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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 spec- 

tra 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 ra- 

diative 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. 
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. Introduction 

.1. The spectra of nanophase hematite 

The red color of Mars has long been known to be due to the

resence of ferric oxide, but with few exceptions the reflectance

pectrum of Mars is inconsistent with the presence of crystalline

erric oxides. Ferric iron-bearing minerals typically exhibit a spec-

ral shoulder near 700 nm and an absorption feature near 860 nm.

owever, in most spectra of Mars, this 860 nm absorption fea-

ure is absent ( Singer et al., 1979; Bell et al., 2004 ). Analyses of

n-situ data showed that nanophase ferric oxide particles, such as

anophase hematite, are ubiquitous on Mars. Various data sets (i.e.,

össbauer Spectrometer, Panoramic Camera, Alpha Proton X-ray

pectrometer) from the Spirit and Opportunity Mars Exploration

overs showed evidence of nanophase ferric oxide at Meridiani

lanum and Gusev Crater ( Bell et al., 2004; Yen et al., 2005; Morris

t al. 2006 ). 
∗ Corresponding author. 
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Morris et al. (1989) showed that nanophase particles of

ematite are the likely coloring agent of Mars. They prepared

amples with nanophase hematite with grain sizes < 10 nm sus-

ended in silica and alumina matrices and found that the spec-

ra do not exhibit the 860 nm absorption feature, unlike the spec-

ra of bulk hematite. Based upon analysis of Mössbauer spectra,

orris et al. (1989) found that when nanophase hematite parti-

les are > 10 nm, their visible to near-infrared spectra showed very

istinct crystalline hematite bands reminiscent of spectra of pure

ulk hematite powders. Morris et al. (1989) hypothesized that the

bsence of the 860 nm absorption in samples containing < 10 nm

ized hematite particles was due to the compromised crystalline

tructure of hematite at these small sizes. In all hematite parti-

les, the surface and near surface of a particle do not have a well-

ormed hematite crystalline structure resulting in a poorly defined

igand field, preventing the development of the 860 nm absorp-

ion feature. On the other hand, the core of a particle has a well-

efined crystalline structure leading to a strong ligand field that

roduces the 860 nm absorption feature. In large hematite par-

icles ( > 10 nm), the ratio of core volume, which contains well-

efined crystalline structure, to surface volume, which contains

oorly defined crystalline structure, is high, resulting in spectra of

hese particles exhibiting the 860 nm absorption feature. Because

http://dx.doi.org/10.1016/j.icarus.2017.09.010
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Table 1 

Sample names with their associated ferric oxide abundance. 

Sample Fe 2 O 3 [wt%] 

S6BLANK 0.0 

S6FN14 0.2 

S6FN3 0.3 

S6FN18 0.5 

S5FN29 0.7 

S6FN1 1.3 

S6FN4 3.4 

S6FN10 5.2 

S6FN10 5.2 

S6FN11 6.0 

S6FN24 8.3 

S6FN28 11.0 

S6FN27 16.7 
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small hematite particles with sizes < 10 nm have low core to sur-

face 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., pres-

ence of the 860 nm feature) is the unusual scattering proper-

ties 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 (Fe 0 ) 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 informa-

tive 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 in-

vestigated its ability to reproduce the spectra of Morris et al.

(1989) nanophase hematite particles, including modifications nec-

essary to improve performance. We then applied our radiative

transfer model to representative passive reflectance spectra ob-

tained by the Chemistry and Camera (ChemCam) instrument dur-

ing 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) at-

tributed at least some of these effects to be due to tens of

nanometer-sized native iron particles detected in lunar soils by fer-

romagnetic resonance techniques ( Morris, 1976; 1978 ). Such parti-

cles 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 mea-

surements of each sample. The sample preparation methodology

that they employed was that of Morris et al. (1989) with an ad-

ditional 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 liter-

ature (e.g., Popova et al., 1973; Onari et al., 1977; Querry, 1985 ),

but differ in spectral range and resolution. In addition several
ptical constants derivations are based on bulk hematite ( Steyer,

974; Onari et al., 1977; Bedidi and Cerville, 1993; Glotch et al.,

0 06; Marra et al., 20 05; 2011 ) or fine-grained hematite ( Kerker

t al., 1979; Gillespie and Lindberg, 1992 ), which include spec-

ral coverage of the visible to mid infrared wavelengths. Similar to

he findings by Morris et al. (1989) , several previous optical con-

tants studies were unable to use bulk hematite optical constants

o match the spectra of fine-grained hematite ( Steyer, 1974; Marra

t al., 2011 ). In this work, we will use the Querry (1985) optical

onstants because it covers the same spectral range as the labo-

atory spectra in Morris et al. (1989) with high spectral resolu-

ion. Therefore, this work would provide a new set of nanophase

ematite optical constants in the visible and into the near in-

rared, which contains important absorptions in these wavelengths

o study Martian mineralogy, and would be able to properly match

ne-grained hematite spectra. 

We use the Hapke (2001) approach in this work because it

rovided a validated model to the study of absorbing nanophase

articles in a transparent silicate matrix; the Hapke (2001) model

s well suited to quantitatively reproduce the spectral effects of

anophase hematite ( < 10 nm in grain size) in silica gel as pre-

ared and observed by Morris et al. (1989) . Nanophase hematite

s an interesting case from a modeling standpoint because the ab-

orption of native iron is high throughout the visible and near in-

rared, but the spectra of hematite shows strong absorptions at

hort wavelengths (i.e., imaginary index of refraction values of ∼1

ear 400 nm), relatively low absorptions at near-infrared wave-

engths, and a strong decrease in absorption between 400 and

00 nm. 

. Methods 

For this work, we used reflectance spectra of the Morris et al.

1989) “Type D” samples that were shown by analysis of

össbauer spectra to contain only hematite particles with

izes < 10.2 nm ( Fig. 1 a). The weight fraction of hematite particles

ithin the samples ranged between 0 and 17 wt% ( Table 1 ). The

ilica gel host particles ranged in size from 35–74 μm in size. With

he exception of an iron-free sample (i.e., S6BLANK), the spectra of

he samples feature properties reminiscent of those of Mars, such

s the strong drop off in reflectance toward the blue portion of the

pectrum and the absence of crystalline hematite features that are

nly occasionally observed in martian spectra (e.g., McCord et al.,

977 ). 

We modeled the Morris et al. (1989) sample spectra using the

apke (2001) radiative transfer model that includes the Maxwell–

arnett method to model visible to near-infrared spectra of pow-

ered material that are coated with particles smaller than the

avelength of light (e.g., nanophase particles). Therefore, this ra-

iative 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 abun- 

dances. 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.) 
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amples. The radiative transfer technique requires relatively few

nputs: the real and imaginary indices of refraction ( n and k ) of

he host and nanophase particles, the grain size of the host par-

icle, and the abundance of nanophase particles. The specific val-

es are as follows: (1) The host particles (the silica gels) are as-

igned a grain size of 60 μm, which is about the mean sieve size

raction 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

.5 for all wavelengths, which is the visible real index of refrac-

ion of silica gel ( Morris et al., 1989 ). (3) The imaginary index

f refraction of the host particles is computed using Hapke the-

ry (i.e., Hapke, 1993 ) from the reflectance of the iron-free silica

el sample (i.e., S6BLANK from Table 1 ). First we converted the

6BLANK reflectance spectrum to a single scattering albedo spec-

rum by inverting Equation 10.17 of Hapke (1993) and assuming

n incidence angle of 0 °. The single scattering albedo was con-

erted to the imaginary index of refraction using the Hapke-based

ethod of Lucey (1998) . (4) We used Querry’s (1985) optical con-

tants of hematite for the real and imaginary index of refraction

f the nanophase particles. (5) Ferric oxide abundances are from

orris et al. (1989) , which are listed in Table 1 . With the necessary

ariables defined, we tested the radiative transfer model against

orris’s et al. (1989) laboratory spectra ( Fig. 1 a). 

. Results and model improvements 

Fig. 1 b shows our radiative transfer model spectra plotted with

he laboratory spectra of Morris et al. (1989) . While the general
odel spectral shapes are grossly similar to the laboratory spectral

hapes, the reflectance values and detailed spectral shapes are dif-

erent. Fig. 2 a plots the single scattering albedo against the ferric

xide abundance at various wavelengths. At shorter wavelengths,

hich is where the nanophase hematite particles are more absorb-

ng, the model spectra match the abundance and reflectance trends

f laboratory spectra, but at longer, more transparent wavelengths,

he model significantly underestimates the reflectance at all ferric

xide abundances. 

We explored two modifications to the model to improve the fits

o the data: (1) altering the host grain size and (2) altering the

alues of the optical constants of hematite, per the suggestion of

orris and Lauer (1990) . In Hapke’s radiative transfer model, the

hysical particle size of the host is only an approximation of the

ean optical path of light through particles ( Hapke, 1993; 2001 ).

apke (1993) recommends wavelength-independent scaling factors 

o convert the physical particle size of the host to effective particle

ize. In the models shown in Fig. 1 b, the effective particle size was

et equal to the physical particle size. To investigate whether grain

ize of the host (i.e., silica gel) is a major factor in the discrepancy

etween the model and laboratory spectra, we found the optimum

article size at each wavelength that would force an optimal fit to

he single scattering albedo against the ferric oxide content ( Fig. 3 ).

e found that this method reconciled the difference between the

odel and laboratory spectra at longer wavelengths ( Figs. 1 c and

 b). However, the physical reasonableness of a possible decrease

n effective grain size of the host with increasing wavelength is

uestionable. 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 scat- 

tering albedo at each wavelength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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.) 
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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 ab-

solute 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. 1 b). 

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, in-

cluding 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 be-

tween 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 op-

timized 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 re-

fraction), 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 imagi-

nary index of refraction at each wavelength to minimize the differ-
nce between the model and measured reflectance spectra versus

erric oxide abundance. The resulting imaginary index of refraction

nd that of Querry (1985) are shown in Fig. 4 . We observed two

rominent differences between the two imaginary index of refrac-

ion spectra. First, beyond 600 nm, the imaginary index of refrac-

ion is lower in the optimized version than the Querry’s (1985) ver-

ion. This is consistent with the underestimate of reflectance by

he Hapke (2001) model using the bulk hematite optical constants.

econd, the 860-nm band is absent in the optimized version, again

onsistent with the failures of the Hapke (2001) model when us-

ng bulk hematite optical constants. Unsurprisingly, these new op-

ical constants enable better fits to the laboratory reflectance spec-

ra ( Fig. 1 d). The individual spectra are not perfect fits because at

ach wavelength the model fits across all spectra, and the model

oes not pass through all points. 

The new optimized optical constants enable some degree of

rediction of ferric oxide abundance from observed spectral data.

owever, Morris et al. (1989) cautioned that their experimental re-

ults suggest an ambiguity between ferric oxide abundance and

ost particle grain size, which is inherent in the structure of the

apke model when the host particle is relatively transparent. In

he Hapke model, the absorption is almost completely dominated

y the product of the absorption coefficient ( α = 

4 πk 
λ

) and the ef-

ective host grain size, where the absorption coefficient is a lin-

ar function of the mass fraction of the nanophase contaminant.

herefore, nanophase hematite abundance cannot be estimated

ithout an assumption regarding host grain size. However, the

easured 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. 
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inimizing the differences between measured and model spectra

re linearly correlated over a wide range of ferric oxide contents.

sing the Querry (1985) optical constants we found that the ef-

ective host grain size is 25 μm to optimize the 1:1 correlation be-

ween model and measured ferric oxide abundances ( Fig. 5 ). Using

ur optimized imaginary index of refraction, we observe the same

:1 result, using a 60 μm host grain size. In comparing the mea-

ured and model nanophase hematite abundances, we find that

he largest uncertainty is 2 wt%, but the uncertainty decreases at

maller abundances of nanophase hematite. 

. Application to ChemCam passive spectral reflectance data 

Having demonstrated that we can confidently estimate the op-

ical constants of hematite and apply them to visible to near-

nfrared spectra of nanophase hematite-bearing materials, we ap-

lied the radiative transfer model with our optimized nanophase

ematite optical constants to passive bidirectional reflectance spec-

ral data measured by the Chemistry and Camera (ChemCam) in-

trument on the Mars Science Laboratory rover, Curiosity. Operated

ithout its laser, the Laser-Induced Breakdown Spectrometer (LIBS)

ortion of ChemCam can collect spectral relative reflectance data

ith its three dispersive spectrometers in the ultraviolet (240–

42 nm), blue-violet (382–469 nm), and the visible and near in-

rared (474–906 nm) ( Johnson et al., 2015; Maurice et al., 2012 ).

hese spectrometers have a spectral resolution of < 1 nm and a

patial resolution of 0.65 mrad. Johnson et al. (2015) obtained,

alibrated, and presented reflectance spectra from ChemCam from

he first 360 sols of the Curiosity mission for spectra in the 400–

40 nm region. 

With over 20 0 0 reflectance spectra collected,

ohnson et al. (2015) used several spectral parameters, such

s band ratios, band depths, and spectral slopes to identify the

ain end-member spectra. In their analysis, they recognized six

lasses, Veins, Raised ridges, Dark rocks, Red rocks, Exposed surfaces,

nd Bradbury landing zone ( Fig. 6 ). Exposed surfaces represent areas

hat were brushed by the Dust Removal Tool or fractured surfaces
Table 2 

Metadata of Curiosity’s passive spectral reflectance data of six repre

Rock Class Representative Incidence [ °] Emission [ °] 

Bradbury Coronation 18.1 42.4 

Red Rifle 15.9 67.6 

Veins Rapitan 15.0 43.6 

Exposed Werneck1Brush 19.6 37.7 

Ridges McGrath4 23.3 32.0 

Dark Ashuanipi 13.3 60.2 

∗OC - Optical Constants based on Roush et al. (2007) . 
ue to the rover wheels. The Dark rocks exhibit low relative

eflectance and an enhanced near-infrared slope. The Bradbury

pectra originate from areas within the immediate landing zone

rom Sols 1–20. The Ridges spectra come from MgO-bearing raised

idge surfaces. Red spectra are from dusty surfaces, which dis-

lay relatively high reflectances. Veins spectra are from calcium

ulfate-bearing veins. 

We modeled the six main end-member spectra with the

apke (2001) model. In this analysis we assume the host parti-

les are 6 μm in diameter ( Poulet et al., 2007) . We used a spec-

rally neutral host reflectance throughout the visible and near in-

rared based on the lowest reflectance that allowed a consistent

t to each of the passive reflectance observations with the ex-

eption of the Veins class ( Table 2 ), a constant real index of re-

raction of 1.4, and a density of 3.0 g/cm 

3 , the average density

f silicates. For the Veins class, we used the optical constants

f gypsum (i.e., Roush et al., (2007) as the host reflectance be-

ause Nachon et al. (2014) found that the Veins class to be dom-

nantly gypsum (CaSO 4 ·2H 2 O) and bassanite (CaSO 4 ·0 ·5H 2 O). The

ncidence and emission angles for each spectral observation are

isted in Table 2 . However, these angles are approximations be-

ause they do not account for local incidence and emission an-

les due to the complex geometry of the target surfaces. To an-

lyze the data we produced a spectral library consisting of thou-

ands of model spectra with varying abundances of nanophase

ematite within a transparent host particle from 0–5 wt% at inter-

als of 0.001 wt%. We found the best-fit model spectrum to a rep-

esentative end-member passive spectrum by subtracting the rep-

esentative passive spectrum by each model spectrum in our spec-

ral library and calculating the root-mean-square (RMS). The model

pectrum with the smallest RMS is the best-fit model spectrum.

dditionally, the model spectra are allowed to additively displace

owards higher or lower reflectance due to the uncertainty in the

ocal incidence and emission angles. 

Fig. 6 shows the best-fit model spectrum to each of the six

nd-member spectra. In general, the shape of the model spectra

atched the shape of the passive reflectance spectra. The most

onsistent fits are the Bradbury and the Dark classes. The Ridge

nd Red classes are consistent, except in the 0.4–0.5 μm portion

f the spectra where the model spectra do not flatten out as

uickly as the observed spectra. However, this region is affected

y a lack of data in the 468–474 nm region resulting from a gap in

avelength coverage between two of the ChemCam detectors. The

odel spectrum of the Exposed class spectrum changes slope at a

onger wavelength (0.6 μm) than the observed Exposed class spec-

rum (0.5 μm). The Veins class observed spectrum and the model

pectrum show similar curvature, but the details of the spectral

hape do not match. 

The relative model nanophase hematite abundances are within

ur expectations. For example, the Dark and Exposed classes lack

ignificant aeolian dust ( Johnson et al., 2015 ), which suggests the

bundances should be low. Our model shows that these two

lasses have less than ≤ 1.0 wt% nanophase hematite. In addi-

ion, the Veins class contains 0.4 wt% nanophase hematite, which
sentative samples. 

Phase [ °] Host Reflectance np Hematite Abund. [wt%] 

25.1 20% 0.1 

54.5 50% 3.6 

33.4 Gypsum OC ∗ 0.4 

55.3 40% 0.4 

55.1 40% 0.8 

52.3 20% 0.1 
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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.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

M  

s  

o  

g  

(  

(  

s  

d  

h  

a  

r  

g  

s  

r  

o  

f  

c  
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 Brad-

bury 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 signifi-

cantly from the laboratory spectral measurements of Morris et al.

(1989) at longer wavelengths where hematite is relatively non-

absorbing, an issue observed in previous works (e.g., Steyer, 1974;
arra et al., 2011 ). While shortcomings of the model or our as-

umptions are certainly possibilities, we found that modification

f the imaginary index of refraction of hematite, which is needed

iven 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 pre-

ented by Morris et al. (1989) that spectral differences arise

ue to the dominant crystalline structure of bulk and nanophase

ematite. Finally, the correlation between ferric oxide reflectance

nd grain size is sufficiently linear to enable prediction of fer-

ic oxide content from spectra, but there is an inherent ambi-

uity between host particle grain size and ferric oxide content,

o the quality of the prediction is limited by uncertainties with

espect to the grain size. We applied the new optical constants

f nanophase hematite to the passive spectral reflectance data

rom ChemCam. We found that applications of these new opti-

al constants are able to match the general shape of the observed
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pectra of six end-members. We found that the estimated abun-

ances of nanophase hematite were higher in dusty areas, and

enerally found the nanophase contents to be small, no more than

 wt%. 
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