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a b s t r a c t 

This article presents the spectral parameter maps used in this Surface Composition of Ceres Special Issue. 

The definition and use of spectral parameters has always played a fundamental role in understanding the 

properties and composition of a planetary surface. Mapping proper spectral parameters shows the global 

mineralogical diversity across Ceres. In this work, we discuss the production process of Ceres spectral 

parameter maps derived by the data of the Visible and Infrared mapping spectrometer (VIR) onboard 

NASA’s Dawn mission. We describe the data processing of the VIR spectra and the procedure to retrieve 

the geometries (latitude, longitude and illumination angles) of the acquired data. Spectra and geometries 

are used to project and mosaic this data to produce Geographic Information System-compatible spectral 

parameters maps of Ceres. An overview of the variability of the data across the quadrangles is given, 

addressing the specific analysis to each quadrangle mapping paper included in this special issue. 

© 2018 Published by Elsevier Inc. 
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1. Introduction 

The knowledge of the mineralogical composition of the surface

of a planetary body or an asteroid represents an important ele-

ment in understanding its origin and geological evolution. Since

the 1970s, ground-based and spaceborne reflectance spectroscopy

unveiled the mineralogical composition of planetary surfaces of

terrestrial planets and asteroids. Between March 2015 and Novem-

ber 2016, NASA’s Dawn mission ( Russell et al., 2016 ) acquired re-

mote sensing data of Ceres from five different orbital phases de-

fined by the altitude of the spacecraft from the surface: Survey

phase ( ∼ 4400 km altitude), two High Altitude Mapping Orbit

phases (HAMO and XMO2, ∼ 1500 km altitude), and two Low Al-

titude Mapping Orbit phases (LAMO and XMO1, ∼ 378 km alti-

tude) ( Russell et al., 2013 ). Imagery, elemental information and hy-

perpectral data were returned by the instruments of Dawn’s pay-

load, respectively: the Framing Camera (FC, Sierks et al., 2011 ), the

Gamma Ray and Neutron Detector (GRaND, Prettyman et al., 2011 )

and the Visible and InfraRed spectrometer (VIR, De Sanctis et al.,

2011 ). 
∗ Corresponding author. 
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From these experiments, we had the opportunity to collect

ata of unprecedented quality and spatial resolution to expand our

nowledge about Ceres’s geologic history, through its shape and

urface composition. 

From the four orbit phases, Dawn’s Visible and Infrared Map-

ing Spectrometer (VIR) acquired spectra in the range of wave-

engths between 0.25 and 5.1 μm with a spatial resolution reach-

ng about 100 m/pixel during the LAMO phase. Reflectance spec-

ra in the visible and infrared range acquired by VIR carry many

f the information on the mineralogy of the area being observed

y the instrument. However, they are also affected by instrumen-

al artifacts and illumination conditions, so that a direct conversion

rom spectra to single mineral abundances is tricky and generally

ade on a limited number of spectra, before performing a proper

ata reduction. Studies on the comparison of spectra from remote

ensed data and from the laboratory allow for synthesizing spectral

arameters or indexes for each spectra. Different spectral parame-

ers can be combined to detect specific physical and compositional

tates of the observed surface. 

The average spectrum of Ceres shows several absorption bands

ithin the 2.6 to 4.2 μm region, including those typical of H 2 O

nd OH 

− bearing minerals. The carbonaceous chondrites and other

ydrated ammoniated and carbonate material exhibit absorption in

he same range, although the overall spectra are different from the

ne detected from the surface of Ceres. The best fit of laboratory

https://doi.org/10.1016/j.icarus.2018.04.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
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Fig. 1. Extraction of spectral parameters from VIR spectra. C1 and C2 are the con- 

tinuums which are subtracted from the spectra to extract the band depths. S1 and 

S2 are the two spectral slopes. See the text for exact wavelengths values for band 

depths and slope computations. 
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Fig. 2. The code flow used for the development of the spectral parameter’s quad- 

rangle maps. CSS and CSH mosaics in the specific quadrangle’s coordinate reference 

system are produced separately and then combined in the final map. 

Fig. 3. The geometric model for VIR data. VIR data cube 493300377 geometry 

projected over an altitude-colorized FC image mosaic. The red ribbons are single- 

acquisition slits, or data lines. Sample 3 of line 33 is highlighted. The slits are spa- 

tially separated because of the relative speed of the spacecraft and the integration 

time typical of the lower orbits. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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ample spectra with the ones acquired by VIR is given by smectite

lays, in particular NH 4 -montmorillonite, and other mineralogical

hases, such as antigorite, Mg-carbonate, and a dark component

 De Sanctis et al., 2015 ). 

Although Ceres mineralogy is dominated by clays, several lo-

alized areas rich in sodium carbonates are found in bright spots,

alled faculae in official nomenclature ( Carrozzo et al., 2018 ). 

The VIR mapping spectrometer has been critical for outlining

he geologic characteristics of bright spots, and faculae on Ceres.

n the work of De Sanctis et al. (2016) , the mineralogical analysis

hows that the faculae are mainly made up of sodium carbonates

ith some ammonium chlorides and alluminium phyllosilicates.

pectral parameters extracted by the typical absorption bands of

hese mineralogical species are particularly useful in mapping their

elative abundances on Ceres. 

The process of mapping those single spectral parameter values

ver large areas from an orbital platform enable the observation of

he spatial variation of the mineralogy across the dwarf planet. 

Within this surface composition of Ceres special issue

 McCord and Zambon, this issue ), here we describe the develop-

ent of the spectral parameter maps of Ceres. 

. Spectral parameters for the mineralogical mapping of Ceres 

While at Vesta we produced pyroxene-related spectral parame-

ers ( Frigeri et al., 2015 ), on Ceres we extract several spectral pa-

ameters connected to different mineralogical aspects. In this Spe-

ial Issue, we concentrate on mapping the variation of these pa-

ameters retrieved by VIR data acquired during the HAMO phase

spatial resolution ∼ 380 m/pixel), filling coverage gaps with data

rom Survey phase (resolution ∼ 1100 m/pixel). Data at those res-

lution enable regional studies on the dwarf planet Ceres. 

The work of Ammannito et al. (2016) shows that phyllosilicate-

elated band centers do not vary across Ceres, but rather that there

s a variation in their band depths at 2.7 and 3.1 μm. In gen-

ral, band depths are difficult to interpret unequivocally as they

re related to several factors, such as the abundance of a particu-

ar species, the amount of opaque materials in the mixture, or the

ize of the material’s grains ( Clark, 1999 ). 

Other parameters we present in this paper are two spectral

lopes, respectively between 1.163 and 1.891 μm and 1.891 and

.250 μm. 

Spectral slope variations are associated with terrain’s maturity

nd can also provide information on the grain size ( Clark et al.,

993; Clark, 1999; Stephan et al., 2017 ). 
Lower spectral slope values are often associated with young ter-

ains whereas higher spectral slope values are typical of older ter-

ains ( Nettles et al., 2011; Stephan et al., 2017 ). 

We have also considered albedo at wavelengths of 1.2 μm and

.9 μm, which give global spatial distribution of the albedo mea-

ured by VIR at these two wavelengths. 

. Data and methods 

The VIR spectrometer delivers data frames, or cubes, organized

nto spatial lines and pixels and hyperspectral data into 864 bands

rom two detectors, one in the visible (from 0.25 to 1.07 μm) and

he other in the infrared range (from 0.95 to 5.1 μm), with spec-

ral sampling of 1.8 nm and 9.8 nm, respectively ( De Sanctis et al.,

011 ). The spatial resolution depends on the altitude of the map-

ing orbit chosen in the planning phase. At the most distant map-

ing orbit phase, the spatial resolution is about 700 m, reaching

ess than 100 m per pixel in the LAMO phase. 

The spectral parameters maps are computed starting from the

adiometrically calibrated VIR data products. Interactive Data Lan-
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Fig. 4. For the mineralogic mapping of Ceres we use this 15-quadrangle scheme, as suggested by Greeley and Batson (1990) for middle-sized bodies, similar to what has 

been adopted for the Imagery Atlas of Vesta and Ceres ( Roatsch et al., 2012, 2016 ) and the Geologic Mapping of Vesta and Ceres ( Williams et al., 2014, 2017 ). 
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guage (IDL) scripts have been developed within the VIR team in

order to generate an archive of spectral parameter data cubes

( De Sanctis et al., 2013; Ammannito et al., 2013 ). The spectral pa-

rameters cubes have the same pixel and line dimensions as the

original data cubes of VIR, thus every cube corresponds to a sin-

gle VIR-archived data-product. For this special issue, we present a

selection of cubes from Survey (Ceres Science Survey, CSS) and the

HAMO (Ceres Science Hamo, CSH) phases. The list of data cubes

selected for the production of the maps presented in this work is

reported in the online supplementary material. 

For every cube, an auxiliary geometric cube is generated using

Spacecraft Planet Instrument C-matrix Events (SPICE) ( Acton, 1999 )

and specific IDL software. The physical footprint for each integra-

tion interval is generated, taking into account the spacecraft orien-

tation, the instrument pointing and the shape of the asteroid. This

information is used to build the geometric model of the footprints

within a Geographic Information System (GIS). The georeferenced

data represent the base for the production of mosaics. 

3.1. Spectral data processing 

VIR data are stored in the form of digital data cubes with a

Planetary Data System (PDS) version 3 label ( De Sanctis, 2012 ).

Spectral parameters are computed from calibrated VIR data after

applying a despike algorithm, the removal of the thermal emission

( Raponi et al., 2016 ) ( Raponi, 2017 , this issue) and a proper photo-

metric correction ( Ciarniello et al., 2017 ). The spectral parameters

are finally put into multi-band data cubes. 

Band depths at 2.7 and 3.1 μm are computed after removing the

continuum as depicted in Fig. 1 . Continuum C1 is the straight line

between the reflectance at 2.63 μm and the local maximum value

between 2.91 μm and 3.01 μm. Continuum C2 is the straight line

between the maximum reflectance in the range 2.91–3.01 μm and

3.19–3.24 μm. 
The band depths have been computed as defined by Clark and

oush (1984) : 

 b = 

R c − R b 

R c 
(1)

here R b is the reflectance at the band center and R c is the re-

ectance of the continuum at the band center. 

Spectral slopes are computed as follows ( Cuzzi et al., 1999; Fi-

acchione et al., 2012 ): 

 = 

R λ1 
− R λ0 

R λ1 
(λ1 − λ0 ) 

(2)

here R λi 
is the reflectance at the wavelength λi . 

This special issue uses two spectral slopes, named S1 and S2.

1 uses λ0 of 1.163 μm and λ1 of 1.891 μm, while S2 is computed

ith λ0 of 1.891 μm and λ1 of 2.250 μm (see S1 and S2 in Fig. 1 ). 

.2. Geoprocessing 

Geometric information are computed using the latest version of

he SPICE toolkit ( Acton, 1999 ), which includes the shape model of

eres relative to the HAMO phase of the mission, released by the

eutsches Zentrum für Luft und Raumfahrt (DLR) ( Preusker et al.,

015 ). The acquisition geometries are stored as data cubes that are

sed to create the instrument’s footprints. 

The final maps have been produced using the Free Open Source

oftware tools available from the OSGeo software stack ( Hall and

eahy, 2008 ). In particular for this work we have combined the

osaicking capabilities of Integrated Software for Imagers and

pectrometers (ISIS) version 3 and the robust geospatial process-

ng environment offered by the Geographic Information System

GIS) engine the Geographical Resources Analysis Support System

GRASS), which includes more than 350 modules for managing, an-

lyzing and displaying geospatial data ( Neteler et al., 2012 ). 

The use of GIS data models allows for handling the multi-

esolution data coming from the different orbital ranges of the
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Fig. 5. Top: albedo map at 1.2 μm ( Albedo I ). Bottom: albedo map at 1.9 μm ( Albedo II ). 
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apping campaign of Dawn at Ceres and mosaicking these data

nto the quadrangle maps, following the flow reported in the dia-

ram of Fig. 2 . 

Since the observation of the variation of spectral parameters

ithin its morphologic context is extremely important, we decided

o map the spectral parameters with a final spatial resolution of

40 m per pixel. Thus we used the Survey (Ceres Science Survey,

SS) and HAMO (Ceres Science HAMO, CSH) data, keeping the final

esolution similar to the imagery (35 m per pixel for the LAMO im-

ge mosaic) and topographic maps (60 m per pixel) made available

y the Framing Camera Team. 

Fig. 3 shows the geometric data model of VIR data used to pro-

uce the spectral parameters maps. Note that consecutive ground

waths of VIR footprints are separated. This is due to the particu-

ar mission design of Dawn, in which we must take into account

he combination of integration time and spacecraft velocity in pro-

ecting the slit data on the surface. For the case of the HAMO and

AMO orbits, the relative ground-spacecraft speed is particularly

igh, requiring an accurate representation of the instrument’s foot-
rints. A smearing effect is taken into account by considering full

ntegration times of the slits instead of instantaneous field of view

f the timestamp corresponding to a particular slit. 

In order to produce maps from the single observations, we mo-

aicked the data using average overlapping values. 

The final spatial resolution of the maps has been set to 140 m

er pixel, which is four times the spatial resolution of the most

etailed image mosaic from the FC. 

Spectral parameters maps are thus produced at a resolution

f 140 m per pixel within the GIS environment and exported as

eotiff and ENVI-formatted files, following a 15-tile quadrangle

cheme ( Fig. 4 ) commonly used for medium-sized planetary bod-

es ( Greeley and Batson, 1990 ), and matching the Framing Camera

tlas of Vesta and Ceres ( Roatsch et al., 2012 ). 

A graphic rendition of the spectral parameters has been pro-

uced as images from the GIS data, along with the addition of

 shaded relief obtained from the digital terrain model (DLR)

 Jaumann et al., 2012 ) and the official International Astronomical

nion (IAU) nomenclature. This visualization allows for the identi-
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Fig. 6. Top: Slope I, the spectral slope between 1.163 μm and 1.891 μm (S1). Bottom: Slope II, the spectral slope between 1.891 μm and 2.250 μm (S2). 
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fication of the general morphologic setting and correlation of the

mineralogy to the main topographic features of every quadrangle. 

3.3. The geographic framework and the tiling scheme 

For Ceres, NASA’s Dawn mission adopts a planetographic co-

ordinate system, with positive east longitudes, over a spherical

reference surface with a radius of 470 km. The prime meridian

is anchored to the 400-m diameter Kait crater ( Raymond and

Roatsch, 2015 ). 

In order to produce usable cartographic products, we followed

the tiling scheme suggested for medium-sized planetary bodies

( Greeley and Batson, 1990 ). Within this scheme, the Mercator pro-

jection is used for quadrangles of the equatorial area, while the

Lambert projection is used for northern and southern quadrangles,

and the stereographic projection is used for polar regions ( Fig. 4 ). 

This is the same tiling scheme used for the production of the

atlas of Ceres. This, together with the use of georeferenced GIS

files, encourages the interchange of files among the team, facilitat-
ng comparative studies of different high-level data products de-

ived from different instruments. 

. The spectral parameter maps 

The spectral parameter maps have been projected following the

iling scheme described above (depicted in Fig. 4 ), formatted into

 GIS- and ENVI-compatible format, and distributed to the lead au-

hors of this mineralogical mapping issue. 

In order to have an overview on the diversity of these param-

ters across Ceres, we present herein the spectral parameter data

erged in a Robinson projection which allows for a global view.

aps are cut at ± 60 ° because spectral parameter data are par-

icularly noisy at higher latitudes due to the adverse illumination

onditions. Ceres inclination axis also affects the illumination an-

les between the northern and the southern quadrangles, where

he signal-to-noise ratio of spectra and thus the parameters’ maps

s lower. 

The six spectral parameter maps are reported in Figs. 5–7 . Each

ap displays also the color-scale between minimum and maxi-
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Fig. 7. Top: Band Depth I, the band depth at 2.7 μm. Bottom: Band Depth II, the band depth at 3.1 μm. 
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um values and the frequency distribution of the data represented

s a histogram. 

Albedo I map at 1.2 μm ( Fig. 5 -top) shows high values on

uadrangles Dantu, Kerwan, Nawish and Thoaru crossing longitude

35 °. Low values are concentrated in the eastern sector of Nawish

nd at the Occator/Ezinu border, where the Occator crater (92 km)

s located, showing a large albedo variation within its floor. The

istogram is symmetric and unimodal. 

Globally, the spatial distribution of albedo in the Albedo I map

1.2 μm, Fig. 5 -top) follows the trend of the Albedo II map (1.9 μm,

ig. 5 -bottom). 

The map shown in Fig. 6 exhibits concentrated lower slope

alues corresponding to the Haulani ( Tosi et al., 2017 ) and Occa-

or ( Longobardo et al., 2017 ) big craters, Ahuna Mons in the Rongo

uadrangle ( Zambon et al., 2016; 2017 ) and around the Juling and

upalo craters in the Toharu quadrangle ( De Sanctis et al., 2017 ).

he same trend is recognizable in the slope II map of Fig. 6 . 
i

The map of band depth I in Fig. 7 shows that southwestern

uadrangles have an overall higher 2.7 μm band depth. Within

hese quadrangles, Haulani crater shows a contrasting lower value

n its surroundings. Within Nawish, the Heneb crater floor has low

alues, while its related ejected materials are high in value. 

The band depth II map in Fig. 7 has a slightly different trend

hen compared with the band depth I map. Southern quadran-

les have higher values, as well as the quads crossing the 135-

egree meridian. The Haulani quadrangle does not show big vari-

tions, different from what is observed in band depth I. In west

f Occator, an area with deeper values of band 3.1 μm is evident.

he band depth II map shows a right-skewed histogram indicat-

ng a global predominance of shallower band depths over deeper

nes. 

Table 1 summarizes the main features found by lead au-

hors of the mineralogical mapping papers included in this issue

nd discussed in detail in the single articles within this special

ssue. 
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Table 1 

The Ceres quadrangles mapped in this issue by various authors with main mineralogic features. 

Quad Quad name Reference Highlights 

Ac-H-02 Coniraya A. Raponi Aliphatics compounds in Ernutet area, Na-carbonates in Ikapati 

crater. 

Ac-H-03 Dantu Katrin Stephan Dantu crater, located in a huge depression named Vendimia 

Planitia, which possibly represents a completely degraded impact 

basin formed in the beginning of Ceres’ geological history. Most 

parts of this depression are characterized by strong phyllosilicate 

absorptions, which are stronger than elsewhere on Ceres’ surface. 

Ac-H-04 Ezinu J.-Ph. Combe Largely homogenous surface, except small, high-albedo 

carbonate-rich areas, and one zone on dark, lobate materials on 

the floor of Occator. 

Ac-H-05 Fejokoo S. Singh Bright material rich in hydroxylated material, with high values of 

both the 2.7 and 3.1 μm band depth. 

Ac-H-06 Haulani F. Tosi Bluest visible to near-infrared spectral slope in Haulani crater floor 

and ejecta, associated with substantial decrease of OH- and 

NH 4 -bearing minerals. 

Ac-H-07 Kerwan Palomba Phyllosilicates and ammoniated clays generally are correlated in 

the Kerwan quadrangle, even if departure from this behavior is 

observed in the floor of Kerwan, Inamahari and Homsuk craters. 

The greatest abundance of NH 4 -phyllosilicates is found in Rao and 

Kerwan ejecta, while Bonsu and Tafakula floors are the most 

depleted in volatile, as well as Inamahari and Dantu ejecta. 

Ac-H-08 Nawish G. Carrozzo NH 4 -phyllosilicates dichotomy is present between the eastern and 

the western side of the quadrangle. 

Ac-H-09 Occator A. Longobardo The major features observed in the Occator quadrangle are the 

occurrence of Na-carbonates in the younger terrains of Cerealia 

and Vinalia faculae and Azacca crater. 

Ac-H-10 Rongo F. Zambon Na-carbonates rich areas in Ahuna Mons flanks, Xevioso crater in 

Liberalia Mons, and Begbalel crater. Part of the Haulani ejecta 

cover the eastern side of the quadrangle, while part of Urvara and 

Yalode impact basin are included in the Rongo quadrangle. 

Ac-H-11 Sintana M.C. De Sanctis Tupo and Braciaca Craters- lower 2.7 μm band intensity not 

corresponding to lower 3.1 band intensity 

Ac-H-12 Toharu M.C. De Sanctis Juling and Kupalo craters-water ice in Juling and high content of 

Na-carbonates in Kupalo. 

Ac-H-13 Urvara A. Longobardo The central peak of the Urvara crater shows a deep 3.1 μm band 

depth, indicating an ammonium enrichment. 

Ac-H-14 Yalode A. Longobardo The cratered terrain westwards of the Yalode basin have deeper 2.7 

and 3.1 μm absorption bands, probably due to less phyllosilicate 

depletion following the Yalode impact. 
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5. Conclusions 

This special issue presents mineralogical quadrangle maps of

Ceres. The maps are created by averaging the spectral parameter

values of overlapping footprints of VIR data cubes, making it pos-

sible to appreciate the diversity of Ceres mineralogy over large ar-

eas. 

The quadrangle maps have been produced by projecting the

single data footprints of the spectrometer, so that the actual ge-

ometry of measurements is kept throughout the mapping process,

from the projection to the mosaicking. 

The final maps have a resolution of 140 m per pixel, which is

also of the same order of magnitude of the digital maps produced

from the mosaicking of the Framing Camera data. 

Maps have been produced in GIS-compatible formats, so carto-

graphic metadata is included in the digital maps, facilitating future

studies. 
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