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a b s t r a c t
Several studies have detected the presence of nanophase ferric oxide, such as nanophase hematite,
across the martian surface through spacecraft and rover data. In this study, we used the radiative
transfer method to detect and quantify the abundance of these nanophase particles. Because the
visible/near-infrared spectral characteristics of hematite > 10 nm in size are different from nanophase
hematite < 10 nm, there are not any adequate optical constants of nanophase hematite to study visible to
near-infrared rover/spacecraft data of the martian surface. Consequently, we found that radiative transfer
models based upon the optical constants of crystalline hematite are unable to reproduce laboratory spectra of nanophase hematite. In order to match the model spectra to the laboratory spectra, we developed
a new set of optical constants of nanophase hematite in the visible and near-infrared and found that radiative transfer models based upon these optical constants consistently model the laboratory spectra. We
applied our model to the passive bidirectional reﬂectance spectra data from the Chemistry and Camera
(ChemCam) instrument onboard the Mars Science Laboratory rover, Curiosity. After modeling six spectra
representing different major units identiﬁed during the ﬁrst year of rover operations, we found that the
nanophase hematite abundance was no more than 4 wt%.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
1.1. The spectra of nanophase hematite
The red color of Mars has long been known to be due to the
presence of ferric oxide, but with few exceptions the reﬂectance
spectrum of Mars is inconsistent with the presence of crystalline
ferric oxides. Ferric iron-bearing minerals typically exhibit a spectral shoulder near 700 nm and an absorption feature near 860 nm.
However, in most spectra of Mars, this 860 nm absorption feature is absent (Singer et al., 1979; Bell et al., 2004). Analyses of
in-situ data showed that nanophase ferric oxide particles, such as
nanophase hematite, are ubiquitous on Mars. Various data sets (i.e.,
Mössbauer Spectrometer, Panoramic Camera, Alpha Proton X-ray
Spectrometer) from the Spirit and Opportunity Mars Exploration
Rovers showed evidence of nanophase ferric oxide at Meridiani
Planum and Gusev Crater (Bell et al., 2004; Yen et al., 2005; Morris
et al. 2006).
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Morris et al. (1989) showed that nanophase particles of
hematite are the likely coloring agent of Mars. They prepared
samples with nanophase hematite with grain sizes < 10 nm suspended in silica and alumina matrices and found that the spectra do not exhibit the 860 nm absorption feature, unlike the spectra of bulk hematite. Based upon analysis of Mössbauer spectra,
Morris et al. (1989) found that when nanophase hematite particles are > 10 nm, their visible to near-infrared spectra showed very
distinct crystalline hematite bands reminiscent of spectra of pure
bulk hematite powders. Morris et al. (1989) hypothesized that the
absence of the 860 nm absorption in samples containing < 10 nm
sized hematite particles was due to the compromised crystalline
structure of hematite at these small sizes. In all hematite particles, the surface and near surface of a particle do not have a wellformed hematite crystalline structure resulting in a poorly deﬁned
ligand ﬁeld, preventing the development of the 860 nm absorption feature. On the other hand, the core of a particle has a welldeﬁned crystalline structure leading to a strong ligand ﬁeld that
produces the 860 nm absorption feature. In large hematite particles ( > 10 nm), the ratio of core volume, which contains welldeﬁned crystalline structure, to surface volume, which contains
poorly deﬁned crystalline structure, is high, resulting in spectra of
these particles exhibiting the 860 nm absorption feature. Because
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small hematite particles with sizes < 10 nm have low core to surface volume, the 860 nm absorption feature is largely absent in
the spectra of these particles.
An alternative hypothesis for the spectral differences between
samples containing large and small nanophase particles (e.g., presence of the 860 nm feature) is the unusual scattering properties at the ﬁnest scale (e.g., Steyer, 1974; Marra et al., 2011).
Hapke (2001) presented a formulation to model the optical effect
of nanophase particles in a transparent matrix, while Lucey and
Noble (2008) showed that the Hapke (2001) model successfully
reproduced spectra of experimentally produced nanophase native
iron (Fe0 ) within a silica host. However, the optical properties of
native iron vary smoothly with wavelength, while hematite varies
strongly, so the effects demonstrated numerically (Hapke, 2001)
and experimentally (Noble et al., 2007) are not directly informative of the scattering inﬂuence on spectra of materials containing
nanophase hematite. Nevertheless, the effect of size of nanophase
particles on spectra of transparent hosts infused with this coloring
agent is strong, so the optical effect of the nanophase size merits
investigation.
In this paper we used the Hapke (2001) model and investigated its ability to reproduce the spectra of Morris et al.
(1989) nanophase hematite particles, including modiﬁcations necessary to improve performance. We then applied our radiative
transfer model to representative passive reﬂectance spectra obtained by the Chemistry and Camera (ChemCam) instrument during the ﬁrst year of Curiosity Rover operations to estimate the
nanophase hematite abundance near the landing site within Gale
crater.

1.2. Radiative transfer model of nanophase particle spectra
Hapke (2001) developed a radiative transfer model to account
for the strong optical effects associated with space weathering on
airless objects within the inner solar system. Hapke (2001) attributed at least some of these effects to be due to tens of
nanometer-sized native iron particles detected in lunar soils by ferromagnetic resonance techniques (Morris, 1976; 1978). Such particles were directly imaged by Keller and McKay (1997) and found to
reside in rims on grains within lunar soils. Hapke (2001) presented
a simple spectral model that to ﬁrst order displayed the darkening
and reddening of the visible to near-infrared reﬂectance associated
with space weathering.
Lucey and Noble (2008) applied the Hapke (2001) model to
visible and near-infrared spectra of a series of samples prepared
by Noble et al. (2007) of porous silica matrices infused with
nanophase native iron particles. The iron-bearing silica gels were
ground and sieved to ﬁxed size ranges followed by spectral measurements of each sample. The sample preparation methodology
that they employed was that of Morris et al. (1989) with an additional step to reduce the ferric iron to native iron. These simple
samples exhibited similar spectral properties found in nanophase
native iron-bearing lunar soils, in which with increasing nanophase
native iron abundance the samples displayed increasingly darkened
and reddened reﬂectance spectra. Lucey and Noble (2008) found
that for the sample series containing the smallest of the native iron
particles ( < 50 nm), Hapke’s (2001) model was successful both at
producing spectra that mimicked the empirical data and predicting
the nanophase native iron abundance.
We will be applying the Hapke (2001) technique to hematite to
determine if it can reproduce ﬁne-grained hematite spectra. To do
this, we need to ﬁnd a suitable set of hematite optical constants.
There are several hematite optical constants throughout the literature (e.g., Popova et al., 1973; Onari et al., 1977; Querry, 1985),
but differ in spectral range and resolution. In addition several

Table 1
Sample names with their associated ferric oxide abundance.
Sample

Fe2 O3 [wt%]

S6BLANK
S6FN14
S6FN3
S6FN18
S5FN29
S6FN1
S6FN4
S6FN10
S6FN10
S6FN11
S6FN24
S6FN28
S6FN27

0.0
0.2
0.3
0.5
0.7
1.3
3.4
5.2
5.2
6.0
8.3
11.0
16.7

optical constants derivations are based on bulk hematite (Steyer,
1974; Onari et al., 1977; Bedidi and Cerville, 1993; Glotch et al.,
20 06; Marra et al., 20 05; 2011) or ﬁne-grained hematite (Kerker
et al., 1979; Gillespie and Lindberg, 1992), which include spectral coverage of the visible to mid infrared wavelengths. Similar to
the ﬁndings by Morris et al. (1989), several previous optical constants studies were unable to use bulk hematite optical constants
to match the spectra of ﬁne-grained hematite (Steyer, 1974; Marra
et al., 2011). In this work, we will use the Querry (1985) optical
constants because it covers the same spectral range as the laboratory spectra in Morris et al. (1989) with high spectral resolution. Therefore, this work would provide a new set of nanophase
hematite optical constants in the visible and into the near infrared, which contains important absorptions in these wavelengths
to study Martian mineralogy, and would be able to properly match
ﬁne-grained hematite spectra.
We use the Hapke (2001) approach in this work because it
provided a validated model to the study of absorbing nanophase
particles in a transparent silicate matrix; the Hapke (2001) model
is well suited to quantitatively reproduce the spectral effects of
nanophase hematite ( < 10 nm in grain size) in silica gel as prepared and observed by Morris et al. (1989). Nanophase hematite
is an interesting case from a modeling standpoint because the absorption of native iron is high throughout the visible and near infrared, but the spectra of hematite shows strong absorptions at
short wavelengths (i.e., imaginary index of refraction values of ∼1
near 400 nm), relatively low absorptions at near-infrared wavelengths, and a strong decrease in absorption between 400 and
600 nm.
2. Methods
For this work, we used reﬂectance spectra of the Morris et al.
(1989) “Type D” samples that were shown by analysis of
Mössbauer spectra to contain only hematite particles with
sizes < 10.2 nm (Fig. 1a). The weight fraction of hematite particles
within the samples ranged between 0 and 17 wt% (Table 1). The
silica gel host particles ranged in size from 35–74 μm in size. With
the exception of an iron-free sample (i.e., S6BLANK), the spectra of
the samples feature properties reminiscent of those of Mars, such
as the strong drop off in reﬂectance toward the blue portion of the
spectrum and the absence of crystalline hematite features that are
only occasionally observed in martian spectra (e.g., McCord et al.,
1977).
We modeled the Morris et al. (1989) sample spectra using the
Hapke (2001) radiative transfer model that includes the Maxwell–
Garnett method to model visible to near-infrared spectra of powdered material that are coated with particles smaller than the
wavelength of light (e.g., nanophase particles). Therefore, this radiative transfer model is applicable to the Morris et al. (1989)
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Fig. 1. a) Laboratory spectra of silica gel infused with varying quantities of nanophase hematite (black lines) from Morris et al. (1989) with increasing nanophase hematite
from top to bottom (Table 1). The spectra are offset for clarity. b) Red symbols are spectra computed using the Hapke (2001) model and hematite optical constants of
Querry (1985). Strong deviations are observed between model and measurements beyond 600 nm where hematite is relatively transparent, and at low ferric oxide abundances. c) Similar to the computation in (b), but this model optimizes the host grain sizes based upon the grain sizes in Fig. 3. d) Similar to the computation in (b), but this
model includes modiﬁcations to the hematite optical constants to match the Morris et al. (1989) laboratory spectra. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

samples. The radiative transfer technique requires relatively few
inputs: the real and imaginary indices of refraction (n and k) of
the host and nanophase particles, the grain size of the host particle, and the abundance of nanophase particles. The speciﬁc values are as follows: (1) The host particles (the silica gels) are assigned a grain size of 60 μm, which is about the mean sieve size
fraction of the Morris et al. (1989) silica gels used in this study.
(2) The real index of refraction for the host particles is set at
1.5 for all wavelengths, which is the visible real index of refraction of silica gel (Morris et al., 1989). (3) The imaginary index
of refraction of the host particles is computed using Hapke theory (i.e., Hapke, 1993) from the reﬂectance of the iron-free silica
gel sample (i.e., S6BLANK from Table 1). First we converted the
S6BLANK reﬂectance spectrum to a single scattering albedo spectrum by inverting Equation 10.17 of Hapke (1993) and assuming
an incidence angle of 0°. The single scattering albedo was converted to the imaginary index of refraction using the Hapke-based
method of Lucey (1998). (4) We used Querry’s (1985) optical constants of hematite for the real and imaginary index of refraction
of the nanophase particles. (5) Ferric oxide abundances are from
Morris et al. (1989), which are listed in Table 1. With the necessary
variables deﬁned, we tested the radiative transfer model against
Morris’s et al. (1989) laboratory spectra (Fig. 1a).
3. Results and model improvements
Fig. 1b shows our radiative transfer model spectra plotted with
the laboratory spectra of Morris et al. (1989). While the general

model spectral shapes are grossly similar to the laboratory spectral
shapes, the reﬂectance values and detailed spectral shapes are different. Fig. 2a plots the single scattering albedo against the ferric
oxide abundance at various wavelengths. At shorter wavelengths,
which is where the nanophase hematite particles are more absorbing, the model spectra match the abundance and reﬂectance trends
of laboratory spectra, but at longer, more transparent wavelengths,
the model signiﬁcantly underestimates the reﬂectance at all ferric
oxide abundances.
We explored two modiﬁcations to the model to improve the ﬁts
to the data: (1) altering the host grain size and (2) altering the
values of the optical constants of hematite, per the suggestion of
Morris and Lauer (1990). In Hapke’s radiative transfer model, the
physical particle size of the host is only an approximation of the
mean optical path of light through particles (Hapke, 1993; 2001).
Hapke (1993) recommends wavelength-independent scaling factors
to convert the physical particle size of the host to effective particle
size. In the models shown in Fig. 1b, the effective particle size was
set equal to the physical particle size. To investigate whether grain
size of the host (i.e., silica gel) is a major factor in the discrepancy
between the model and laboratory spectra, we found the optimum
particle size at each wavelength that would force an optimal ﬁt to
the single scattering albedo against the ferric oxide content (Fig. 3).
We found that this method reconciled the difference between the
model and laboratory spectra at longer wavelengths (Figs. 1c and
2b). However, the physical reasonableness of a possible decrease
in effective grain size of the host with increasing wavelength is
questionable. This cannot be due to the nanophase hematite as the
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Fig. 2. Black crosses and lines are data from Morris et al. (1989) at 40 0, 50 0, 60 0, 70 0, 80 0 90 0, 10 0 0, 110 0 and 120 0 nm (bottom to top). a) Red lines are computed from
the Hapke (2001) model using a host grain size of 60 μm, the optical constants of Querry (1985), and the ferric oxide abundance provided in Morris et al. (1989). b) The red
lines are computed from the Hapke (2001) model with host grain sizes optimized to improve the ﬁts at each wavelength. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Host grain sizes optimized to match the ferric oxide data against single scattering albedo at each wavelength.

scattering eﬃciency of subwavelength particles is extremely low
and is in fact negligible at all wavelengths (Hapke, 1993; Lucey
and Riner, 2011). This includes Rayleigh scattering that, despite
its fourth power dependence on wavelength, has very small absolute scattering eﬃciency and is more effective at shorter, not
longer wavelengths. An additional discrepancy is that the 860-nm
absorption, easily seen in the spectra of bulk hematite, is present
and much stronger than what is observed in the Morris et al.
(1989) Type D spectral data (Fig. 1b).
These results show that the spectral effects of the presence of
nanophase particles as modeled by Hapke (2001) cannot account
for the spectral difference between material containing large bulk
particles of hematite and those containing nanophase hematite, including the weakening of the 700 and 860 nm spectral features.
This leaves the suggestions of Morris et al. (1989) and Morris and
Lauer (1990) that the optical constants of hematite itself differ between bulk and nanophase size fractions. While previous hematite
optical constants are not suﬃcient for this work (i.e., modeling
of laboratory and Curiosity spectra), we can estimate them using
Hapke’s equations (e.g., Hapke, 1993; Lucey, 1998).
To improve the nanophase hematite spectral model, we optimized the hematite optical constants against the Morris et al.
(1989) spectral data with a ﬁxed host grain size of 60 μm. There
is coupling between the real and imaginary index of refraction
in this process (i.e., absorption “leaks” into the real index of refraction), so we set the real index of refraction to be equal to
Querry’s (1985) real index of refraction of the bulk hematite. Then
we used Hapke’s (2001) method to iteratively solve for the imaginary index of refraction at each wavelength to minimize the differ-

Fig. 4. Imaginary index of refraction of Querry (1985) (black) and the optimized
imaginary index of refraction estimated using the Hapke model and data from
Morris et al. (1989) (red). The estimated data lack the 860-nm band (black arrow)
and are much less absorbing past 600 nm. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

ence between the model and measured reﬂectance spectra versus
ferric oxide abundance. The resulting imaginary index of refraction
and that of Querry (1985) are shown in Fig. 4. We observed two
prominent differences between the two imaginary index of refraction spectra. First, beyond 600 nm, the imaginary index of refraction is lower in the optimized version than the Querry’s (1985) version. This is consistent with the underestimate of reﬂectance by
the Hapke (2001) model using the bulk hematite optical constants.
Second, the 860-nm band is absent in the optimized version, again
consistent with the failures of the Hapke (2001) model when using bulk hematite optical constants. Unsurprisingly, these new optical constants enable better ﬁts to the laboratory reﬂectance spectra (Fig. 1d). The individual spectra are not perfect ﬁts because at
each wavelength the model ﬁts across all spectra, and the model
does not pass through all points.
The new optimized optical constants enable some degree of
prediction of ferric oxide abundance from observed spectral data.
However, Morris et al. (1989) cautioned that their experimental results suggest an ambiguity between ferric oxide abundance and
host particle grain size, which is inherent in the structure of the
Hapke model when the host particle is relatively transparent. In
the Hapke model, the absorption is almost completely dominated
by the product of the absorption coeﬃcient (α = 4πλ k ) and the effective host grain size, where the absorption coeﬃcient is a linear function of the mass fraction of the nanophase contaminant.
Therefore, nanophase hematite abundance cannot be estimated
without an assumption regarding host grain size. However, the
measured and modeled nanophase hematite abundance derived by
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Fig. 5. Correlation of ferric oxide content from ﬁtting the data of Morris et al.
(1989) using the Hapke (2001) model, the optical constants of Querry (1985), and
the effective host grain size of 25 μm. Almost identical results are found using the
new imaginary index estimate and a grain size of 60 μm.

minimizing the differences between measured and model spectra
are linearly correlated over a wide range of ferric oxide contents.
Using the Querry (1985) optical constants we found that the effective host grain size is 25 μm to optimize the 1:1 correlation between model and measured ferric oxide abundances (Fig. 5). Using
our optimized imaginary index of refraction, we observe the same
1:1 result, using a 60 μm host grain size. In comparing the measured and model nanophase hematite abundances, we ﬁnd that
the largest uncertainty is 2 wt%, but the uncertainty decreases at
smaller abundances of nanophase hematite.
4. Application to ChemCam passive spectral reﬂectance data
Having demonstrated that we can conﬁdently estimate the optical constants of hematite and apply them to visible to nearinfrared spectra of nanophase hematite-bearing materials, we applied the radiative transfer model with our optimized nanophase
hematite optical constants to passive bidirectional reﬂectance spectral data measured by the Chemistry and Camera (ChemCam) instrument on the Mars Science Laboratory rover, Curiosity. Operated
without its laser, the Laser-Induced Breakdown Spectrometer (LIBS)
portion of ChemCam can collect spectral relative reﬂectance data
with its three dispersive spectrometers in the ultraviolet (240–
342 nm), blue-violet (382–469 nm), and the visible and near infrared (474–906 nm) (Johnson et al., 2015; Maurice et al., 2012).
These spectrometers have a spectral resolution of < 1 nm and a
spatial resolution of 0.65 mrad. Johnson et al. (2015) obtained,
calibrated, and presented reﬂectance spectra from ChemCam from
the ﬁrst 360 sols of the Curiosity mission for spectra in the 400–
840 nm region.
With
over
20 0 0
reﬂectance
spectra
collected,
Johnson et al. (2015) used several spectral parameters, such
as band ratios, band depths, and spectral slopes to identify the
main end-member spectra. In their analysis, they recognized six
classes, Veins, Raised ridges, Dark rocks, Red rocks, Exposed surfaces,
and Bradbury landing zone (Fig. 6). Exposed surfaces represent areas
that were brushed by the Dust Removal Tool or fractured surfaces
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due to the rover wheels. The Dark rocks exhibit low relative
reﬂectance and an enhanced near-infrared slope. The Bradbury
spectra originate from areas within the immediate landing zone
from Sols 1–20. The Ridges spectra come from MgO-bearing raised
ridge surfaces. Red spectra are from dusty surfaces, which display relatively high reﬂectances. Veins spectra are from calcium
sulfate-bearing veins.
We modeled the six main end-member spectra with the
Hapke (2001) model. In this analysis we assume the host particles are 6 μm in diameter (Poulet et al., 2007). We used a spectrally neutral host reﬂectance throughout the visible and near infrared based on the lowest reﬂectance that allowed a consistent
ﬁt to each of the passive reﬂectance observations with the exception of the Veins class (Table 2), a constant real index of refraction of 1.4, and a density of 3.0 g/cm3 , the average density
of silicates. For the Veins class, we used the optical constants
of gypsum (i.e., Roush et al., (2007) as the host reﬂectance because Nachon et al. (2014) found that the Veins class to be dominantly gypsum (CaSO4 ·2H2 O) and bassanite (CaSO4 ·0·5H2 O). The
incidence and emission angles for each spectral observation are
listed in Table 2. However, these angles are approximations because they do not account for local incidence and emission angles due to the complex geometry of the target surfaces. To analyze the data we produced a spectral library consisting of thousands of model spectra with varying abundances of nanophase
hematite within a transparent host particle from 0–5 wt% at intervals of 0.001 wt%. We found the best-ﬁt model spectrum to a representative end-member passive spectrum by subtracting the representative passive spectrum by each model spectrum in our spectral library and calculating the root-mean-square (RMS). The model
spectrum with the smallest RMS is the best-ﬁt model spectrum.
Additionally, the model spectra are allowed to additively displace
towards higher or lower reﬂectance due to the uncertainty in the
local incidence and emission angles.
Fig. 6 shows the best-ﬁt model spectrum to each of the six
end-member spectra. In general, the shape of the model spectra
matched the shape of the passive reﬂectance spectra. The most
consistent ﬁts are the Bradbury and the Dark classes. The Ridge
and Red classes are consistent, except in the 0.4–0.5 μm portion
of the spectra where the model spectra do not ﬂatten out as
quickly as the observed spectra. However, this region is affected
by a lack of data in the 468–474 nm region resulting from a gap in
wavelength coverage between two of the ChemCam detectors. The
model spectrum of the Exposed class spectrum changes slope at a
longer wavelength (0.6 μm) than the observed Exposed class spectrum (0.5 μm). The Veins class observed spectrum and the model
spectrum show similar curvature, but the details of the spectral
shape do not match.
The relative model nanophase hematite abundances are within
our expectations. For example, the Dark and Exposed classes lack
signiﬁcant aeolian dust (Johnson et al., 2015), which suggests the
abundances should be low. Our model shows that these two
classes have less than ≤ 1.0 wt% nanophase hematite. In addition, the Veins class contains 0.4 wt% nanophase hematite, which

Table 2
Metadata of Curiosity’s passive spectral reﬂectance data of six representative samples.

∗

Rock Class

Representative

Incidence [°]

Emission [°]

Phase [°]

Host Reﬂectance

np Hematite Abund. [wt%]

Bradbury
Red
Veins
Exposed
Ridges
Dark

Coronation
Riﬂe
Rapitan
Werneck1Brush
McGrath4
Ashuanipi

18.1
15.9
15.0
19.6
23.3
13.3

42.4
67.6
43.6
37.7
32.0
60.2

25.1
54.5
33.4
55.3
55.1
52.3

20%
50%
Gypsum OC∗
40%
40%
20%

0.1
3.6
0.4
0.4
0.8
0.1

OC - Optical Constants based on Roush et al. (2007).
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Fig. 6. A comparison between the passive reﬂectance spectra from ChemCam (black) and the best-ﬁt model spectra (blue) based upon the optimized imaginary index of
refraction optical constants and Hapke (2001). We also included the RMS, the model abundance, and residuals (red) for each spectrum. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

may be due to removal of the dust by the LIBS analysis prior
to the passive spectral measurements (Nachon et al. 2014). On
the other hand, the Bradbury, Red, and Ridge class contains > 1.0
wt% nanophase hematite, which is expected at least for the Red
class, which contains > 100 μm layer dust, in contrast to the Bradbury class, which is predicted to have a < 50 μm layer of dust
(Johnson et al., 2015).
5. Conclusion
In this work, we developed a radiative transfer model to
model the laboratory spectra of nanophase hematite ( < 10 nm).
Unmodiﬁed, the Hapke (2001) nanophase model used with the
Querry (1985) bulk hematite optical constants deviates signiﬁcantly from the laboratory spectral measurements of Morris et al.
(1989) at longer wavelengths where hematite is relatively nonabsorbing, an issue observed in previous works (e.g., Steyer, 1974;

Marra et al., 2011). While shortcomings of the model or our assumptions are certainly possibilities, we found that modiﬁcation
of the imaginary index of refraction of hematite, which is needed
given the nanophase nature of the particles in the Morris et al.
(1989) samples, enables close reproduction of the Morris et al.
(1989) spectra. Our model spectra support the hypothesis presented by Morris et al. (1989) that spectral differences arise
due to the dominant crystalline structure of bulk and nanophase
hematite. Finally, the correlation between ferric oxide reﬂectance
and grain size is suﬃciently linear to enable prediction of ferric oxide content from spectra, but there is an inherent ambiguity between host particle grain size and ferric oxide content,
so the quality of the prediction is limited by uncertainties with
respect to the grain size. We applied the new optical constants
of nanophase hematite to the passive spectral reﬂectance data
from ChemCam. We found that applications of these new optical constants are able to match the general shape of the observed
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spectra of six end-members. We found that the estimated abundances of nanophase hematite were higher in dusty areas, and
generally found the nanophase contents to be small, no more than
4 wt%.
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