS70)> 1123 667 91 1073 988 951 839 635 550 529 507 469 424

TSD (GDS71)° 1134 671 91 1051 988 953 839 627 550 530 507 471 428

KI3054° 1115 656 66 1053 976 937 833 619 544 (523) 496 453 411

KI3189° 1111 650 60 1038 972 932 833 615 540 (519) 492 448 407

KI3188P 1098 646 51 1036 968 930 831 611 536 - 488 -

KI4143° 1090 642 41 1038 963 920 829 606 529 - 484 -

KI3291° 1078 635 30 1026 961 920 829 598 527 - 486 -

KI3377° 1071 631 19 1020 955 912 829 594 519 - 482 -

KI3005” 1064 623 11 1007 955 912 828 577 517 - 478 -

Blank cells indicate band is outside range of data or no data were available ( <400 cm~'), parentheses indicate weak band or shoulder,

2 Positions measured from spectra acquired by Clark et al. (2007).

“w n

indicates no feature is visible.

b positions measured from spectra acquired by Salisbury et al. (1992)—data below the dotted line are not included in figures.
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Fig. 6. Reflectance band positions in 14 natural olivines (shown in Fig. 4) versus mol% forsterite. Data are from Clark et al. (2007). Band numbers are as defined by Burns
and Huggins (1972), except for Band 5a which is not present in transmission data (see text for explanation). Linear fits to the measured data are shown.

which display the expected trends of absorption bands shifting to
lower wavenumber with decreasing mol% forsterite (Fig. 10 and
Table 6). All nine of the measured band shifts can be fit with linear
equations having coefficients of determination (R?) that indicate
92-99% of the data can be accounted for by the linear regression
equations (Table 7). As with the reflectance data, there is not

sufficient data for a range of compositions > Fo;q (in particular
the lack of a composition between Fogg and Fogg) to determine if
the kinks observed in the band position trends of transmittance
data are observable in emissivity data; however, if the origin of
the kinks lies in structural changes associated with Mg:Fe, the
kinks are expected (assuming the measurement technique and/or
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spectral resolution are adequate to resolve them). If they are
present, the linear regressions shown here may introduce
additional small uncertainty into the determination of mol%

forsterite in compositions between about Fo;q and Fogg.

Table 4

Regression data for linear fits to reflectance band positions.

Band Regression R? 20 Std.
number equation (Fog_100) (Foo-100) Err. (Foo_100)
1 flx)=1.50 x x-1503.75 0.812 14.82
2 f(x)=2.20 x x-2077.85 0.961 6.72
3 fx)=1.70 x x-1526.78 0.955 7.29
4 f(x)=6.40 x x-5272.41 0.906 10.50
5 flx)=1.93 x x-1123.66 0.947 7.86
5a flx)=2.22 x x-1120.69 0.967 6.19
7 flx)=2.52 x x-1185.12 0.939 8.47
9 flx)=1.37 x x-488.54 0.949 5.90
12 flx)=1.81 x x-565.69 0.957 5.62
100
920 |
80 |
70 [
60 |-
o i
L i
® 50|
g
40 |-
30
20 |
f(x) = -435.4"x + 483.6
10 | R® = 0.888
0 Ll L T | T 1 L.
0.80 0.90 1.00 1.10 1.20 1.30 1.40

Band 9/Band 12 depth

Fig. 7. Ratio of Band 9 reflectance to Band 12 reflectance versus mol% forsterite for
spectra acquired by Clark et al. (2007). Equation describes a linear fit to the data
(solid line).
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As with the transmittance and reflectance spectra described
above, Bands 1-4 are present across the Mg-Fe compositional
range. The positions of their minima span a wider range of
wavenumbers in emission (and reflection) data than in transmis-
sion data, and transmission data show much greater overlap in
the positions of Bands 1-3, whereas these features do not occur at
overlapping frequencies in emission data (Fig. 11). Band 2
strengthens with increasing iron content as observed in the
reflectance spectra (Fig. 9). Also as seen in the reflectance spectra,
there is a band between Bands 5 and 6 that is referred to here as
Band 5a and is probably related to the v, asymmetric bending
vibration. Band 5a is a shoulder on the high wavenumber side of
Band 6 in forsteritic samples; this shoulder becomes stronger and
deepens into a minimum as Band 6 diminishes and disappears
with increasing iron content. Bands 8, 10, 11, and 13 diminish in
strength with decreasing mol% forsterite. Band 8 is not visible in
spectra of compositions more iron-rich than Fos4, Band 10 is only
visible as a shoulder in spectra of Fogg_g,, Band 11 is only present
as a very weak dip in Fog,, and Band 13 (or the peak defining the
high wavenumber side of Band 13) is not distinguishable in the
spectra of compositions < Fosy4 (Fig. 9). The locations and ranges
of position for Bands 5, 7, 9, and 12 are similar to their
transmittance counterparts and exhibit minimal overlap
(Fig. 11). (A small feature present on the low wavenumber side
of Band 12 in some spectra may be attributable to water vapor.)
Consistent with the observations from reflectance spectra above,
Band 9 shallows and Band 12 deepens with increasing fayalite
content—the trend for these bands is linear across the
compositional range (Fig. 12). For olivines ranging in
composition from Fog, to Fog, the ratio of the emissivity in Band
9 to that in Band 12 is described well (R*<0.915) by a linear
function that predicts the Bands 9 and 12 depths should be
equivalent at approximately Fos4, with ratios < 1.0 indicating a
forsteritic composition and ratios > 1.0 indicating a fayalitic
composition. The 2-sigma standard error indicates that mol%
forsterite will be accurately determined to within + 9.5 in 95% of
cases. It is interesting to note that the ratio values for Fog, and Foq
fall the farthest from this trend line; if these points are excluded
from the linear regression, the best fit trend line fits the remaining
data points remarkably well (R>=0.993), and mol% forsterite will
be predicted very accurately from the band ratio (2-sigma
standard error of 2.4, or +2.4mol% forsterite). Despite the
excellent linear fit to the entire data set, it may be useful to
consider why the Fog, and Fog samples plot further from the trend
line or, conversely, why the other samples exhibit such a
high coefficient of determination in the absence of these two
samples. One possible explanation lies in the degree of variability

f(x) = 1.62*x - 995.8
| R?=0.968
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Fig. 8. (a) Position of CF1 versus mol% forsterite in olivine reflectance spectra and (b) position of CF2 versus mol% forsterite. Equations describe linear fits to the data (solid

lines).
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Table 5
Olivine sample chemistries.

BUR-3720A% AZ-01? KI 3115P KI 3362° KI 3372¢ KI 4143° KI 3373 KI 3352° KI 3354° KI 3008 WAR-FAY01¢

Si0, 41.95 38.47 37.40 3491 35.17 33.36 32.83 31.33 31.06 30.11 29.27
TiO, 0.01 0.01 0.01 0.01 0.00 0.05 0.02 0.01 0.02 0.03 =

FeO 8.49 9.57 29.01 34.04 38.77 48.71 50.75 56.46 60.43 64.00 67.51
MnO 0.13 0.13 0.40 0.41 0.52 0.76 0.86 1.00 1.13 1.55 2.13
MgO 4933 48.88 33.93 29.17 25.59 17.36 15.23 10.56 7.50 3.84 0.07
Ca0 0.38 0.14 0.05 0.03 0.03 0.18 0.08 0.11 0.14 0.01 0.10
Total 100.29 97.20 100.80 98.57 100.08 100.42 99.77 99.47 100.28 99.54 99.08
Fo 0.91 0.90 0.67 0.60 0.54 0.38 0.34 0.25 0.18 0.10 0.00
Fa 0.09 0.10 0.32 0.39 0.46 0.60 0.64 0.74 0.80 0.88 0.97
Mn 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Xwig 0.92 0.90 0.68 0.60 0.54 0.39 0.35 0.25 0.18 0.10 0.00

Note: BUR-3720A also contains 0.57 wt% Cr,03; BUR-3720A and AZ-01 chemistries derived from bulk analysis, remainder determined by microprobe analysis.

2 Christensen et al. (2000b).
 Morse (1996).
¢ Koeppen and Hamilton (2008).
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Fig. 9. Emissivity spectra of 11 natural Mg-Fe series olivines (Koeppen and
Hamilton, 2008; Christensen et al., 2000). Band numbers are as defined by Burns
and Huggins (1972), with the exception of Band 5a (see text for details). Spectra
were acquired of coarse particulate ( > 125 pm) samples and are normalized and
offset for clarity. Gray shaded area indicates region containing additional features
attributable to atmospheric water vapor.

in compositional impurities and possible associated cation
ordering.

Eight of the 11 olivine samples measured in emission are from
the Kiglapait intrusion and are genetically related; the Fog, and
Fog samples are not members of this group (Fogg is not a Kiglapait

sample, but falls very close to the best fit line and is included in
the fit with R>=0.993). The Kiglapait layered mafic intrusion offers
a lithologic record of the progressive fractionation of a single
mafic magma body. It is plausible, if not likely, that based on their
genetic relationship the chemistries of the Kiglapait olivines
exhibit a narrower range of variability in the presence and
abundance of non-formula elements (i.e., other than Mg, Fe, and
Si) than might be expected from a broader suite of natural
samples from unrelated parent lithologies. The chemistries
reported by Morse (1996) are limited to the oxides shown in
Table 5, so a more comprehensive verification of this chemical
similarity is not possible, but the available analyses suggest that
any additional contaminants must comprise less than about
1.5 wt% oxide (excluding analytical uncertainty). However, broad
chemical similarity might result in the spectral properties of these
samples being even more tightly tied to Mg-Fe ratio than in a
population of non-genetically related samples. This, in turn, could
lead to a linear fit to the Band 9/Band 12 ratios for the entire
emissivity data set that is weighted by these genetically related
samples’ spectral character. The natural olivine samples analyzed
by Hofmeister and Pitman (2007) offer a point of comparison, as
they represent a broad range of compositions across the Mg-Fe
binary having differing geologic sources. The Band 9/Band 12
ratios calculated from their transmission spectra (Fig. 4) exhibit a
linear trend that is not as well correlated as that derived from
emissivity spectra of the Kiglapait samples plus the Fogg olivine
(R*=0.925 and 0.993, respectively), but which has a slightly better
correlation than the entire emissivity data set (R*=0.915). Five of
the six olivine samples with reflectance spectra spanning a broad
enough wavenumber range to measure Band 9/Band 12 depth
ratios (Fig. 7) also are from the Kiglapait intrusion and offer
another point of comparison. The Kiglapait-only samples mea-
sured in reflectance exhibit a linear trend with R>=0.862, whereas
all six samples yield a modestly better R>=0.879; neither of these
is as good as the correlation for the non-genetically related
olivines measured in transmission. These comparisons suggest
that the genetic relationship between Kiglapait olivines does not
lead to a substantially better-correlated spectral trend (at the
spectral resolutions considered here) than a suite of randomly
sourced olivines.

If a genetic relationship between most of the olivines
measured in emission does not explain why the Band 9/Band 12
ratios for Fog, and Foo fall off the best fit line, perhaps
contamination of those two samples offers a solution. The Fog,
olivine sample contains 0.57 wt% Cr,0O5; (Christensen et al.,
2000Db). Because the atomic weight and ionic radius of chromium
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Fig. 10. Positions of emissivity minima in 11 natural olivines versus mol% forsterite. Band numbers are as defined by Burns and Huggins (1972), except for Band 5a.

Lines are linear fits to the measured data.

Table 6
Olivine emissivity band positions in wavenumbers (cm~").

Sample CF1 CF2 Foy Band1 Band 2 Band 3 Band 4 Band 5 Band 5a Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band 12 Band 13
BUR-3720A 1159° 667 92 1052 983 939 838 626 546 525 505 469 418 (393) (380) 360 291
AZ-01 1117 661 90 1045 982 941 837 625 544 525 505 467 418 (393) - 357 289
KI 3115 1109 650 68 1036 968 924 833 611 532 (517) 493 455 405 - - 352

KI 3362 1111 650 60 1034 964 922 831 609 528 (511) 489 (453) 399 - - 347

KI 3372 1101 644 54* 1026 962 916 831 602 526 - 487 - 391 - - 338

KI 4143 1086 629 39 1018 957 910 829 602 517 - 483 - 384 - - 337

KI 3373 1088 629 35 1005 957 908 829 600 519 - 483 (415) 382 - - 334

KI 3352 1086 627 25 1003 951 904 827 588 515 - 482 (413) 374 - - 333

KI 3354 1082 631 18 993 949 897 827 590 511 - 479 - 370 - - 317

KI 3008 1086 619 10 1003 949 899 825 579 511 - 477 - 366 - - 307
WARRGFAY01 1072 615 0* 993 945 899 825 579 505 - 476 - 363 - - 300

2 Fogs have been recalculated (see text) and vary slightly from Koeppen and Hamilton (2008).

b CF1 distorted in this spectrum; not plotted in Fig. 15.

Table 7
Regression data for linear fits to emissivity band positions.
Band Regression R? 20 Std.
number equation (Fog_100) (Foo-100) Err. (Foo_100)
1 fix)=1.43 x x—1415.70 0.942 7.83
2 fix)=2.37 x x—2228.60 0.971 5.58
3 flx)=1.95 x x—1742.80 0.963 6.30
4 flx)=6.93 xx—5711.20 0.973 537
5 f(x)=1.88 x x—1084.95 0.970 5.68
5a fix)=2.28 x x—1145.57 0.981 4.49
7 fix)=2.97 x x—1401.51 0.948 7.41
9 fix)=1.56 x x—561.54 0.994 2.49
12 fix)=1.50 x x—456.24 0.911 9.72

(~52.00 and 0.52 A) are less than those of iron (55.85 and
0.645 A) and magnesium (24.31 and 0.78 A), we might expect the
band strengths to bear a greater resemblance to a sample having
less Mg and more Fe (a smaller, heavier cation). In such a case, we

would expect the band depth ratio to be larger than predicted,
which is what is observed. (I do not have data on the valence state
of Cr or Fe in these samples, so I have not considered the effects of
valence state and any possible paired substitutions.) The Foq
sample contains 2.13 wt% MnO, where Mn commonly substitutes
for Fe. As with chromium, the atomic weight and ionic radius of
manganese (54.94 and 0.46 A) are less than those of iron (and
magnesium), and may result in an exaggeration of the trend
observed with increasing iron, leading to a greater divergence
between the depths of Bands 9 and 12. Although they did not
discuss relative band strengths, Burns and Huggins (1972) did
observe that the positions of absorption bands in the forsterite—
tephroite and fayalite-tephroite series continue the trends
observed in the forsterite—fayalite series, with features moving
to increasingly lower wavenumbers as manganese content
increases. It seems plausible, then, that the relative strengths of
Bands 9 and 12 may continue to diverge with increasing Fe+Mn
content, essentially exceeding the trend observed for intermedi-
ate olivines that have lower Mn contents. If this is true, many end

Please cite this article as: Hamilton, V.E., (2010), doi:10.1016/j.chemer.2009.12.005



dx.doi.org/10.1016/j.chemer.2009.12.005

V.E. Hamilton / Chemie der Erde u (uin) nu-um 13

Band 1
Band 2
Band 3
Band 4 0
Band 5
Band 7
Band 9
Band 12

Transmittance
T

Band 1
Band 2 7
Band 3
Band 4 0
Band 5

Emissivity

Band 7
Band 9
Band 12

]
L
]

1

1100 1000 900 800

700

600 500 400 300 200

Band position (cm™)

Fig. 11. Range of positions observed in Mg-Fe olivines for absorption bands described in the text.
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Fig. 12. Ratio of Band 9 emissivity to Band 12 emissivity versus mol% forsterite.
Solid line describes a linear fit to all measured data; dotted line describes a linear
fit to all measured data except Fog, and Fog (see text for discussion).

member fayalite samples may have spectral features whose ratios
diverge from the compositional trend observed here, which is
weighted by compositions that naturally contain less Mn. It is worth
noting that the band strength ratio observed for this Fop sample is
significantly off either of the linear trends shown in Fig. 12. Burns
and Huggins (1972) observed that band positions in Mn-olivines do
not necessarily shift linearly, which they attribute to the preference
of Mn for occupying the M1 site, leading to a non-random
distribution of cations (i.e., greater ordering). It is therefore possible
that contamination of nearly pure (in terms of Mg:Fe) fayalite by Mn
leads to a similarly non-linear divergence in the strengths of Bands 9
and 12. The substitution of Mn for Fe in natural Mg-Fe olivines is
quite common, exhibiting a generally exponential increase as olivine
becomes increasingly fayalitic (Fig. 13). The commonness of this
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Fig. 13. Weight percent MnO in olivines versus mol% forsterite (as Fos). Data set
includes samples for which detectable MnO was measured by Burns and Huggins
(1972)] (10 olivines), Duke and Stephens (1964) (6 olivines), Salisbury et al. (1991)
(11 olivines), and in this work (11 olivines). The Fos, sample from Duke and
Stephens (1964) is described as exhibiting anomalously high wt% MnO (4.54 wt%)
and is not included (the outlier data point with 4.4 wt% MnO also is from Duke and
Stephens (1964) but is not explicitly discussed as being anomalous so is included).

substitution suggests that spectral trends in band position or depth
exhibited by most natural olivines should include the effects of Mn
substitution and may become increasingly non-linear at very low
Fog The spectrum of Mn-bearing fayalite (2.0 wt% MnO, sample
#11) shown by Burns and Huggins (1972) exhibits Bands 9 and 12
depths that differ greatly, possibly providing qualitative support for
this idea. The quantitative effect of Fe-Mn substitution on band
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Fig. 14. Positions of CF1 (a) and CF2 (b) versus mol% forsterite in olivine emissivity spectra. Data for sample BUR-3720A are not shown because the spectrum around the
primary Christiansen feature is slightly distorted, and therefore unreliable. Equations describe linear fits to the measured data (solid lines).

positions and strengths in the reflectance/emissivity spectra of
olivines in the Mg-Fe series may be best studied by a direct
comparison of spectra acquired of a series of natural Mg-Fe olivines
to a series of synthetic Mg-Fe spectra lacking common substituents
such as Mn. Until such analysis is available, we can examine the
characteristics of the spectra of fayalites examined in studies to date.

Hofmeister and Pitman (2007) presented transmittance spec-
tra of two fayalite samples, one natural and one synthetic. Fig. 4
shows that the natural fayalite sample’s Band 9/Band 12 ratio falls
along the best fit line characterizing natural samples measured in
transmission. The ratio value for the synthetic sample is
substantially higher, and falls well off either the best fit to
only natural or both natural and synthetic samples. Detailed
compositional data for the natural sample were not provided or
readily available, so its Mn content is not known. Compositional
data for the synthetic sample indicate that although it does not
contain Mn, it could contain from 0.27 to 0.86 wt% Fe**. The
proportion of Fe>* to Fe2" has not been determined for any of the
suites of olivines discussed in this paper, so its effect (or that of
other cations whose abundance has not been measured) on
spectral character cannot be evaluated observationally. However,
Fe3* has a smaller ionic radius (0.64A) than Fe®* (0.74 A),
suggesting in a simplistic view that its presence might be
expected to lead to a greater band depth ratio, as in the cases of
Cr and Mn. Although further detailed chemical analysis of a
larger number of fayalite samples is required to understand the
origins of Band 9/Band 12 ratio values in fayalitic olivines, it is
safe to say that high values of the ratio relative to the maximum
observed in the linear equations described here indicate a fayalitic
composition.

The positions of CF1 and CF2 in emissivity spectra also exhibit
linear trends as a function of composition, as observed in
reflectance spectra. Fig. 14 shows the correlations between CF1
and mol% forsterite and between CF2 and mol% forsterite. In both
cases, the R? values associated with the linear fits are > 0.90,
indicating that better than 90% of the data are explained by the
linear equation. For CF1, the 2-sigma standard error is 8.98 and for
CF2 the 2-sigma standard error is 7.25. These values indicate that
in 95% of cases, the position of CF1 or CF2 can be used to predict
olivine solid solution composition to within about +9 or 7 mol%
forsterite, respectively. The linearity of the shift in CF1 position is
consistent with the generally linear shift in the position of Band 1,
and the same is true for CF2 and Band 5.

In summary, the shifts in band positions as a function of Mg-Fe
observed in emissivity spectra of olivines are linear, similar to
those observed for transmittance and reflectance spectra. The
linear correlation between the Band 9 and Band 12 depth ratio
and mol% forsterite for emissivity spectra is excellent, indicating

that this band depth ratio may be used as a diagnostic tool for
determining mol% forsterite from emissivity spectra, consistent
with the results for reflectance spectra. However, contamination
of (near-) end member olivine compositions with non-formula
cations may result in greater uncertainties. Regardless of
contamination, forsteritic olivines typically have Band 9/Band 12
ratios < 1.0 and fayalitic olivines have ratios > 1.0. The positions
of the primary and secondary Christiansen features also exhibit
linear trends, similar to those observed in reflectance spectra, and
consistent with the shift in absorption band positions to lower
wavenumbers with increasing iron content.

2.6. Effects of physical character and temperature on olivine spectra

Crystal orientation and particle shape have an effect on the
observed thermal infrared spectra of crystalline silicates, includ-
ing olivines. Spectra obtained of single crystal olivines and/or
acquired using polarized light isolate the vibrational modes along
the optic axes of the mineral. Such spectra are commonly
acquired for the purpose of ascertaining the true number,
position, and assignment of vibrational modes, and/or determin-
ing the complex indices of refraction (Servoin and Piriou, 1973;
lishi, 1978; Hofmeister, 1987, 1997; Reynard, 1991; Fabian et al.,
2001; Suto et al., 2002). Accurate knowledge of the vibrational
modes is required for thermodynamical models, whereas the
optical constants may be used for predictive modeling of the
spectra of specific particle sizes or shapes. To enable better
analysis of circumstellar dust spectra, Fabian et al. (2001)
undertook a study to compare the calculated mass absorption
coefficients for randomly oriented ellipsoidal particles, spheres,
and distributions of ellipsoids to measured powder spectra of
olivine. They observed that calculated spectra of olivine spheres
least resemble powdered natural olivine, where the natural
olivine is best matched by a continuous distribution of ellipsoids,
likely due to the irregular particle sizes obtained during mechan-
ical grinding of natural olivine. Peak positions of ellipsoidal
olivine shift to longer wavelengths with increasing elongation,
although this character is most pronounced in the strongest
absorption bands and minor to negligible in the weakest bands.
These investigators also determined that the narrower the
observed spectral features, the narrower the shape distribution.
Although highly relevant to astronomical observations of dust
clouds, these spectral characteristics are less relevant to observa-
tions of the relatively dense materials on planetary surfaces.

The spectral properties of silicates are known to change with
significant variations (differences of up to 293.5 K) in temperature
(e.g., Day, 1976; Henning and Mutschke, 1997). Most studies of
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the temperature-dependent spectral character of olivines in the
infrared have been conducted using far infrared to millimeter
(<667 cm~! or >15pum) transmission spectroscopy of small
particles for comparison to astronomical observations of cosmic
dust. These studies have shown that crystalline olivines exhibit
stronger, narrower (~30-90% of original width, depending on
wavenumber position) features that are shifted 1-5cm™!
to higher frequencies (shorter wavelengths) as temperature
decreases from room temperature (295 K) to as low as 1.5-25 K.
Band splitting in the ~21-38 um region of two forsteritic olivine
spectra was observed at low temperatures (3.5 K) by Bowey et al.
(2001), and are attributed to different polarizations occurring at
the same frequency (which are unresolvable at room tempera-
ture). The magnitudes of the band shifts and the band narrowing
increase with band wavelength (e.g., Mennella et al., 1998; Bowey
et al, 2001; Chihara et al.,, 2001). The increase in frequency is
observed because at very low temperatures, the crystal structure
contracts, resulting in a reduction in the amplitude of the lattice
vibration, which in turn leads to a stronger force constant. The
potential well of the lattice vibration becomes deeper and
requires additional energy to excite the normal vibrational mode
(phonon), shifting the peaks to higher frequencies. The amount of
the observed shift is lowest in the features arising from the
relatively incompressible tetrahedral Si-O bonds, and is greatest
for bands attributable to the more compressible metal cation-
oxygen and inter-tetrahedral oxygen atoms (Bowey et al., 2001).
The increase in intensity and narrowing of band widths is
explained by the reduction in the number of active phonons at
low temperature, which leads to a reduced damping coefficient.
The small wavenumber values of the observed shifts for large AT
demonstrate that high spectral resolution (~0.1-0.5cm™!) is
required to fully discern and/or characterize temperature effects
in thermal- and far infrared spectra. As in the case of transmission
studies of oriented crystals and particle shapes, the direct
applicability of these temperature studies to the interpretation
of infrared spectra of planetary surfaces observed in the thermal
infrared is somewhat limited—these effects are most pronounced
in the far IR and require high spectral resolution and signal-to-
noise to be observed. The thermal IR spectra of relatively denser
and larger particulate materials on planetary surfaces are more
likely to be dominated by effects attributable to temperature
gradients than by absolute temperature.

The mean particle size and porosity of a bulk material (such as a
planetary surface or particulate mineral samples) can affect
observed TIR spectral features measured by reflection or emission
spectroscopy because these spectra are a result of both the
absorption coefficient and the refractive index (whereas transmis-
sion spectra are affected only by the absorption coefficient).
Numerous investigators have modeled these effects and shown
that the measured radiance of particulate materials is affected by
two interactions: surface scattering and volume scattering (Vincent
and Hunt, 1968; Conel, 1969; Logan and Hunt, 1970; Hunt and
Logan, 1972; Hapke, 1981, 1993; Salisbury and Eastes, 1985;
Moersch and Christensen, 1991; Salisbury and Wald, 1992;
Mustard and Hays, 1997). Whether the measured radiant energy
is dominated by surface or volume scattering depends on the
absorption coefficient and the particle size, with volume scattering
becoming more prominent as the dominant particle size ap-
proaches the wavelength of observation (in practice, particle sizes
of less than ~65 pum in the thermal infrared). Surface scattering
refers to light that is reflected from the surfaces of the particles
without penetration. Reflectance and emissivity spectra that are
dominated by surface scattering, such as those of coarse particu-
lates and solids, exhibit strong bands (reststrahlen features) in
regions with high absorption coefficients and refractive indices and
little or no absorption elsewhere. Volume scattering in the thermal

infrared arises most commonly in fine particulate (~ <65 pum)
materials as light is refracted into particle interiors and then is
scattered or refracted back out. Qualitatively, spectra dominated by
volume scattering exhibit reduced contrast in the reststrahlen
bands and increased spectral contrast in the interband regions
(also called transparency features) where the absorption coefficient
is very low, the refractive index is moderate, and photons interact
with a large number of interfaces and cannot easily escape. (More
detailed qualitative and quantitative descriptions of the wave-
length dependency of volume scattering on particle size and the
optical constants can be obtained from the citations above.)
Understanding these effects is important to distinguishing features
due to scattering effects from those due to composition in spectra
from planetary surfaces where regoliths may contain dusty or very
fine materials (e.g., Christensen and Moore, 1992; Pieters et al.,
1993). Reflectance data of olivines collected by Salisbury et al.
(1991b) and emissivity data collected by Maturilli et al. (2008)
illustrate the decrease in spectral contrast and appearance of
additional features that accompanies a decrease in particle size
from solid samples down to fine ( <65 pum) particulates. Mustard
and Hays (1997) examined the effects of particle size in greater
detail using reflectance (to 25 pum) spectra of a forsteritic (Fog,)
olivine separated into five, 5-pm interval, size fractions from <5 to
20-25 pm. With decreasing particle size, they observed a contin-
uous decrease in the contrast of the reststrahlen bands and some
changes in band shape, although the features diagnostic of
composition were only mildly affected. Transparency features
exhibited several notable changes as particle size decreased: the
position of maximum reflectance shifted to shorter wavelengths,
feature symmetry changed, and spectral contrast first increased
and then decreased. Finally, Mustard and Hays (1997) successfully
used a combination of Mie theory (Conel, 1969) and a Hapke model
(Hapke, 1993) to calculate spectra that matched the observed
relationships, demonstrating that such modeling could be used to
separate the effects of particle size and composition in spectra of
fine particulate minerals.

2.7. Effects of spectral resolution on determination of composition
from olivine spectra

Koeppen and Hamilton (2008) described the effect of reduced
spectral resolution on the ability to distinguish between olivine
solid solution compositions in mixtures, as well as on the
development of long wavelength spectral indices used to identify
olivine-related spectral features in emissivity spectra of the
Martian surface. (Spectral indices reduce a key spectral feature
such as a band minimum or maximum to a numeric value
indicating the presence and relative strength of that feature.) Their
analysis showed that for the suite of olivine emissivity spectra
presented here, shifts in band position that are apparent in 4 cm ™!
(laboratory) resolution spectra are not always resolvable at the
20 cm ™! resolution of the Mars Global Surveyor Thermal Emission
Spectrometer (Christensen et al., 2001). They determined that long
wavelength features used for spectral indices could not be
distinguished for the following groups of compositions: Fogp,es,
Foys53539, and Foq,10. Because the olivine emissivity spectra
presented in Section 2.5 may be used for the interpretation of
remote-sensing data acquired at reduced spectral resolution, a
more detailed review of the effect of reduced spectral resolution on
olivine band positions may be useful.

Fig. 15 shows the positions of Bands 1-12 in Mg-Fe olivine
emissivity spectra at 20 cm ™! resolution (comparable to several
Thermal Emission Spectrometers flown to Mars). I have plotted
these in two frames to enable better visualization of the band
positions. For every band, the reduction in resolution leads to
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Fig. 15. Positions of emissivity minima in 11 natural olivines versus mol%
forsterite at reduced spectral resolution (20 cm~1!). Vertical lines are for visual
reference, and indicate band positions shared by more than one olivine solid
solution composition. Band numbers (with the exception of 5a) defined by Burns
and Huggins (1972) are shown at the top of each plot.

spectra with differing solid solution compositions having
identically located band minima, which means that single bands
cannot be used as effective discriminators of composition, in some
cases, over wide ranges of composition. As one might predict,
bands for which the compositional series exhibits a relatively
large range of positions (shallower linear slopes in Fig. 10) at
4 cm™~! resolution (e.g., Bands 1, 3, 9, and 12) show a broader
range of band positions at reduced resolution. For example, Band
3 position allows the discrimination of four compositional groups:
Fog_2s, FO35_39, FO54_68, and Fogg_g. These specific groupings are,
of course, dependent on the compositions represented by this
particular suite of spectra at the measured spectral resolution and
signal-to-noise; other combinations of these parameters may
produce different results. Bands for which the compositional
series exhibits a relatively narrow range of positions (steeper
linear slopes in Fig. 10) at 4 cm ' resolution (e.g., Bands 4 and 7)
show little variation in band position across the range of Mg-Fe
compositions at 20cm~! resolution. For example, at this
resolution, Band 4 only allows the classification of unknown
spectra into one of two groups: Fog_s4 and Fogg_g>. In yet another
situation, Bands 5a and 7 are relatively weak shoulders in
forsteritic samples at 4 cm~! resolution, and the reduction of
resolution to 20 cm~! makes these features very difficult to
discern, and it is not possible to retrieve their positions. However,
the lack of these features at low resolution might be used to infer
a forsteritic composition, particularly if other band positions can

be identified and are in the proper general locations for Mg-rich
olivine.

In summary, band positions obtained from low spectral
resolution data will yield predicted compositions with higher
uncertainties if they are used as inputs to regression equations
derived from laboratory-resolution data. Comparisons of the
predicted compositions from multiple bands likely will give the
most robust estimate of olivine composition. Although I have not
discussed them in detail here, consideration of signal-to-noise
and mineralogic mixtures are important to the proper compara-
tive or quantitative analysis of remotely acquired infrared spectra.
Remote-sensing data generally have lower SNR than laboratory
spectra; the increased noise in remote-sensing data may make it
harder to determine the exact position of a band minimum,
leading to greater uncertainty in the predicted composition even
if the spectral resolution is comparable to that obtained in the
laboratory. Second, it is unlikely that many planetary surfaces are
monomineralic; because mineral spectra add linearly in the
infrared, spectral features of olivine on a planetary surface can
be distorted by the contributions of other phases that are present.
This makes qualitative analyses that rely on specific band
positions (e.g., band indices) susceptible, at best, to greater
uncertainties, and at worst, to misinterpretation. The most
reliable analytical approach is one that verifies the presence of
the majority of diagnostic bands (rather than one or a few), and
the positions of those bands should all be consistent with a
similar Mg-Fe ratio. This sort of analysis can be enhanced and/or
enabled by the use of data manipulations that isolate spectral
components of interest, such as carefully constructed spectral
subtractions or ratios (e.g., Ruff and Christensen, 2002; Hamilton
et al., 2003; Hoefen et al., 2003; Koeppen and Hamilton, 2008).

3. Identification of Mg-Fe olivines in planetary materials
using TIR spectroscopy

Samples returned from planetary bodies provide an opportunity
to measure in situ materials that normally are measured remotely.
Lunar samples returned by the Apollo 11, 12, 14, and 15 missions
were first analyzed in the TIR by Estep et al. (1971, 1972), who
obtained transmission spectra of mineral separates and single
mineral grains. The Mg-Fe compositions of olivines in the Apollo
11 and 12 olivine separates were constrained to Fo;,_gg using a
cation determinative curve for Band 9, which varied in position
between 401 and 397 cm ™! (Estep et al., 1971). Subsequent micro-
IR analysis of these olivines as single grains showed that the
compositional range indicated by the position of Band 9 was
slightly broader, Fo;4_63, and that the inclusion of olivines from
Apollo missions 14 and 15 broadened the total range further, to
Fogs_s5 (Estep et al., 1972). Lunar reference suites from Apollo
missions 12, 14, and 16 (Fischer, 1995) were measured in
reflectance by Salisbury et al. (1997), who observed spectral
differences in the ~1250-830 cm~! region that they attributed to
differing olivine abundances between samples in the Apollo 16a
reference suite (representing dominantly friable light matrix
breccia) and the Apollo 16b reference suite (highlands soils).
Reduction of the strength of a reflectance peak near 925 cm~! in
Apollo 14 spectra was cited as evidence for a greater abundance of
olivine in the Apollo 16b samples. In another example of the
analysis of returned samples, Keller et al. (2006) measured thermal
infrared spectra of materials collected by the Stardust mission from
the comet 81P/Wild 2. Rare particles exhibit TIR features consistent
with crystalline silicates, including olivine. The composition of
olivine in one olivine-rich particle was constrained by the
observation that the spectrum lacks the strong 33 pum feature
(Band 13) typically present in the more Mg-rich olivines, and is
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estimated to be ~Fo;s. Many interplanetary dust particles (IDPs)
collected in the stratosphere show transmission features charac-
teristic of olivines in the Mg-Fe series (e.g., Sandford and Walker,
1985).

Acquisition of thermal IR spectra of geologic materials allows
not just the identification of mineral composition in bulk
materials and mineral separates from returned materials, but
also permits the development of spectral libraries for comparison
to data acquired of remote planetary surfaces, where the specific
origins of the materials (e.g., meteorites, cometary dust) may not
be known a priori. These comparisons can lead to the identifica-
tion of mineralogy on remote surfaces, as well as the identifica-
tion of a meteorite’s parent body. Several studies have examined
the thermal infrared signatures of meteorites via transmission
spectroscopy (e.g., Zaikowski and Knacke, 1975; Sandford, 1984,
1993), although most of these have not attempted to identify the
cation compositions of included phases. One of the earliest studies
of a wide range of meteorite samples found that the transmission
spectra of CO and CV carbonaceous chondrites, which have large
abundances of olivine, are dominated by the spectral features of
olivine, whereas spectra of ordinary chondrites exhibit a dis-
cernible shift in spectral character as the olivine to pyroxene ratio
changes between LL, L, and H chondrites (Sandford, 1984).
Sandford (1993) measured transmission spectra of seven Antarc-
tic ureilites, which are shocked achondritic breccias known to
contain abundant olivine ranging in composition from Fog; to Fog
(e.g., Takeda, 1991; Goodrich, 1992). Major features in the ureilite
spectra were assigned to pyroxene and olivine by comparison to
spectra of a series of standards of these phases having a range of
cation compositions. Of 14 bands described, seven are attributed
in whole or in part to olivine, with five of the seven described as
being either Mg- or Fe-rich, presumably on the basis of the band
positions, although this is not described in detail.

Several studies have examined thermal IR reflectance spectra of
meteorites (Miyamoto, 1986, 1987; Salisbury et al, 1991a;
Miyamoto and Zolensky, 1994). A large study of the reflectance
spectra of 50 powdered (generally <75 pm) stony meteorites has
shown that the most prominent reststrahlen features are attribu-
table to olivine and pyroxene, and that the relative strengths of
olivine and pyroxene features are approximations of their relative
abundance, i.e., they follow a linear mixing model (Salisbury et al.,
1991a). Salisbury et al. (1991a) also discuss the presence of features
in the ~2220-1330 cm~! (4.5-7.5 pm) region of meteorite spectra
that they attribute to overtone/combination tone bands in olivine
and pyroxene. These authors go on to show that a doublet in olivine,
at ~1820-1540 cm~! (5.5-6.5 pm), becomes more prominent as
the abundance of olivine increases, and that the feature positions
move to longer wavelengths as heavier cations are substituted into
the olivine (e.g., Fe for Mg). Fig. 16 shows inverted reflectance
spectra (1200-400 cm~!) of two olivine-bearing carbonaceous
chondrites (Murchison and Ornans), an ordinary chondrite (La
Criolla), a Martian meteorite (ALH A77005), a ureilite (Dingo Pup
Donga), and the spectrum of an intermediate olivine (Salisbury et al.,
1991a). Features of varying strength attributable to olivine are
visible in the meteorites’ spectra. Reflectance and emissivity spectra
of the Martian meteorite NWA 2737 (Pieters et al., 2008), a dunite
comprised primarily of brown olivine (Fo;g) containing a small
amount of Fe**, show that the olivine in the meteorite is fully
crystalline and its spectral shape is broadly similar to the spectrum
of the Martian dunite meteorite Chassigny (Hamilton et al., 2003)
and a forsteritic olivine, although the features in the meteorite are
shifted to slightly lower wavenumbers than in the forsteritic olivine
because the latter contains more magnesium.

Numerical models that reproduce measured thermal IR spectra
can provide an assessment of the modal mineralogy and mineral
chemistry of planetary materials. Hamilton et al. (1997) measured
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Fig. 16. Inverted reflectance spectra of olivine-bearing meteorites and an
intermediate olivine (Salisbury et al. 1991a, b). Spectra are offset for clarity.
Features in the gray shaded area are transparency features that result from volume
scattering in fine particulate ( <75 um) samples. Some meteorite spectra exhibit
Christiansen features at higher wavenumbers than that observed in olivine
because additional phases are present.

emissivity spectra of solid samples of four Martian meteorites (two
of which are olivine-bearing—Nakhla and ALH A77005) and used a
linear least squares “deconvolution” model to identify the major
phase compositions and their abundances. Linear least squares
models are based on the principal that the thermal infrared spectra
of geologic phases add linearly in proportion to their abundance
(Lyon et al., 1959; Omori, 1967; Thomson and Salisbury, 1993;
Ramsey and Christensen, 1998), and take as inputs the spectra of
unknown materials to be modeled, a library of spectra of known
materials (e.g., rock-forming minerals), and a wavenumber region
over which the model should fit the spectra of the unknown
materials. The algorithm performs a linear matrix inversion, using
the spectral library to generate a best fit model spectrum, returns
the phases used in the best fit and their abundances, and calculates
the root-mean-square error and/or the covariances as an assess-
ment of the quality of the fit (Ramsey and Christensen, 1998; Staid
et al., 2004; Rogers and Aharonson, 2008). Fit quality is necessarily
influenced by which phases are represented by the spectra in the
library. If a major phase in the unknown is not represented in the
spectral library, the phase cannot be identified, and the “best fit”
spectrum may, in practice, demonstrate a poor fit. Hamilton et al.
(1997) modeled the four meteorite spectra using a library of 11
mineral spectra (two orthopyroxenes, three high Ca clinopyrox-
enes, three plagioclase feldspars, two olivines—forsterite and
fayalite, and a shocked feldspar (maskelynite)), and found that
for Nakhla, the modeled olivine abundances were within the range
of values measured by other methods, and that in the case of ALH
A77005, the modeled abundance was within 2% of the measured
mode. Olivine in Nakhla is ~Fos, (Berkley et al., 1980), and the
fayalite library spectrum was used in the best fit. Olivine in ALH
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A77005 is intermediate to Mg-rich, ~Fo;4 (McSween et al., 1979),
and the modeled fit used both the forsterite and fayalite library
spectra in the best fit, with roughly twice as much forsterite as
fayalite. Despite the reasonably good modeled mineralogies for
these two samples, the roughly linear shift in olivine spectral
features with Mg:Fe means that spectra of intermediate composi-
tions cannot be as well modeled by a linear mixture of the spectra
of forsterite and fayalite as they can be if spectra of intermediate
compositions are available; an example of this was revealed in the
analysis of Martian remote sensing data described below in
Section 4, and the models of several of these meteorite spectra
are revisited in Section 5 with an updated spectral library
containing intermediate olivine compositions.

Microspectroscopy is a means of obtaining the TIR spectra of
planetary dusts, micrometeorites, phases that are sufficiently
small that it is impractical to attempt to separate them from their
host rock or particle, etc. (e.g., Raynal et al., 2000; Osawa et al.,
2001; Bradley, 2004; Morlok et al., 2006a, 2006b). For example,
microscopic TIR spectroscopy has been used in the classification
of chondritic IDPs, establishing that there are three primary
classes, one of which is dominated by olivine (c.f., Bradley, 2004).
Osawa et al. (2001) demonstrated that the spectra of Antarctic
micrometeorites contain features attributable to olivine. Morlok
et al. (2006b) separated olivine grains (Fogp_100) from primitive
meteorites, measured their thermal IR spectra from 5000 to
625 cm~! (2-16 um), and recorded the positions of five bands as
a function of Mg-Fe ratio. These authors have adopted a band
ordering that is the reverse of that described in the majority of the
literature, numbering their Bands 1-5, where these represent
features at ~833, 893, 962, 990, and 1000 cm~' (~12.0, 11.2,
10.4, 10.1, and 10.0 pm), respectively. Bands 1-3 and 5 in Morlok
et al. (2006b) correspond to Bands 4, 3, 2, and 1, respectively, in
Section 2; to maintain consistency with the literature described in
Section 2, I will refer to peak locations in wavenumber and use the
band numbers defined by Burns and Huggins (1972). Morlok et al.
(2006b) point out that the features they observe at 990 and
1000 cm~! are not distinguished as separate bands in some of the
studies described in Section 2, which they attribute to the similar
strengths of the two features and the closeness of their peak
positions. As with prior studies, the observed trends in band
position as a function of Mg:Fe are found to be linear, and the fits
to Bands 3 and 4 (833 and 893 cm~!) are nearly the same as for
terrestrial olivines examined in prior studies, despite the fact that
the olivines examined by Morlok et al. (2006b) are limited to
Fogo_100. The feature at 962 cm~!, however, displays a steeper
slope in the meteoritic olivines than in the terrestrial olivines. The
authors attribute this difference to the narrower Fo range
represented by their samples’ spectra and suggest that the slope
is shallower at lower Foy ( < Fogg), and that the entire range of the
terrestrial data for Band 2 is better fit by a quadratic equation (the
correlation coefficients are not given, so the degree of improve-
ment is not stated). Finally, the authors suggest that the spectral
resolution of astronomical spectra is too low to allow derivation
of Mg:Fe in olivines, but their discussion is not explicit as to what
combination of resolution and signal-to-noise would be required
to estimate Mg:Fe.

4. Identification of Mg-Fe olivines on planetary surfaces using
TIR spectroscopy

Excluding Earth, where we can examine olivine-bearing rocks
firsthand in most cases, the planetary surfaces in our solar system
most likely to exhibit olivine signatures in the thermal infrared are
Mercury, Venus, Earth’s Moon, Mars, asteroids, and satellites of the
outer solar system planets (comets are not considered here

because most observations are of their comae, not surfaces).
Although chemical evidence collected by several Soviet Venera and
Vega landers in the 1970s and 1980s suggested the rock types on
Venus are consistent with olivine-bearing lithologies (Fegley et al.,
1997), the surface of Venus is obscured at thermal infrared
wavelengths by a dense cover of clouds comprised of sulfuric acid
and water vapor (Donahue and Russell, 1997). The surfaces of
satellites of the outer planets do not appear to exhibit any
definitive TIR signatures. Analysis of thermal infrared spectra
acquired of Saturn’s moons Phoebe, lapetus, Enceladus, Tethys, and
Hyperion suggests that they lack TIR features because the surfaces
are likely to be comprised of materials with small particle sizes and
large porosity (Carvano et al., 2007). Similarly, no features of
silicates have been observed on the Galilean satellites Europa and
Callisto (Mills and Brown, 2000). Among the remaining bodies, TIR
spectra of Mercury, Mars, the Moon, and some asteroids exhibit
features that have been suggested to be consistent with materials
bearing Mg-Fe olivine phases—these are summarized below.
Although Mn- and Ca-bearing olivines are not a subject of this
review, it is worth noting that I have not encountered any claims in
the peer-reviewed literature for the identification of olivines
having these compositions on extraterrestrial surfaces.

4.1. Mercury

Visually, Mercury resembles Earth’s Moon, exhibiting a heavily
cratered surface with modest features of extrusive volcanism (e.g.,
Head et al., 2008; Murchie et al., 2008), but otherwise relatively
bereft of features indicative of long-term geologic activity like that
observed on Earth. The surface of Mercury has not been studied up
close in the thermal infrared by orbital or landed spacecraft, so
obtaining TIR spectra of the surface of Mercury has only been
accomplished using ground-based telescopes or airborne instru-
ments capable of getting above much of the Earth’s atmosphere,
and then only for certain locations on the planet’s surface.
Interpretation of Mercurian infrared spectra is challenging as a
result of the vacuum environment and low thermal inertia (likely
indicating fine particle sizes) of the surface materials (Chase et al.,
1976). Although there have been indications of feldspathic and
possibly pyroxene mineralogies from thermal IR spectra of the
Mercurian surface (e.g., Emery et al.,, 1998; Sprague et al., 2000,
2002), only recently has there been any suggestion of possible
olivine features. Sprague et al. (2009) acquired thermal IR spectra
covering the range from ~8 to 12.7 um for three locations on
Mercury: the radar bright region C, the dark plains west of the
Caloris Basin, and the Caloris Basin interior. These researchers’
linear least squares models of their spectra suggest that Mg-
olivine is present only in the radar bright region C. For the
spectrum of this area, 10 permutations of the spectral model were
run, identifying Mg-olivine at abundances ranging from 0% to 37%,
which is proposed to be contained in oligoclase basalt (Sprague
et al, 2009). However, the authors do not discuss mineral
detection limits based on the spectral resolution and signal-to-
noise of their data, or include in their quantitative analysis the
effects of thermal gradients on spectra of particulates measured in
vacuum, two factors that make it difficult to ascertain the
confidence with which one should view the precision and accuracy
of the reported abundances. At present, it is possible that olivine
has been identified in the radar bright region C on Mercury, but it
is probably premature to quote specific abundances. The Bepi-
Columbo mission, scheduled for launch in 2014 will carry the first
thermal infrared imaging spectrometer (Helbert et al., 2005) to
map the surface Mercury from orbit and should enable a more
detailed evaluation of potentially olivine-bearing surfaces.
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4.2. The Moon

Like Mercury, thermal infrared spectroscopy of Earth’s Moon is
complicated by the vacuum environment and fine particle sizes of
the materials. As a result, there has been controversy in the
literature as to the utility of TIR spectroscopy for the determina-
tion of lunar surface composition. This is in part due to variable
quality of the observations, and partially attributable to the data
being analyzed in the time period prior to and during which the
first thorough laboratory examinations of appropriate analogues
were undertaken in simulated lunar environments (e.g., Goetz,
1968; Murcray et al.,, 1970; Salisbury et al., 1970; Tyler et al.,
1988; Nash et al., 1993). Nash et al. (1993) provide an excellent
review of this literature and demonstrate why thermal infrared
spectroscopy of the lunar surface should be pursued. Nonetheless,
although some investigators have identified what they inter-
preted as diagnostic emissivity features of olivine in lunar spectra,
these results have been called into question. Ground-based
measurements by Sprague et al. (1992) suggest that the central
peak of the crater Copernicus exhibits a Christiansen feature peak
location characteristic of mafic materials and an emission
minimum at 952 cm~' (10.5 pm) consistent with the laboratory
spectrum of forsteritic olivine. Salisbury et al. (1995) compared
the ground-based lunar spectra of Sprague et al. (1992) to thermal
IR laboratory spectra of returned lunar samples and argued that
the high-frequency structure and spectral contrast of the ground-
based lunar spectra are inconsistent with the broader spectral
features and lower spectral contrast of the reststrahlen features in
laboratory spectra of lunar samples. Salisbury et al. (1995)
therefore concluded that the features in the Sprague et al.
(1992) spectra are largely attributable to artifacts. The Diviner
radiometer onboard the Lunar Reconnaissance Orbiter (Paige
et al., 2009) is measuring reflected and emitted radiation from the
lunar surface and provides multispectral data that are free of the
complicating effects of the terrestrial environment; hopefully
these data will enable additional constraints on the composition
of the lunar surface, and inferences about the presence or absence
of olivine as a function of location.

4.3. Mars

Interpretation of Martian thermal IR surface spectra is simplified
relative to other planetary bodies as a result of the modest
atmospheric pressure, which substantially reduces thermal gradients
(Henderson and Jakosky, 1994, 1997), and the presence of large
surface areas having sufficiently high thermal inertia to infer that
they represent materials in the form of coarse particulates to near-
bedrock, which eliminates particle size effects (e.g., Christensen,
1982; Presley and Christensen, 1997; Mellon et al., 2000; Putzig et al.,
2005). Although the Martian atmosphere contains silicate dust, this
component essentially adds linearly with the surface spectrum and
can be separated from the surface component (e.g., Smith et al., 2000).

Surface compositions on Mars, like Mercury, can be derived
from thermal emission spectra by the application of a linear least
squares fitting algorithm. To interpret Martian spectra, spectra of
atmospheric components are included in the spectral library used
to fit the data, and their fractional contribution is subtracted to
obtain the surface spectrum and modeled surface mineralogy.
Details of detection limits and analytical accuracy and precision
associated with Martian spectral modeling can be found in the
literature cited in this section, but in general for the data
discussed here, detections >5-10% are considered believable
with absolute values conservatively reliable to about 5%. Using
this analytical approach, thermal infrared spectra collected by the
thermal emission spectrometer (TES) onboard the Mars Global

Surveyor spacecraft first revealed the complete major phase
mineralogy of the basaltic component of the Martian surface
(Bandfield et al., 2000), including modest abundances (~10-15%)
of olivine (Christensen et al., 2000a).

Subsequently, regions with even greater abundances (up to 30%)
of olivine in basalt, interpreted as representing compositions ranging
from ~Fo3g_70, were identified using the linear least squares
modeling approach as well as by direct comparisons of spectral
features in the Martian spectra with band positions in laboratory
spectra of olivines (Hamilton et al., 2003; Hoefen et al., 2003). One of
the largest regions containing olivine-enriched materials, near
grabens referred to as the Nili Fossae, has an area of over
113,000 km? (Hamilton and Christensen, 2005). These materials
have been hypothesized to originate from exposed intrusions
(Hoefen et al., 2003), laterally extensive lava flows (Hamilton and
Christensen, 2005) or an impact melt sheet (Mustard et al., 2007). In
another case, in and near the canyon system of the Valles Marineris,
thermal infrared images from the Thermal Emission Imaging System
(THEMIS) onboard the 2001 Mars Odyssey spacecraft revealed a
series of outcrops forming an apparently continuous unit of olivine-
enriched basalts stretching laterally for more than 1100 km and
having an estimated volume of ~9.9 x 10*km?® (Edwards et al.,
2008). Several hypotheses for the origin of these materials have been
suggested, but Edwards et al. (2008) favor a scenario where they
represent a relatively discrete period in Martian history when flood
lavas were erupted, suggesting that these are picritic basalts derived
from primitive magmas.

Several studies have examined the global distribution and
compositional variation of olivine on Mars using orbital TIR data.
Early results by Bandfield (2002) suggested that olivine was not
globally prevalent; this was because his mineral maps, produced
using the linear least squares approach with a library containing
only forsterite and fayalite spectra, did not reveal a widespread
distribution of olivine. However, as emissivity spectra of inter-
mediate compositions and olivine-bearing Martian meteorites
became available, a different picture of the distribution of olivine
on Mars began to emerge. Hamilton et al. (2003) attempted to
identify candidate Martian meteorite source regions by modeling
TES spectra using a library containing laboratory spectra of Martian
meteorites and the dominant TES Martian surface and atmospheric
spectra; they found numerous locations around the planet where
components of the Martian spectra matched the signatures of the
meteorites Chassigny and ALH A77005, where Chassigny contains
~90% Fogg (Prinz et al., 1974), and ALH A77005 contains ~44-60%
of ~Fo74 (e.g., McSween et al., 1979; Mason, 1981; Treiman et al.,
1994). McSween et al. (2006) mapped the global distribution of
olivine using a model that included spectra of a few compositions
intermediate to forsterite and fayalite, showing that olivine is
widespread on Mars, with the relatively older equatorial and
southern highlands regions typically containing abundances up to
20%, whereas the relatively recently resurfaced northern lowlands
are largely devoid of olivine. Koeppen and Hamilton (2008)
advanced global mapping of olivine further, using the linear least
squares model approach with a library containing six olivines (Fog,
Fogg, Foss, Fosg, Fois, and Fo;) and producing maps of the
distributions of each of these compositions (where each map
represents a range of approximately plus and minus 10 mol%
forsterite around the specified value; a similar range applies to the
forsterite compositions and ranges referred to throughout the
remainder of this paragraph). Their model-derived results were
supported by detailed examination of individual spectra (Fig. 17)
and the mapping of olivine spectral feature indices. Koeppen and
Hamilton (2008) found that the spatially and fractionally dominant
solid solution composition of olivine on Mars is around Fogg,
consistent with expectations based on Martian meteorite olivine
compositions, with the next most abundant compositions ranging
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Fig. 17. Emissivity spectra of olivine-bearing basaltic surfaces on Mars (solid lines) compared to pure olivine spectra (dashed lines) at similar spectral contrast. Martian
surface spectra have been corrected to remove atmospheric dust and the gap between ~800 and 500 cm ! represents a region where the surface is obscured by gaseous
CO, in the Martian atmosphere. Vertical lines are for visual reference and denote minima or peaks in one of the panels. After Koeppen and Hamilton (2008).

from Foss_3g, considerably more Fe-rich than observed in most
Martian meteorites. Although they are not globally common,
detailed examination of TES spectra confirmed the presence of
basaltic materials containing olivine with compositions as Mg-rich
as Fog; and provided equivocal evidence for compositions as Fe-rich
as Foig_q (Fig. 17). The most magnesian olivine-bearing materials are
restricted to ancient terrains adjacent to large impact basins and may
represent primitive mantle material, whereas intermediate and more
Fe-rich olivines occur in basaltic materials spanning Martian history.
Regional studies of TIR spectra support these global results, and can
more readily incorporate local geologic context into interpretations
of the origins of olivine-bearing basalts on Mars (e.g., Rogers et al.,
2005; Edwards et al., 2008; Tornabene et al., 2008).

In situ thermal infrared measurements by the Mars Explora-
tion Rovers Spirit and Opportunity support the orbital identifica-
tion of olivine on Mars and extend it to locations not readily
observed from orbit due to dust on the surface (Christensen et al.,
2004b, 2004a; Ruff et al., 2006). At the landing site of the rover
Spirit in Gusev crater, olivine of intermediate composition
(Foss_gp) is present at abundances up to 20-30% in picritic
basalt rocks that bear similarities to some Martian meteorites
(Christensen et al., 2004b; McSween et al., 2006; Ruff et al., 2006).
At Opportunity’s landing site in Meridiani Planum, olivine having a
composition near Fogg was identified in basaltic sands at typical
abundances of up to 15%; these soils, corrected to remove
secondary phases, have basaltic compositions similar to those
identified from orbit (Christensen et al., 2004a; Glotch and
Bandfield, 2006; Rogers and Aharonson, 2008). These olivine-
bearing sands may have been transported to their current location
from elsewhere, as there are no apparent parent outcrops in the
vicinity, but the presence and prevalence of olivine in the TIR
signatures of these rocks has been used to argue that there have
been long periods of relatively dry conditions, as olivine is
expected to be highly susceptible to chemical weathering in the
presence of water (e.g., Christensen et al., 2004a; Glotch and
Bandfield, 2006; Rogers and Aharonson, 2008).

4.4. Asteroids

Although thermal infrared measurements of asteroids and
comets have been made for upwards of 35 years, primarily with

the objectives of constraining diameters and albedos (e.g., Price,
2002), thermal emission spectroscopy has a relatively short
history of being used to study the compositions of asteroids and
comets. Many studies (e.g., Cohen et al., 1998; Heras et al., 2000;
Barucci et al., 2002; Dotto et al., 2002, 2004; Stansberry et al.,
2004; Lim et al., 2005; Emery et al., 2006; Gehrz et al., 2006; Lisse
et al.,, 2006; Barucci et al., 2008) have identified spectral features
proposed to be indicative of physical characteristics, such as
particle size and porosity, as well as composition, including the
presence of olivine. Heras et al. (2000) suggested that the
positions of features in the thermal IR spectrum of asteroid 4
Vesta are consistent with the positions of olivine features
observed in the mass absorption coefficients determined from
olivine transmission spectra acquired by Jdger et al. (1998).
However, the features in the spectrum of 4 Vesta are unusually
narrow for a silicate-dominated lithology, and recall the argu-
ments of Salisbury et al. (1995) with respect to lunar surface
spectra, where similarly narrow features were suggested to be
artifacts. Dotto et al. (2000) observed five Main Belt asteroids (1
Ceres, 2 Pallas, 3 Juno, 4 Vesta, and 52 Europa) with the Infrared
Space Observatory (ISO) and compared their infrared spectra to
the laboratory spectra of several minerals, including a forsteritic
olivine. These investigators found spectral similarities between
features in olivine and those in the spectra of 3 Juno, 4 Vesta, and
52 Europa. In the case of 3 Juno, the position of the Christiansen
feature at ~1160 cm~! (~8.6 um) is suggested to be due to a
mixture of pyroxenes and olivines, as is the spectral shape
between 1250 and 910 cm~' (8-11 um) in the spectrum of 52
Europa. The spectral peak at 1136 cm~! (8.8 pm) in 52 Europa’s
spectrum also is proposed to be consistent with olivine. Spectral
structure around 1100 cm~"' (9.1 um) in the spectrum of 4 Vesta
is interpreted as related to an olivine component.

Several studies have identified qualitative similarities between
asteroid thermal IR spectra and the laboratory spectra of certain
meteorites (carbonaceous chondrites, diogenites) that typically
contain Mg-Fe olivine and permit the inference that olivine may
be present, even if specific features are difficult to observe. Using
spectra acquired by ISO, Dotto et al. (2002) found broad spectral
shape similarities between 114 Kassandra and 308 Polyxo and the
meteorite Ornans (CO3) at a particle size fraction of <20 pm;
they also described broad similarities between the spectrum of
511 Davida and Murchison (CM) (see Fig. 16 for example spectra
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of Ornans and Murchison). Subsequent ISO observations of 308
Polyxo by Dotto et al. (2004) were also deemed to be consistent
with the spectrum of Ornans. Observations of 10 Hygiea by
Barucci et al. (2002) using ISO were best matched by spectra of
fine particulate fractions of Ornans and Warrenton (CO3). The
Rosetta spacecraft flew past asteroid 2867 Steins on 5 September
2008 and is scheduled to fly by 21 Lutetia in June 2010. Barucci
et al. (2008) acquired thermal IR spectra of both targets using the
Spitzer Space Telescope, and found spectral similarities between
Steins and enstatite achondrites and between 21 Lutetia and fine
particulate Ornans and Vigarano (CV), suggesting that 21 Lutetia
may be partially comprised of olivine. A study of the TIR spectra of
29 asteroids by Lim et al. (2005) found that the majority of
asteroids lacked spectral features (likely due to fine particulate
regoliths), and in some cases, they were not able to confirm the
results of prior investigators who observed spectral features
interpreted as indicative of composition (e.g., in 2 Pallas, 4 Vesta,
and 10 Hygiea). In their study, Lim et al. (2005) found that only 1
Ceres and 4 Vesta exhibited spectral contrast as large as 2-5%. In
the case of 4 Vesta, Lim and coworkers did not attempt a detailed
mineralogical analysis, citing low spectral contrast, but observed
that laboratory spectra of howardite, eucrite, and diogenite (HED)
meteorites exhibit some of the features observed in the spectrum
of the asteroid. Among the HED meteorites, diogenites contain
small amounts of olivine, but it is likely inappropriate to infer the
presence of olivine on 4 Vesta from these spectra.

Spitzer Space Telescope observations of three Trojan asteroids
(624 Hektor, 911 Agamemnon, and 1172 Aneas) were studied by
Emery et al. (2006), who observed strong features and attempted,
for the first time, to use a linear least squares model to determine
the asteroids’ compositions. The modeling effort was not
successful, but Emery and coworkers found that the Trojans’
infrared spectra bore greater similarity to the spectra of olivine-
bearing cometary comae (e.g., Wooden et al., 1999; Stansberry
et al, 2004; Lisse et al.,, 2006) than to laboratory spectra of
minerals and meteorites. Because spectra of cometary comae
represent emission from well separated particles, the spectra of
the Trojans may represent surfaces with underdense, fairy castle-
like structures (Hapke and van Horn, 1963) or silicates suspended
in a transparent matrix in the asteroids’ regoliths—materials for
which good laboratory spectral analogues do not exist (Emery
et al., 2006). Nonetheless, it may be possible to infer the presence
of olivine on the Trojans’ surfaces by comparison to the spectra of
comae suggested to exhibit olivine features.

5. Linear least squares mixture analysis for determination of
olivine abundance and solid solution composition

Most planetary materials are not composed of single phases,
raising the question of how to distinguish various phases in
mixtures and estimate their abundances. As described above in
Section 3, the spectra of mixtures can be mathematically modeled
relatively straightforwardly using a linear least squares approach
to identify the major component phases and retrieve their
abundances, typically to within about 5-10 vol% for laboratory
quality (2 cm~! sampling) data (Ramsey and Christensen, 1998;
Hamilton and Christensen, 2000; Wyatt et al., 2001; Rogers and
Aharonson, 2008). The phase percentages generally are reported
as volume percent by analogy with thin section analyses, where
an areal measurement is assumed to be representative of volume
abundances. The uncertainties associated with the derived modal
abundances vary with mineralogy, spectral resolution and range,
and signal-to-noise, and should be established for each set
of measurements that differs in these characteristics from
previously published work.

Here I show linear least squares modeling results for five
Martian meteorite emissivity spectra (EET A79001 lithology A,
Nakhla, Lafayette, ALH A77005, and Chassigny), with the objective
of demonstrating the fidelity with which the abundances of
Mg-Fe olivines can be determined and their solid solution
compositions constrained in mixture spectra. These meteo-
rites represent basalt (EET A79001A), clinopyroxenite (Nakhla,
Lafayette), basaltic lherzolite (ALH A77005), and dunite
(Chassigny) lithologies having a range of olivine abundances and
Mg-Fe solid solution compositions. This analysis improves upon
an earlier analysis of a set of Martian meteorite emissivity spectra
modeled by Hamilton et al. (1997) by updating the spectral
library and using a slightly different linear least squares fitting
algorithm. The original work by Hamilton and coworkers was the
first peer-reviewed publication to use the linear least squares
fitting method with natural lithologies, and the best practices for
applying this analytical technique were still being developed.
Relative to that study, which used only 12 library spectra to fit the
spectra of the meteorites, it is now common practice to use a
library containing several dozen spectra, including spectra
representing alteration phases and a wide range of compositions
within the most common primary solid solution series (e.g.,
plagioclase feldspars, clino- and orthopyroxenes, etc.) (e.g., Feely
and Christensen, 1999; Bandfield et al., 2000; Hamilton and
Christensen, 2000; Wyatt et al.,, 2001; Bandfield, 2002; Rogers
et al,, 2005; Dunn et al., 2007; Milam et al., 2007). Enhancements
to the fitting algorithm permit a substantially larger library to be
used and provide phase-specific assessments of the uncertainty
associated with the model results; the algorithm I use here is that
of Rogers and Aharonson (2008) and full details of the improve-
ments represented by this algorithm can be found in their paper.
In this analysis, the spectral library contains 75 spectra covering a
broad range of common compositions in the feldspar, pyroxene,
olivine, phyllosilicate, sulfate, zeolite, and oxide mineral groups,
as well as several glasses. A discussion of the infrared emissivity
spectra of these mineral groups is beyond the scope of this paper,
but the spectra and discussions of their variations with solid
solution composition can found in the literature (Piatek, 1997;
Ruff, 1998, 2004; Christensen et al., 2000c; Hamilton, 2000;
Michalski et al., 2003, 2006; Lane, 2007). The model was run over
the range 1300-350cm ™! two times, with the only difference
being the number of olivine spectra included in the spectral
library. In Model 1, I used the full spectral library, which contains
all available olivine emissivity spectra in the range Fogo_o
(Table 5). In Model 2, I have removed all intermediate olivines
so that only forsterite (Fogg) and fayalite (Fop) are included to
represent olivines. This model represents a case similar to two
previously published studies where no intermediate olivines were
available (Hamilton et al., 1997; Bandfield, 2002). The measured
and modeled meteorite spectra are shown in Fig. 18. Table 8 lists
the modal mineralogies of the meteorites by major mineral group
(Meyer, 2003 and references therein), the value or range of mol%
forsterite of olivine in each meteorite, and the model-derived
mineral abundances and olivine solid solution compositions. A
standard deviation (uncertainty) is given for each derived mineral
group abundance. If more than one olivine spectrum is used in the
best fit, the modeled mol% forsterite is derived by calculating the
weighted average of the mol% forsterite represented by the
spectra used in the best fit. This calculation allows for easy
comparison to measured values, but assumes that a lithology
contains only one olivine composition; for the Model 1 case,
detailed examination of the olivine spectra used in the best fit
may provide additional insight into the range of compositions
that may be present if, for example, olivine crystals are zoned (the
Model 2 case includes only forsterite and fayalite, and therefore
must be interpreted in terms of the average composition). Fig. 18a
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Fig. 18. Measured (solid lines) and modeled (dotted lines) spectra of olivine-bearing Martian meteorites. Modeled spectra in (a) were generated using a library that
included olivine spectra representing a range of compositions from Fog; to Foo, whereas modeled spectra in (b) were generated using a library with olivine spectra

representing only Fog; and Foy. Spectra are offset for clarity.

shows the measured and model-derived spectra for the first
model (Mod1 in Table 8) and Fig. 18b shows the measured and
model-derived spectra for the second model (Mod2 in Table 8).
Below I describe details of the Model 1 and 2 fits, derived modal
abundances, and derived olivine compositions for each meteorite
in order of increasing olivine content in the meteorites.

The Model 1 fit to the spectrum of EET A79001(A) correctly
determines that the lithology is pyroxene-dominated and con-
tains olivine. The derived abundances of pyroxene and olivine are
each slightly elevated by ~4-5 vol% relative to what has been
observed in the meteorite. The model spectrum exhibits a minor
misfit near 970 cm~! (Fig. 18a) and plagioclase feldspar is not
identified. Feldspar in EET A79001(A) has been shocked and
converted to maskelynite, but this should not strongly affect the
model results as the spectral library contains spectra of
maskelynite (Hamilton et al., 1997) and two laboratory-shocked
feldspars (Johnson, 2002). The more likely culprit for the minor
misfit to the spectrum and the resulting errors in derived
mineralogy is pigeonite, which comprises 40-63 vol% of the
meteorite, and for which there is only one spectrum in the
library, whereas the pigeonite in EET A79001(A) spans a broad
range of compositions (c.f., Meyer, 2003). Pigeonite has more
spectral structure than maskelynite, so the absence of an ideal-
fitting pigeonite probably is accommodated by the use of
additional pyroxene and olivine (minerals that have more spectral
structure than maskelynite). Nonetheless, the fit is sufficiently
good overall that we can compare the derived mol% forsterite
(Fog) in olivine to that which has been measured in the meteorite.
The measured compositions range from Foss_g;, and the modeled
composition is Fogg, well within the known values. Three olivine

spectra were used in the best fit: Fogg, Fogg, and Fos,, suggesting
that a range of olivine compositions is present in the meteorite.
The Model 2 derived spectrum also exhibits a misfit near
970 cm~! (Fig. 18b) but identifies plagioclase at an abundance
approaching that which has been observed in the meteorite.
The model overestimates slightly the pyroxene abundance, but
the derived olivine abundance is within the measured modes. The
derived olivine composition in this model is Fo;3, which is also
well within the range of known compositions.

Nakhla and Lafayette are both Nakhlites (clinopyroxenites)
and have very similar mineralogies. Minor misfits are apparent in
the modeled spectra of both meteorites around 945cm™!
(Fig. 18a), and probably arise from slight differences between
the spectral shapes of augites in the spectral library and in the
meteorites, as augite is the modally dominant phase in both
lithologies. The Model 1-derived mineral group abundances
identify these as pyroxene-dominated lithologies, with modeled
pyroxene abundances within the range of measured values.
Plagioclase is rare in Nakhla (4 vol%) and is not identified in the
fit. Plagioclase is not identified separately in Lafayette—but is
included at 5 vol% in the model. Olivine is the second most
abundant phase, and modeled abundances are within the range of
known values (Table 8). Olivines in Nakhla range from Fo,5 to Foss
and cluster around Foss in Lafayette. The modeled values are Foss
and Fo,y4, respectively, with Nakhla being modeled using only the
Foss library spectrum, and Lafayette being modeled by both Fosg
and Foqs. In Model 2, the derived modal mineralogies are
generally similar, with derived values near or within the range
of known abundances, but the modeled olivine compositions are
Fog in both cases, clearly underestimating the magnesium
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. content. Small misfits in the low wavenumber region of the
g § g 2.2 spectra (e.g., around the peak at 420 cm~! and the minimum
around 380 cm~! in Fig. 18b) are greater in the Model 2 spectra
% N —~owo than in the Model 1 spectra, and likely are attributable to the lack of
= « ©© an olivine library spectrum with the correct composition and band
28 | o " — positions. However, in broad terms, the olivine in these meteorites is
“a | = ess iron-rich, and of the two library spectra available, the spectrum
b~ representing the iron-rich olivine provides the best fit.
E s ool ALH A77005 is an olivine-rich lithology, with 44-60 vol%
2 P olivine ranging in composition from Fo;o to Fo;s. Model 1
g g LRV provides a very good spectral fit to the measured spectrum
) (Fig. 18a), matching band positions and amplitudes well, and the
'g g 3 [T derived modes for the plagioclase, pyroxene, and olivine mineral
groups are within the range of known modes. A slight excess of
% e e “other” phases is modeled relative to the measured 5 vol%; some
= VN ® of this can be accounted for within the uncertainty, and prior
= g = work has shown that small amounts of phases that may not be
HE | o =& present may be included to minimize the RMS error (e.g., Ramsey
w | 3 % and Christensen, 1998; Rogers and Aharonson, 2008). The
§ s = R923 g modeled olivine is slightly more iron-rich (Fogs) on average than
= " N mnon % the measured values (Fo,q_75); three olivines were used in the
z |8 1 :{ E’OT > best fit: Fog; (7 vol% of total olivine), Fogg (91 vol%), and Foqq
S - Y~ g (2 vol%). Instead of representing a broad range of olivine
58 |- ~ k= compositions in the meteorite, the distribution of compositions
4 [ ~Oo- s used in the best fit suggests that the olivine in the meteorite is
I} g" close to Fogg, but is more magnesium rich (represented by Fog;)
S © wwao | & and not well represented by a single library composition (where
. 5 the spectral library lacks compositions between Fogg and Fogg that
§ § would likely provide an even better fit to ALH A77005). None-
g Q &mex 2 theless, the derived Foy is within 4-9 of known compositions.
- E Relative to Model 1, Model 2 exhibits a significant degradation in
B o ewnmow | T the fit across the entire spectrum (Fig. 18b), and the modeled
= s o g mineralogy bears this out, with a significant overestimation of the
2 feldspar content and underestimation of the olivine content,
g — & although pyroxene is within the range of measured values. The
% 2 f BOCRE g uncertainties on these abundances are higher by up to a factor of
5|8 EEcaw 3 three relative to Model 1. The derived solid solution composition
. E of olivine is even lower than in Model 1 (Fosg), suggesting that
‘g; § - BY= = limiting the olivines represented in the library to only Fog; and
o : Fog is having a significant effect on the quality of the fit to this
B o owmo 5 g lithology rich in intermediate olivine.
= © T % Chassigny is a dunite comprised of > 90 vol% olivine with
s 8 o N o - <5vol% each pyroxene and feldspar. Model 1 produces an
“R|o —o- s & excellent fit to the measured spectrum, matching the band
5 i E positions and amplitudes well (Fig. 18a). The modeled abundance
§ © goow |y § of olivine (93 vol%) is within 1 vol% of the known value (92 vol%),
¢ | = < oo 2 g and the composition is estimated at Fogg, which is also within 1
§ % § ﬁ E 2 (4 2 mol% of the known value (Fogg). In Model 2, however, there is a
£ = = ~ N g § significant misfit between the measured and modeled spectra
E S8 lm o<~ ~§ % (Fig. 18b), with both band positions and amplitudes being poorly
2 AR | N == g v matched. The abundance of olivine in the meteorite is under-
S 8 - % estimated by almost 25 vol%, with the majority of the difference
g s N D@ g g going into a significant overestimate of the abundance of
4 . % s plagioclase. The composition of the olivine is only underestimated
E g :J>“, E by 8 mol%, however, suggesting that the strength and narrowness
E s o 5ZX2 = 2 of the olivine features that dominate the measured spectrum limit
;: z | - g 2 how far the modeled composition can stray from the actual
2| E 3 o omuwno “é E composition, instead resulting in the increase of a phase with
E § = > e N f weaker and broader features (feldspar).
| <|g N Xves g & In summary, all five meteorites contain olivine, and olivine is
BIE|E | 5z ~a|5 3 identified from all five meteorites’ spectra in both models
S © E 5 (10 total models/cases). In cases where a compositional suite of
E é g . § § olivine spectra is available to make the best fit (Model 1), modeled
w £ 2 % 5 E . § = olivine abundances are within the range of measured abundances
2 3 = E g 5 E g - in four out of five cases, and within 5% of the measured abundance
c= = (which is within the uncertainty) in the fifth case. In these cases,
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the mol% forsterite is modeled within the range of measured
values in three cases, and is within 10 Foy in the other two cases.
These results suggest that for olivine-bearing lithologies libraries
with spectra representing a range of olivine compositions
(Model 1) generally are capable of accurately identifying the
abundance of olivine to within 5 vol% and the Fo; within 10. I note
that this is a conservative estimate that does not take into account
misfits derived from minor inaccuracies in the modeling of other
phases, such as plagioclase and pigeonite, which also have some
effect on the derived abundances and compositions of olivi-
ne—improvements to the fits to other phases likely will improve
the results for olivine.

In models where only two olivine compositions (forsterite and
fayalite) are available in the spectral library (Model 2), under-
estimates of olivine abundance up to 24 vol% result for meteorites
with the greatest amount of measured olivine (ALH A77005 and
Chassigny). In model 2 cases, Fox is modeled within the range of
measured values in only one case (EET A79001); it is within or
near 10 mol% in two cases (ALH A77005 and Chassigny), and is
underestimated by up to 35 mol% in two cases (Nakhla and
Lafayette). In the cases of Nakhla and Lafayette, the model
nevertheless did use the fayalitic olivine to match iron-rich
olivines in the meteorites. Spectral libraries containing only near-
end member olivine solid solution compositions (Model 2) may
significantly underestimate the true abundance of olivine if
olivine is a major component of the lithology, and derived solid
solution compositions likely could only be conservatively inter-
preted as identifying olivine as iron- or magnesium rich.

As mentioned above, in the two meteorites having olivine as
the dominant phase, ALH A77005 and Chassigny, there is a
significant difference between the results derived from a
spectral library representing a broad range of olivine composi-
tions (Model 1) and one that has only (near-) end member
compositions (Model 2). If intermediate compositions in the
meteorites are not represented in the spectral library, the spectral
fits are obviously degraded and the derived abundances of olivine
are underestimated by up to 25%, although solid solution
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Fig. 19. Demonstration that a linear mixture of olivine spectra representing near-
end member compositions (Fogy and Foq¢) does not match the spectrum of an
intermediate composition. Spectra are offset for clarity.

compositions are within ~10% in the two cases examined here.
The features of olivine are so strong in these meteorites’ spectra
that the best fits for Model 2 are achieved by using greater
abundances of relatively spectrally bland phases (feldspars)
rather than by using appropriate abundances of olivine, but
which have band positions that are shifted farther away from the
features in the meteorite spectra or that do not resemble an
olivine spectrum when mixed linearly. This occurs because olivine
features shift in wavenumber as a function of cation substitution.
Therefore, a linear mixture of olivine spectra representing (near-)
end member compositions (e.g., Fogg and Fo;g) cannot reproduce
the spectrum of an intermediate composition olivine (e.g., Fos4)
because the spectral features of the mixture do not reproduce the
shifts in band position, resulting in additional minima in the
mixture spectrum, and the net result that the mixture spectrum
does not resemble that of intermediate olivine (Fig. 19). At low
abundances, this difference does not have as strong an effect on
the modeled spectrum of the whole rock, but it has a very strong
effect in cases where olivine abundance is high. In cases where
olivine abundance is not known a priori, all olivine-bearing
lithologies will be most reliably modeled by libraries that contain
spectra representing a range of olivine compositions.

6. Summary

In the study of planetary surfaces, the presence of olivine is an
indicator of a low-silica environment and high temperature
crystallization. Solid solution compositions, if they can be deter-
mined, are indicative of the chemistry of their parent magmas and
the evolution of those magmas through processes of melting, re-
equilibration, and differentiation. The literature describing the
transmittance spectra of Mg-Fe olivines shows that these data can
be used to determine the relative proportions of the Mg and Fe
cations with substantial accuracy using determinative curves based
on band position. In general, band positions move to lower
wavenumbers (longer wavelengths) across the forsterite-fayalite
compositional binary in a strongly linear manner. Specific feature
shifts in some transmittance data have been described by fits
containing a slight break in slope near Fo;o, which may be
accompanied by a small offset as well; both traits are attributed
to structural changes in olivine brought about by distortion of the
crystal lattice around Fe in the octahedral site. Unlike transmit-
tance spectra, laboratory reflectance and emissivity spectra are
directly comparable to TIR remote sensing data (measured as
emission). Because they are sensitive to both the real and
imaginary indices of refraction, reflectance and emissivity spectra
of olivines in the Mg-Fe series display band shapes and positional
shifts that are very similar to, but do not match exactly, the
variations observed in transmittance data. Nonetheless, olivine
composition can be determined from band positions in reflectance
and emissivity spectra, as well as from the relative strengths of
some bands, and the positions of the primary and secondary
Christiansen features. Although most features can be correlated
between transmittance and reflectance/emissivity spectra, the
latter measurements do exhibit an additional absorption in the
550-500cm~! region that is not observed in transmittance
spectra; this feature also follows a linear trend in position as a
function of composition. New linear least squares models of the
emissivity spectra of olivine-bearing Martian meteorites enable a
preliminary estimation of the accuracy with which olivine
abundance and solid solution composition can be derived from
the spectra of mixtures, and demonstrate that a range of olivine
compositions is needed to obtain the most accurate results.

Based on their diagnostic thermal infrared spectral features,
olivines have been identified in a wide array of thermal infrared
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spectra of planetary materials and have been interpreted as being
present on the surfaces of Mercury, the Moon, Mars, and a number
of asteroids. The precision with which the compositions on
planetary surfaces can be constrained from band position data
will be related to the spectral resolution and signal-to-noise of the
data, as well as the presence of other phases, which add linearly in
the measured spectrum, and these factors should be considered in
analyzing remote sensing data. The most compelling analyses of
remotely sensed surfaces proposed to contain olivine will either
demonstrate complete spectral shapes consistent with olivine or
will identify the majority of the major spectral features described
here, with the positions of these features being consistent with a
single composition or a continuous range of compositions along
the Mg-Fe binary.
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