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Abstract
The gray crystalline hematite at Meridiani Planum first discovered by the Mars Global Surveyor Thermal Emission Spectrometer (MGS-TES)
instrument occurs as spherules that have been interpreted as concretions. Analysis of the TES and mini-TES spectra shows that no 390 cm−1
feature is present in the characteristic martian hematite spectrum. Here, we incorporate the mid-IR optical constants of hematite into a simple
Fresnel reflectance model to understand the effect of emission angle and crystal morphology on the presence or absence of the 390 cm−1 feature
in an IR hematite spectrum. Based on the results we offer two models for the internal structure of the martian hematite spherules.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction
The discovery of gray crystalline hematite at Meridiani
Planum, Aram Chaos and Valles Marineris by the Mars Global
Surveyor (MGS) Thermal Emission Spectrometer (TES) instrument (Christensen et al., 2000, 2001a, 2001b) was a major factor in the selection of the Meridiani Planum landing site for the
Mars Exploration Rover (MER) Opportunity. Since the initial
discovery of the martian hematite deposits, many hypotheses
have been suggested for the hematite formation process. In general, the proposed hypotheses for martian hematite formation in
Meridiani Planum fall into five categories: (1) aqueous deposition (Christensen et al., 2000, 2001a, 2001b; Glotch et al., 2004;
Christensen and Ruff, 2004; Hynek, 2004), (2) oxidation of
magnetite in ignimbrites or volcanic ash deposits (Noreen et
al., 2000; Chapman and Tanaka, 2002; Hynek et al., 2002;
Arvidson et al., 2003), (3) groundwater or hydrothermal deposition of hematite (Hynek et al., 2002; Catling and Moore, 2003;
Chan et al., 2004; Ormö et al., 2004; McLennan et al., 2005),
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(4) fine-intimate hematite, possibly in the form of coatings
(Kirkland et al., 2004), and (5) impact melt spherules (Burt et
al., 2005; Chapman, 2005).
Much work has been done which shows that the infrared
spectrum of hematite can vary with particle size, orientation,
shape, and precursor mineralogy (Estep-Barnes, 1977; Rendon
and Serna, 1981; Barron et al., 1984; Pecharromán and Iglesias, 2000; Lane et al., 2002; Glotch et al., 2004). Lane et al.
(2002) showed that the thermal IR emissivity spectrum of the
martian hematite as measured by TES has no absorption band
at 390 cm−1 , as is seen in some terrestrial hematite spectra.
This was confirmed by Glotch et al. (2004, 2005) who made
use of factor analysis and target transformation techniques
(Malinowski, 1991; Bandfield et al., 2000, 2002) to analyze the
TES and mini-TES data sets (Fig. 1). Lane et al. (2002) interpreted the lack of a 390 cm−1 feature as evidence for (001) face
(c-face) dominated emission, which occurs if hematite crystals
are platy (Lane et al., 2002) or acicular (Glotch et al., 2004).
Because formation processes can determine the shape of the
hematite crystals, the presence or absence of the 390 cm−1 band
can lend some insight into the origin of the hematite.
In this work, we make use of dielectric dispersion theory
(Lorentz, 1880; Lorenz, 1881) to model the optical constants of
hematite from laboratory thermal emission spectra. The derived
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Fig. 1. The martian hematite spectrum derived from mini-TES and TES exhibits no 390 cm−1 feature. In contrast, a spectrum of a natural volcanic hematite from
Durango, Mexico has a feature at 390 cm−1 .

optical constants are then inserted into the Fresnel equations to
determine the necessary conditions for the presence or absence
of the 390 cm−1 absorption band in the infrared emission spectrum of hematite. Specifically, we examine the effects of crystal
morphology and emission angle from hematite crystal surfaces.
Previously, the optical constants of hematite from 30 to
1000 cm−1 had been determined using dispersion theory by
Onari et al. (1977) from reflectance measurements. It is unclear,
however, if a single crystal (the ideal case) was used to determine the reflectance spectra and optical constants. Here we use
measurements of emissivity of the ordinary and extraordinary
(O and E) rays of a single hematite crystal to determine the optical constants. We extend the range of the optical constants to
1500 cm−1 , although our measurements are terminated at 200
cm−1 . The optical constants, however, do cover the full range
measured by the TES and mini-TES (Christensen et al., 2001a,
2001b, 2003) instruments. The use of dispersion theory to calculate the optical constants of a mineral from its emissivity
spectrum has been demonstrated by Wenrich and Christensen
(1996) and Lane (1999).

dispersion theory relates these properties of the oscillators in a
mineral to the optical constants, n and k by the following equations:

2. Dispersion theory and Fresnel modeling

RT =

Dispersion theory is a mathematical formulation that represents the vibration of a crystal lattice as the sum of the vibrations of two or more harmonic oscillators. The vibration of each
oscillator creates a moving dipole moment, which in turn produces the radiation that is measured in an infrared spectrum.
Each oscillator is defined by three parameters: ν, 4πρ, and γ ,
which represent the center frequency of the oscillation, the band
strength, and damping coefficient, respectively. An additional
term, ε0 , is the high frequency dielectric constant, which is a
bulk mineral property rather than an oscillator-dependent property. Dispersion equations vary slightly in the literature, but we
adopt the formulation of Spitzer and Kleinman (1961), which
is widely used. As described by Spitzer and Kleinman (1961),
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where n is the real index of refraction, k is the imaginary index of refraction, and j represents the j th oscillator. Light that
interacts with crystals is polarized into ordinary (O) and extraordinary (E) rays. In hexagonal, uniaxial minerals such as
hematite, the E ray propagates perpendicular to the c axis, and
the O ray propagates both parallel and perpendicular to the c
axis. The derived values for the optical constants for the O and
E rays may be inserted into the simplified Fresnel equation to
calculate reflectivity as a function of wavelength for specular
surfaces.
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and θ is the angle of incident radiation measured from the surface normal. R⊥ and R are amplitudes and must be squared to
get the fractional intensities, which are the measured parameters (Born and Wolf, 1980).
When θ = 0, the Fresnel equation simplifies to
R=

(n − 1)2 + k 2
.
(n + 1)2 + k 2

(8)

Reflectivity is then converted to emissivity according to Kirchoff’s Law:
ε = 1 − R − T.

(9)

For a thick sample, T , the transmittance is equal to zero, so
emissivity is simply 1 − R.
Dispersion analysis is performed by iteratively adjusting the
oscillator parameters until the best possible fit (minimum root
mean square error) is achieved between the modeled spectrum
and the spectrum measured in the laboratory. A successful dispersion analysis meets the following requirements: (1) the measured and modeled spectra agree within reasonable estimates of
the experimental error, (2) the number of oscillators used in the
analysis is the minimum that the data require, and (3) the dispersion parameters are uniquely determined by fitting the modeled
spectrum to the measured (Spitzer and Kleinman, 1961).
3. Methods
3.1. Instrumentation
Thermal infrared (200–2000 cm−1 ) emission spectra were
collected at 2 cm−1 sampling (4 cm−1 spectral resolution) on
Arizona State University’s Nicolet Nexus 670 E.S.P. FourierTransform Infrared (FTIR) spectrometer modified to collect
polarized emission spectra. Each sample spectrum is an average of 500 scans collected while the sample was maintained
at 80 ◦ C. Details of the collection procedure, laboratory setup
and calibration process can be found in Christensen and Harrison (1993) and Ruff et al. (1997). The polarizer used in this
study is a KRS-5 gold wire grid polarizer manufactured by Pike
Technologies with a spectral range of 20,000 to 250 cm−1 . Polarization angle accuracy is ±2.5◦ .
3.2. Sample
The hematite sample used in this study is a platy hematite
crystal from Brumado, Bahia, Brazil with a diameter of 2.4 cm
and a thickness of 3 mm. The small thickness of the crystal posed a problem in measuring the emissivity of the (100)
face, so the crystal was cut into three pieces perpendicular to
the (001) face (c-face) and perpendicular the [100] axis. The
three pieces were then bound together with epoxy so that the
result was a crystallographic (100) face with an effective diameter of 0.9 cm. The final 0.9-cm sample was polished to optical smoothness, ensuring specular reflection at infrared wavelengths.

4. Results and discussion
4.1. The emissivity spectra of hematite
Neither the O ray nor the E ray of hematite measured in
this study exhibits a feature at 390 cm−1 (Fig. 2). Rather, we
find that it is certain combinations of these rays that lead to
the presence of the 390 cm−1 feature in some hematite spectra.
The hematite ordinary ray spectrum has three broad absorption
bands centered at 319, 456, and 560 cm−1 in the spectral range
200–2000 cm−1 . The extraordinary ray has two bands centered
at 314 and 558 cm−1 . Onari et al. (1977) report a fourth band
belonging to the ordinary ray at 227 cm−1 . The CsI beamsplitter in the spectrometer used to acquire spectra for this study has
a sharp dropoff in throughput in this region, preventing reliable
detection of the 227 cm−1 band. The O and E ray spectra are
shown in Fig. 2. The O ray spectrum was acquired directly by
measuring the (001) face of a hematite crystal and the E ray
spectrum was acquired by measuring the (100) face through a
polarizing filter which removed O ray energy from the spectrum.
4.2. Dispersion analysis and derivation of optical constants
Hematite has the same hexagonal crystal structure as corundum. Factor group analysis of the normal modes of the corundum crystal structure (Bhagavantam and Venkatarayuku, 1939)
yields the matrix irreducible representations:
Γ = 2A1g + 2A1u + 3A2g + 3A2u + 5Eg + 5Eu ,

(10)

where Γ is just the sum of irreducible representations, A stands
for 1-dimensional irreducible representations, and E stands for
2-dimensional irreducible representations. The subscripts u and
g are details of the symmetry operations related to the point
groups described by the irreducible representations.
Of these modes, the two one-dimensional A2u and four twodimensional Eu modes are infrared active, whereas the other
modes are Raman active. A symmetry analysis (Cowley, 1969)
showed that the Eu modes correspond to the O ray and the A2u
modes correspond to the E ray. Because hematite shares the
crystal structure of corundum, the same is true for the hematite
crystal structure, as shown by Rendon and Serna (1981). The
symmetry analysis limits the number of oscillators that can be
used in modeling the O and E rays of hematite. Modeling more
than four oscillators for the O ray or more than two oscillators
for the E ray would be physically meaningless, so the number
of oscillators used in a dispersion analysis is constrained by the
symmetry.
The emissivity spectra of the O and E rays of hematite acquired for this study were modeled using a dispersion analysis.
Dispersion parameters for each oscillator were adjusted until
the lowest root mean square (RMS) emissivity error between
the measured and modeled spectra was achieved. Comparison of the measured and modeled spectra (Fig. 3) shows good
agreement, with RMS emissivity errors of 0.049 and 0.062%
for the O and E rays, respectively.
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Fig. 2. Measured spectra of a single hematite crystal. (a) Hematite ordinary ray. (b) Hematite extraordinary ray.

The dispersion oscillator parameters used to produce the
modeled spectra in Fig. 3 are listed in Table 1, and the values of n and k derived from the oscillator parameters, compared to the values of Onari et al. (1977) are shown in Figs. 4
and 5. The optical constants presented here can be found at
http://www.gps.caltech.edu/~tglotch/optical_constants.htm or
by contacting the primary author. In Table 1, the values derived by Onari et al. (1977) for each parameter are listed next
to the values derived in this study. In the case of the damping
term (γ ), the second value listed is converted from the original reported by Onari et al. (1977), and the third value is their
original reported value. As noted earlier, the dispersion equations vary slightly in the literature, and Onari et al. (1977) use
a slightly different formulation than that used by Spitzer and
Kleinman (1961), Wenrich and Christensen (1996), and Lane
(1999). This alternate formulation affects only the values of the
damping term (γ ). To directly compare the work presented here
to that of Onari et al. (1977), their γ values were converted ac-

cording to the following relationship:
γ = γj /νj ,

(11)

where γ is the value reported in this study, γj is the damping term value from Onari et al. (1977) for the j th oscillator,
and νj is the center position of the j th oscillator in wavenumbers.
The values of the dispersion parameters differ because the
spectra acquired by Onari et al. (1977) and those for this study
are not identical. The measured spectra determine the modeled
dispersion parameters and optical constants, so this result is not
surprising. Inspection of the modeled spectra from this study
and Onari et al. (1977) (Fig. 6) shows some small differences
between the spectra.
In modeling the O-ray emissivity spectrum of hematite, the
low signal at long wavelengths made it difficult to model the
absorption due to the longest wavelength oscillator (Table 1)
at 216 cm−1 . The modeled center frequency for this oscillator
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Fig. 3. Measured hematite spectra compared with spectra modeled using dispersion theory. (a) Measured and modeled ordinary ray. Spectral RMS is 0.049.
(b) Measured and modeled extraordinary ray. Spectral RMS is 0.062.

differs substantially from that obtained by Onari et al. (1977).
Nevertheless, use of the exact dispersion parameters of Onari et
al. (1977) for this oscillator results in a poorer model fit over
the entire wavelength range of the hematite spectrum. The values of ε0 derived here for both the O and the E rays are also
different from those of Onari et al. (1977). The main cause of
this is the higher overall emissivity of our spectra from ∼700 to
1500 cm−1 (Fig. 6).

Table 1
Oscillator parameters for the ordinary and extraordinary rays of hematite

4.3. Spectral variation in hematite due to emission angle and
crystal morphology

ν (cm−1 )

4πρ

216 (227)a
292 (286)
433 (437)
517 (524)

1.10 (1.1)
9.00 (12.0)
2.70 (2.9)
0.68 (1.1)

Ordinary ray
0.025 (0.018; 4)
0.028 (0.028; 8)
0.050 (0.046; 20)
0.050 (0.048; 25)

5.5 (7.0)

301 (299)
525 (526)

Extraordinary ray
6.50 (11.5)
0.035 (0.050; 15)
1.54 (2.2)
0.057 (0.057; 30)

4.5 (6.7)

γ

E0

a The values in parentheses are those reported by Onari et al. (1977). For the

From the dimensions of the hematite crystal used in this
study, it is possible to approximate the relative contributions
of emissivity from the [001] axis (O ray) and all axes perpendicular to it (O ray + E ray). Approximating a hematite crystal
as a disk with a radius of 24 mm and a height of 3 mm, the
area of the (001) face is 1810 mm2 , and the combined area of
the side (edge) of the disk is 452 mm2 . The side of the disk
(all faces perpendicular to (001)) makes up 25% of the total

values of γ in parentheses, the first number represents the Onari et al. value
converted to the system described here. The second value is that originally reported by Onari et al.

area and is therefore responsible for 25% of the observed emissivity. This simple model assumes that the (001) faces and all
faces perpendicular to them are always contributing the same
amount of emissivity to the spectrum. The following discus-
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Fig. 4. Modeled wavelength-dependent real index of refraction (n) from this study and Onari et al. (1977). (a) Ordinary ray. (b) Extraordinary ray.

sion assumes specular hematite crystal surfaces with varying
amounts of [001] and [100] emissivity, as would be the hypothetical case for a spherule of hematite composed of randomly
oriented platy hematite particles of varying thicknesses (Fig. 7).
The total amount of [001] and [100] emissivity observed from
the surface would be controlled by the thickness of the platy
hematite crystals, as thicker crystals would increase the amount
of non-[001] emissivity. The goal of this simple model is not
to accurately reproduce the spectral shape of each band in the
hematite emissivity spectrum, but rather to determine the conditions necessary for the presence or the absence of the 390 cm−1
feature. Bell et al. (2004) reported the presence of specular
glints originating from the spherules in Pancam images. This
indicates that the spherules are smooth at visible wavelengths.
Therefore, the spherules must also be smooth at infrared wavelengths, and more complicated reflectance or emission models (e.g., Vincent and Hunt, 1968; Hunt and Vincent, 1968;
Conel, 1969; Hapke, 1981, 1984, 1986, 1993; Moersch and

Christensen, 1994) are not needed to accurately predict the
presence or absence of this band.
To model the spectrum of a specular hematite spherule comprised of randomly oriented micro-crystals, we make use of a
variation of Eq. (1), which assumes equal contributions from
the O and E rays as well as equal emission angles for each ray.
This is not the case for a platy or lathy hematite crystal which is
dominated by [001] emission of the O ray. Emission along the
[001] axis of hematite is composed entirely of the O ray, while
emission along the [100] axis and all axes perpendicular to the
[001] axis is composed of equal parts O ray and E ray. Additionally, the model of a platy hematite crystal calls for a large
percentage of the emissivity along the [001] axis, and a simple average, as in the case of Eq. (1) is not in order. Finally, the
[001] and [100] axes are perpendicular to each other, so when
calculating the total emissivity, if the emission angle from the
[001] axis is θ , then the emission angle from the [100] and all
faces perpendicular to [001] will be 90 − θ .
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Fig. 5. Modeled wavelength-dependent imaginary index of refraction (k) from this study and Onari et al. (1977). (a) Ordinary ray. (b) Extraordinary ray.

For the case of a hematite surface that has 75% of the emission coming from the (001) face (Fig. 8), the equation for total
specular reflectance will be
2
2
+ 0.25R(100)
,
RT = 0.75R(001)

(12)

2
2 , as in Eq. (3), and
where R(001)
= R⊥


R⊥ + R|| 2
2
=
R(100)
(13)
2
and θ in Eqs. (2) and (3) is replaced by 90 − θ . Reflectance is
converted to emissivity via Eq. (9).
At emission angles from 0◦ to 45◦ , the spectra in Fig. 8 are
similar to each other, with an overall increase in emissivity as
the emission angle increases. A kink in each spectrum is present
at ∼400 cm−1 , which becomes more pronounced as the emission angle increases. This kink appears to be a precursor for the
full 390 cm−1 feature which appears under different conditions.
At an emission angle of 60◦ , the kink at 400 cm−1 is most pronounced, but is still not a fully developed 390 cm−1 feature.

Additionally, the 560 cm−1 band shifts to shorter wavelengths.
At an emission angle of 75◦ , all spectral features are shifted to
shorter wavelengths, and there is a small kink at 400 cm−1 , but
unlike the spectra at lower emission angles, the kink is present
on the low wavenumber side of the local emissivity maximum.
The hematite sample measured for this study is thick compared to most naturally occurring platy hematite crystals. For
a modeled hematite surface composed of plates with an even
higher proportion of [001] axis emission (thinner crystal), a 390
cm−1 feature does not appear at any emission angle (Fig. 9a).
This result is supported by spectra acquired of natural schistose
hematite samples (composed of thin plates), which showed no
390 cm−1 feature at angles as high as 45◦ (Lane et al., 2002).
For the 90% [001] emission (Fig. 9a), there is no 390 cm−1 feature, although a slight 400 cm−1 kink is observable at the 45◦
and 60◦ emission angles. For modeled hematite surfaces composed of crystals of greater thickness, a smaller proportion of
the total emissivity is from the [001] axis. Models of hematite
crystals with 60% [001] emissivity show that both the decreas-
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Fig. 6. Modeled hematite emissivity spectra from this study and Onari et al. (1977). (a) Ordinary ray. (b) Extraordinary ray.

ing proportion of [001] axis emission and increasing emission
angle cause the presence of the 390 cm−1 feature (Fig. 9b).
With the 90% [001] axis contribution, a fully developed 390
cm−1 feature is never apparent. Conversely, in the case of 60%
[001] emission, a small 390 cm−1 feature is present at a 15◦
emission angle, and the 390 cm−1 feature is fully developed at
a 30◦ emission angle.
5. Application to Mars
The theoretical spectra presented above show that when thermal emission spectra are collected of hematite surfaces dominated by [001] axis emission, there should not be a fully developed 390 cm−1 feature, even at angles as high as 75◦ relative to the (001) face (Figs. 8 and 9a). This is due to the fact
that a combination of O- and E-ray emission is needed to see
the 390 cm−1 feature in the infrared emissivity spectrum, and
emissivity along the [001] axis is composed entirely of O-ray
emissivity.

Fig. 7. Schematic of a specular hematite surface composed of randomly oriented hematite plates. The total [001] and [100] emission from the surface
depends on the thickness of the hematite plates.

These results have some implications for observations of
the hematite-rich spherules seen at Meridiani Planum. Because
TES and mini-TES observations of the martian hematite show
no 390 cm−1 feature in the hematite spectra (Lane et al., 2002;
Glotch et al., 2004, 2005), the spectra of the spherules must be
dominated by [001] axis emission. Two models for how this
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Fig. 8. Modeled emissivity spectra of a specular hematite surface with 75% of the total emission due to the hematite (001) face. Although no fully developed 390
cm−1 feature is present, a prominent kink near 400 cm−1 is seen at higher emission angles.

Fig. 9. Modeled emissivity spectra of specular hematite surfaces. (a) 90% of total emission due to the hematite (001) face. No 390 cm−1 feature is seen, although a
400 cm−1 kink is seen at 45◦ and 60◦ emission angles. (b) 60% of the total emission due to the hematite (001) face. A fully developed 390 cm−1 feature is present
at 45◦ and 60◦ emission angles, and kinks are present at 15◦ and 30◦ emission angles.
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6. Conclusions

Fig. 10. Two models for the internal structure of the martian hematite-rich
spherules. Model A depicts the spherule composed of randomly oriented individual euhedral platy hematite crystals. Model B depicts the spherule composed
of concentrically grown anhedral hematite crystals with a lattice preferred orientation that causes the spherule to be dominated by [001] axis emission at any
orientation.

might occur are illustrated in Fig. 10. Model A is a hematite
spherule that is composed of randomly oriented platy hematite
crystals, as discussed above. Because the infrared spectrum of
platy hematite does not have a 390 cm−1 feature, even at high
emission angles, the spectrum of randomly oriented hematite
plates arranged in a spherical mass would also lack a 390 cm−1
feature.
Model B is a hematite spherule with no euhedral platy
hematite crystals. If the hematite spherules are concretions, then
their formation does not require the formation of individual
euhedral crystals. Instead, the crystals may grow and form an
anhedral mass with a radiating lattice-preferred orientation. If
the concretions grew concentrically with [001] oriented radially, then their infrared spectra would be composed of [001]
dominated emission in all directions. Although there are no
individual crystal plates to measure, the spherule surfaces are
specular, so the general Fresnel equation still applies. These two
models are not the only possible models for the internal structure of the hematite spherules, but any proposed model must
take into account the [001] dominated emission as viewed by
the TES and mini-TES instruments.
The dominant [001] emission of the martian spherules
does make certain hematite formation mechanisms less likely.
Glotch et al. (2004) have shown that infrared spectra of
hematite samples derived at high temperatures in the laboratory (500–700 ◦ C) are poor matches to the martian hematite
spectrum in terms of band shape, position, and the presence
of the 390 cm−1 band. A major reason for the mismatch is
the lack of [001] dominated emission in these samples. So,
hematite formation processes that occur at high temperatures,
or preferentially create hematite crystals with roughly equal
amounts of [001] and other rays are less likely to be responsible for the martian hematite spherules. These processes include the formation of impact-melt spherules (Chapman, 2005;
Burt et al., 2005) at high temperature, or the high-temperature
oxidation of volcanic lapilli (Knauth et al., 2005).

Platy hematite crystals with a large percentage (90%) of
[001] axis emission display no 390 cm−1 feature, even at high
emission angles relative to the (001) face. For increasingly thick
plates, a prominent kink at 400 cm−1 , and then a fully developed 390 cm−1 feature forms. When the percentage of emission
from the faces perpendicular to (001) starts to approach that of
(001) face emission, the 390 cm−1 feature is easily formed even
at a relatively low emission angle of 30◦ .
Images from the MER Opportunity have shown that the martian hematite, at least at Meridiani Planum, occurs as ∼3–5-mm
spherules that have been interpreted as concretions (Squyers et
al., 2004; Herkenhoff et al., 2004; Chan et al., 2004). Observations of the hematite spectrum from orbit and the surface (Lane
et al., 2002; Glotch et al., 2004) have shown that no 390 cm−1
feature is present in the thermal infrared spectrum. This observation can be explained if the spherules are (1) composed of
randomly oriented thin plates or laths that are ∼90% or more
(001) face by area, or (2) composed of crystals that have grown
concentrically with a radial [001] lattice preferred orientation.
Given the [001] dominated emission of the spherules, it
is likely that they formed at low temperature, thus ruling out
such formation mechanisms as impact melt spherules, volcanic
lapilli, or other mechanisms that do not create hematite dominated by [001] emission.
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