RESEARCH

RESEARCH ARTICLE SUMMARY

PLANETARY SCIENCE

Distribution of phyllosilicates on the

surface of Ceres

E. Ammannito,* M. C. DeSanctis, M. Ciarniello, A. Frigeri, F. G. Carrozzo,

J.-Ph. Combe, B. L. Ehlmann, S. Marchi, H. Y. McSween, A. Raponi, M. J. Toplis,
F. Tosi, J. C. Castillo-Rogez, F. Capaccioni, M. T. Capria, S. Fonte, M. Giardino,
R. Jaumann, A. Longobardo, S. P. Joy, G. Magni, T. B. McCord, L. A. McFadden,
E. Palomba, C. M. Pieters, C. A. Polanskey, M. D. Rayman, C. A. Raymond,

P. M. Schenk, F. Zambon, C. T. Russell

INTRODUCTION: The surface of the dwarf
planet Ceres is known to host phyllosilicate
minerals, but their distribution and origin
have not previously been determined. Phyl-
losilicates are hydrated silicates, and their

presence on the surface of Ceres is intriguing
given that their structure evolves through an
aqueous alteration process. In addition, some
phyllosilicates are known to bear NH,, which
places a constraint on the pH and redox con-
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Abundance maps. Qualitative maps of the abundances of (top) phyllosilicates and (bottom) NH,,
based on the depth of their absorption features. The two maps have a similar global pattern, although
they differ in some localized regions such as Urvara. The scale bar is valid at the equator.
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ditions during the evolution of Ceres. We
studied the distribution of phyllosilicates across
the planet’s surface to better understand the
evolutionary pathway of Ceres.

RATIONALE: Using the data acquired by the
mapping spectrometer (VIR) onboard the Dawn
spacecraft, we mapped the spatial distribution

of different minerals on
Ceres on the basis of their
Read the full article ~ diaBnostic absorption fea-
at http://dx.doi. tures in visible and infra-
org/10.1126/ red spectra. We studied
science.aaf4279 the phyllosilicates through
.................................................. their OH.stretch funda-
mental absorption at about 2.7 pm and through
the NH,, absorption at about 3.1 um. From our
composition maps, we infer the origin of the
materials identified.

RESULTS: We found that Mg- and NH,-
bearing phyllosilicates are ubiquitous across the
surface of Ceres and that their chemical com-
position is fairly uniform. The widespread pres-
ence of these two types of minerals is a strong
indication of a global and extensive aqueous
alteration—i.e., the presence of water at some
point in Ceres’ geological history. Although the
detected phyllosilicates are compositionally
homogeneous, we found variations in the in-
tensity of their absorption features in the 3-um
region of the reflectance spectrum. Such varia-
tions are likely due to spatial variability in
relative mineral abundance (see the figure).

CONCLUSION: The large-scale regional var-
iations evident in the figure suggest lateral
heterogeneity in surficial phyllosilicate abun-
dance on scales of several hundreds of kilo-
meters. Terrains associated with the Kerwan
crater (higher concentration of phyllosilicates)
appear smooth, whereas the Yalode crater
(lower concentration of phyllosilicates) is char-
acterized by both smooth and rugged terrains.
These distinct morphologies and phyllosilicate
concentrations observed in two craters that are
similar in size may reflect different composi-
tions and/or rheological properties. On top of
this large-scale lateral heterogeneity, small-
scale variations associated with individual cra-
ters could result from different proportions of
mixed materials in a stratified upper crustal
layer that has been exposed by impacts. Var-
iations associated with fresh craters, such as
the 34-km-diameter Haulani, indicate the pres-
ence of crustal variations over a vertical scale
of a few kilometers, whereas much larger cra-
ters, such as the 126-km-diameter Dantu, sug-
gest that such stratification may extend for at
least several tens of kilometers. m
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The dwarf planet Ceres is known to host phyllosilicate minerals at its surface, but their
distribution and origin have not previously been determined. We used the spectrometer onboard
the Dawn spacecraft to map their spatial distribution on the basis of diagnostic absorption
features in the visible and near-infrared spectral range (0.25 to 5.0 micrometers). We found that
magnesium- and ammonium-bearing minerals are ubiquitous across the surface. Variations in
the strength of the absorption features are spatially correlated and indicate considerable
variability in the relative abundance of the phyllosilicates, although their composition is fairly
uniform. These data, along with the distinctive spectral properties of Ceres relative to other
asteroids and carbonaceous meteorites, indicate that the phyllosilicates were formed
endogenously by a globally widespread and extensive alteration process.

he surface of the dwarf planet Ceres ex-

hibits low reflectance and a relatively fea-

tureless spectrum in the range of 0.5 to

2.6 um, with the exception of a broad ab-

sorption feature centered around 1.2 pm
(1,2). Thermally corrected reflectance data from
2.6 to 4.2 um, measured from onboard the Dawn
spacecraft, reveal a spectrum rich in absorption
features at 2.72, 3.05 to 3.1, 3.3 to 3.5, and 3.95 um,
which are diagnostic of the composition of the
surface (3). The band from 3.05 to 3.1 um is
clearly visible in ground-based spectra and has
been attributed to a variety of different phases
including water ice (4), hydrated or NH,-bearing
clay minerals (5, 6), or brucite (7), whereas the
3.95-um band has been definitively attributed
to carbonates (8). Initial Dawn observations ob-
tained during the Approach and Survey phases of
the mission indicate that Ceres’ average surface
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is a mixture of NH,-bearing phyllosilicates such
as serpentines and smectites, carbonates, and
absorbing dark materials such as organic carbon
or magnetite (3). As Dawn has continued to orbit
Ceres (9), the visible and infrared mapping spec-
trometer onboard the spacecraft [VIR (10)] has
obtained spatially resolved hyperspectral images
of Ceres, which have been projected to generate
maps of spectral parameters that characterize
Ceres’ mineralogy. Dawn’s orbital characteristics
and the orientation of Ceres’ spin axis (I1) have

enabled 84% of the surface to be mapped with
the VIR’s infrared channel. The maps discussed
here have roughly 1.1-km spatial resolution, glob-
al longitude coverage, and latitude coverage span-
ning from 60°S to 60°N (see the Materials and
methods section for further details). All the maps
and coordinates are given using the Kait Prime
Meridian Reference System (12).

Albedo at 0.55 pm, measured by the VIR

The geometric albedo measured by the VIR instru-
ment is 0.094 + 0.008 at 0.55 um (Materials and
methods section). Given the low albedo of the sur-
face, single scattering dominates the surface reflec-
tance. Figure 1 is an albedo map, in reflectance at
standard geometry, indicating a variable propor-
tion of low- and high-albedo materials on Ceres’
surface. Roughly 70% of the mapped surface has
a radiance factor (I/F, defined as ©t x reflectance,
where I is the measured radiance and F is solar
flux) at 0.55 um that is within the range 0.032
to 0.036, with a central value of 0.034.

Shown in Fig. 2A is an example of a typical
thermally corrected reflectance spectrum of Ceres
acquired by VIR. Diagnostic absorptions at 2.7
and 3.05 to 3.1 um are well defined, and we
measured and mapped the strength of these fea-
tures globally across Ceres (Fig. 3 and Materials
and methods section).

Variability of the 2.7- and 3.1-uym
absorption bands

The strong and narrow absorption near 2.7 um is
an OH-stretch fundamental, centered at 2.72 to
2.73 um (13). This relatively strong absorption
dominates the overall spectral properties and is a
distinctive indicator of OH-bearing minerals such
as phyllosilicates (14). The exact spectral position
of the absorption is indicative of Mg-OH phases,
such as antigorite (Mg-serpentine) or saponite
(Mg-smectite) (15). We found that the spectral

Albedo
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Fig. 1. Albedo map. The map shows the albedo in terms of the radiance factor (I/F) at 0.55 um, photo-
metrically corrected and converted to standard observation geometry (incidence angle = 30° emission
angle = 0°, phase angle = 30°). Some of the brightest regions are out of scale, namely, Occator, Toharu, and
Haulani. The scale bar is true at the equator.
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position of this absorption does not vary signif-
icantly across the mapped portion of the surface
(2.727 + 0.003 um; Materials and methods sec-
tion), which is an indication that the chemical
composition of the phyllosilicates does not change
substantially. Within the mapped portion of Ceres,
the only locations that shift toward longer wave-
lengths, and therefore that point to a different
chemical composition of the phyllosilicates, are
the small bright regions on the floor of Occator
crater (16). Mg-rich serpentines are commonly
present in carbonaceous chondrite meteorites,
along with a large number of other distinct phyl-
losilicates (14). Carbonaceous chondrites in the
CM group have matrix compositions that system-
atically vary from the least aqueously altered sam-
ples, which have a 2.7-um absorption consistent
with cronstedtite (Fe-serpentine), to the most
aqueously altered samples, which have shorter
wavelength absorptions characteristic of antigorite
(Mg-serpentine) (17). The pervasive presence of
Mg- rather than Fe-serpentine across Ceres thus
indicates that aqueous alteration has been exten-
sive. Although the presence and the position of
the 2.7-um absorption are globally constant, its
intensity shows significant variations beyond
the 20 errors associated with the measurements.
The computed average value is 0.251 + 0.006,
and the range of variability is between 0.226
and 0.270. The spatial distribution of the 2.7-um
band depth (Fig. 3A) shows two broad regions
containing terrains in which the values of the
band depths are lower than the average (blue in
Fig. 3A). One region is in the northeast quadrant
and the other is in the southwest. In contrast, the
region around the smooth Kerwan terrains has
deeper Mg-OH band depths with respect to the
nearby regions; specific regions near the northern
Dantu and northeastern Occator craters also have
deeper band depths. The lack of geochemical var-
iation inferred from the band center position sug-
gests either that the exposed upper layer has no
substantive phyllosilicate compositional gradient
or that some homogenization process has been

very efficient at the spatial scale sampled by VIR.
The latter is unlikely because although the posi-
tion of the bands do not vary, there are varia-
tions in the intensity of the same absorption in
some craters (Haulani, Dantu, and Urvara), and a
homogenization process would have affected
both parameters.

The distinct absorption feature at about 3.1 um
has been attributed to ammoniated phyllosilicates
(3, 5). The analysis of this feature shows that its
band center position does not vary across the
surface, and its value, computed after removal
of the local continuum, is 3.061 um with a stan-
dard deviation of 0.011 um (Materials and methods
section). As with the 2.7-um absorption, the ab-
sence of variability in the central wavelength of
the 3.1-um absorption suggests that the ammo-
niated phyllosilicate phase is compositionally
homogeneous over most of Ceres’ surface. The
average value of the intensity of the 3.1-um absorp-
tion is 0.055 (with a standard deviation of 0.012).
The spatial variability in the 3.1-um band intensity
(Fig. 3B) broadly follows that of the 2.7-um band
(Fig. 3A), with the same broad regions described
above. However, at smaller spatial scales, there
are locations where intensity variations are in-
versely correlated (e.g., the Urvara crater), whereas
elsewhere the intensities of the two absorption
features show a weak positive correlation (Fig.
4A). In contrast, neither the 2.7- nor the 3.1-um
band exhibits an intensity that meaningful cor-
relates at the global scale with the I/ Fratio (Fig. 4,
B and C), although a correlation is sometimes
evident locally, as in the Haulani crater.

The Haulani crater (5.7°N, 10.9°E; diameter,
34 km) and its ejecta stand out in the global maps
(Figs. 1, 3A, and 3B), showing high albedo but
shallower bands with respect to the surroundings
(Fig. 5B). The shallowest bands (blue color in Fig.
5A and blue spectrum in Fig. 5B) are found inside
the crater and in nearby bright ejecta. In this
crater, the shallow bands are associated with
bright material that was excavated and deposited
by the impact. However, as noted above, the

anticorrelation of band depth and albedo is not
global. A second example is the Dantu crater
(24.35°N, 138.2°E; diameter, 126 km), which is
divided into two terrains: the northern area,
with higher band depths (yellow spectrum in
Fig. 5, C and D), and the southern area, with
shallower bands (blue in Fig. 5, C and D). Unlike
in Haulani, in Dantu, there is no correlation be-
tween band depth and albedo. The area just out-
side the northern rim of the crater has a similar
albedo to that of the floor, whereas the deepest
absorptions are found only within the rim.

Implications of variability in
the band intensities

Variations in the band depth could be due to a
variety of factors, such as (i) relative abundance
and grain size of spectrally opaque dark phases,
(ii) phase changes caused by impact processes
(e.g., dehydration), (iii) variations in the quantity
of impact-delivered material, (iv) depth-dependent
variation in the abundances of materials exposed
by craters, and/or (v) heterogeneity of the external
layer of the surface.

The relative abundance and size of opaque
phases in a mixture has a major effect on spectral
contrast and the strength of absorption bands, as
well as on albedo. With increasing abundance of
fine-grained opaque content, albedo and band
strength decrease nonlinearly (18, 19). Thus, band
strength should be correlated with albedo. Given
that this is not observed on Ceres, variation in
opaque content cannot account for the observed
variations in band strength.

Dehydration of phyllosilicates at increased
temperatures generated by impacts should reduce
the intensity of the OH-stretch band at 2.7 ym
(20, 21) and of the NH,-related band at 3.1 um
(20, 22). However, prominent craters such as
Kerwan (diameter, 280 km) are associated with
deeper absorption bands, whereas the similar-
sized crater Yalode (diameter, 260 km) is associated
with much shallower bands. Although it is con-
ceivable that impact heating could have been
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Fig. 2. Computation of band parameters. (A) Example Ceres spectrum (black crosses) with the smoothed spectrum superimposed (red line). The blue and
yellow lines represent the straight line used to compute the continuum of each band. (B) Continuum-removed spectrum (black line).
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Fig. 3. Band depth maps. Maps of the peak absorption depths of (A) the 2.7-um OH-stretch band and
(B) the 3.1-um NH,4 band. The two maps have a similar global pattern, although they differ in some localized
regions such as Urvara. The scale bar is true at the equator.

different in these two cratering events, it is un-
likely to be the cause of the observed spatial
heterogeneity. Furthermore, there are craters,
such as Dantu, that expose diverse materials
with both deeper and shallower band depths.
The band depth distribution does not correlate
with crater size or inferred age. For instance, the
pristine morphologies of the Dantu and Haulani
craters suggest recent formation [Dantu certainly
postdates Kerwan on the basis of superposition
(23)]. The fact that craters of very different sizes
and formation ages show heterogeneities reduces
the likelihood that contamination from impactor
materials and space weathering is a principal
cause of the observed distribution of band depth
variations. This conclusion is also reinforced by
the constant position of the absorption band cen-
ters across the surface, limiting the potential role
of contamination from impactor materials (unless
they had exactly the same composition as Ceres,
which seems unlikely, given the wide range of
asteroid spectra and chondrite compositions).
The most likely explanation is that the varia-
bility in the strengths of these two diagnostic

SCIENCE sciencemag.org

mineral absorptions is associated with a varia-
tion in the abundance of phyllosilicates relative
to the other components of the surface. According
to the modeling technique used in (3), the range
of variability observed on Ceres is compatible with
abundance variations in the range of 6 to 12% and
3 t0 9% for Mg-rich phyllosilicates and NH,-bearing
species, respectively. We stress that the data in-
dicate that the composition of phyllosilicate species
is constant, but that it is their relative abundance
that varies. Therefore, the correlation expressed in
Fig. 4A between the depths of the absorptions at
2.7 and 3.1 um indicates that the abundances of
Mg-phyllosilicates and ammoniated phyllosilicates
are generally correlated. In combination with the
absence of Fe-phyllosilicates, this suggests that
the ammoniated phyllosilicates, as well as the
other phyllosilicates, are endogenous, and that
the aqueous alteration processes creating such
minerals were global and not due to the local
environment.

The distribution of measured spectral properties
is compatible with the presence on Ceres of a
single Mg-phyllosilicate composition, sometimes

2 SEPTEMBER 2016 « VOL 353 ISSUE 6303

including embedded ammonium. However, we
cannot exclude the possibility of a collection of
phyllosilicates defining a spatially homogeneous
composition. Current thermal evolution models
for Ceres (24, 25) are compatible with an evolu-
tionary pathway that starts from a parent body of
primitive carbonaceous chondrite-like material,
which undergoes aqueous alteration processes in
a hydrothermal environment whose pH and
redox conditions favor the stability of ammonium
(over ammonia). The substitution of potassium
and, to a lesser extent, alkali earth metals by am-
monium is a well-understood phenomenon result-
ing in the production of Mg- and NH,-bearing
clays (e.g., 26 and references therein).

Although the Ceres phyllosilicates are compo-
sitionally homogeneous, we interpret the observed
variations in the depth of absorptions in the 3-um
region as an indication of variability in their abun-
dance. The large-scale regional variations shown
in Fig. 3, A and B, suggest lateral heterogeneity
in phyllosilicate abundance over a scale of several
hundreds of kilometers. Terrains associated with
Kerwan (higher concentration of phyllosilicates)
appear smooth in texture, whereas Yalode (lower
concentration of phyllosilicates) is characterized
by both smooth and rugged terrains (27). This
pronounced difference in morphology and phyl-
losilicate concentration between two craters that
are similar in size may reflect different composi-
tions and/or rheological properties. On top of
this large-scale lateral heterogeneity, we found
small-scale variations associated with craters (ex-
amples in Fig. 5) that could result from different
proportions of mixed materials in a stratified
upper layer exposed by impacts. Fresh craters
such as Haulani indicate the presence of dif-
ferent materials over a vertical scale of a few
kilometers, whereas much larger craters such
as Dantu suggest that such stratification may ex-
tend for at least several tens of kilometers.

Materials and methods
VIR measurements at Ceres

The Dawn spacecraft has been acquiring data
about the dwarf planet Ceres since January 2015
(11). During the Approach phase (January to April
2015), there were nine opportunities to point the
optical instruments toward Ceres and to acquire
spectral information about its surface. In late April/
early May 2015, the spacecraft performed an ob-
servational campaign while the spacecraft was in
orbit around Ceres at an altitude of 13,600 km. In
this mission phase, called RC3, the instruments
acquired limb and high phase images while the
spacecraft was on the night side of the orbit and
nadir images while it was on the day side. After
this initial part of the exploration, in three con-
sequent orbits Survey (4400-km altitude), High
Altitude Mapping Orbit (HAMO, 1470-km alti-
tude) and Low Altitude Mapping Orbit (LAMO,
385-km altitude), the instruments acquired data
in the dayside section of the orbit at increasing
resolution. The spectrometer VIR (visible channel:
0.25- to 1.0-um range and 0.002-um resolution;
infrared channel: 1.0- to 5.0-um range and 0.010-um
resolution) acquired data during all the mapping

aaf4279-3

Downloaded from http://science.sciencemag.org/ on March 21, 2017


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

0.09 A T T
£ 0.08F =X 1
5 B g
o 0.07F 10 = 338 e ¢ E
g ®olm €@ BINC ]

I Y . @ q

: dan G e il
< 0.06F Lgnmig e E
g_ s ‘5 2 38 ©
— 0.05F
o

0.04 . .

0.22 0.24 0.26 0.28
2.7 ym band depth (%)

0.050 ; '
B

0.045F . .

ceseeme oo

0.040 - :

o0 so0e
meseme o

o ®eomeeos oo
NI BASEES ¥

T A AR

I/Fat1.2 um

0.035F .

0.030 . .

0.22 0.24 0.26
2.7 ym band depth (%)

0.28

I/Fat1.2 um

0.050 ‘ v
c

0.045} .

2288 288

0.040 F

0.035f .

0.030 . | . .
0.04 0.05 0.06 0.07 0.08
3.1 ym band depth (%)

0.09

Fig. 4. Scatterplots of Ceres global spectral parameters associated with diagnostic absorptions. (A) 3.1-um band absorption depth versus 2.7-um band
absorption depth. (B) I/F at 1.2 um versus 2.7-um band absorption depth. (C) I/F at 1.2 um versus 3.1-um band absorption depth. The color scale represents the
frequency of each data point normalized to the maximum value in each plot.

orbits, although in this paper we used data
from RC3 and Survey. In RC3, VIR acquired
1.9 million infrared spectra and 1.9 million
visible spectra with an average linear resolution
of 3.4 km. In Survey orbit, VIR acquired 2.8 million
infrared spectra and 4.3 million visible spectra
with an average linear resolution of 1.1 km.
Resolutions indicated here do not consider the
smearing,.

Geometric albedo and albedo maps

Geometric albedo is computed from eq. 12.58
in (28)

Ay(w,8) = g{[l +Bolp(0) - 1} +

U(w,8)° (1 + %0)

T
2

where w is the single scattering albedo, B, is the
opposition effect amplitude, p(0) is the single
particle phase function at 0° phase angle, and
U(w,0) accounts for large scale surface rough-
ness through the slope parameter 6. Hapke’s
model parameters derived in (29) from spec-
trophotometric analysis of VIR observations of
Ceres have been assumed.

Albedo map has been produced by reporting
VIR measured radiance factor (I/F) with generic
incidence, emission, and phase angles (7, ¢, o) to
standard observation geometry (7 = 30% e =0%a =
30°) by means of the relation

I/F(30°,0°,30°)
~ I/F(i,e,a)

= d I/Fn(30°,0°,30°

B 11 T T
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09F
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Fig. 5. Haulani and Dantu craters. (A and B) Haulani. (C and D) Dantu. For each crater, we show a map
of the 2.7-um band depth [(A) and (C)] and the continuum-removed spectra [(B) and (D)]. Each spectrum
shown here is an average of locations in the image that share the same band depth. The color of each

spectrum corresponds to the band depth.
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where the subscript m indicates that reflectance
has been modeled applying Hapke’s theory (28) as
shown in (29).

Band parameters

The band parameters have been computed with
the following steps: (i) Removal of thermal emis-
sion. The thermal emission has been modeled as
the Planck function that best fit the measured
I/F. (ii) Smoothing of the spectra (from black
crosses to red line in Fig. 2A). The spectra have
been smoothed with a boxcar average of 3 spectral
channels. (iii) Evaluation of the continuum and
continuum removal. The band continuum of each
band has been computed as the straight line be-
tween the two local maxima (blue line for 2.7-um
band and orange line for 3.1-um band in Fig. 2A).
The continuum-removed spectrum is the ratio of
the smoothed spectrum and the continuum.
(iv) Band centers: after the continuum removal,
the band center is the wavelength which cor-
responds to the local minimum after the con-
tinuum removal (Fig. 2B). (v) Band depths are
defined as 1-R./Ry,, where Ry, is the reflectance at
the band minimum and R, is the reflectance of
the continuum at the same wavelength as Ry,

Photometric correction
of band parameters

Band centers have not been corrected. Band depths
(BD) have been rescaled to a reference condition
with emission angle (e) equal to 0° incidence
angle (¢) equal to 30°% and phase angle () equal
to 30°. The scaling has been done using an em-
pirical approach. According to this approach,
the rescaled band depth (BD o 30,30)) can be com-
puted as

BD(0,30,30) = BD(e,i,(p) x LS ><fx(<P)

where BD; ,) is the band depth computed ac-
cording to the procedure described in the
previous paragraph, LS is the Lommel Seeliger
factor

cos 7+ cos e

LS = 0.46 x -
cos i
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and f;(¢) is the phase function of each absorp-
tion band that has been modeled with a polynomial
of the second order

fanl@) = 0.26
210) =505 - 8.62+107% % 4 1.33%10 5% 2
0.08
S31(9)

T 0.07 — 2.60%10 % 1 1.12%10 S x 2

Maps of band parameters

The RC3 and Survey data sets have been mapped
using a Mollweide projection in the latitude
range 60°S to 60°N. Data from both mission
phases have been filtered for illumination con-
ditions and level of reflectance. In the maps of
the band parameters, only the spectra with in-
cidence and emission angles lower than 70°, phase
angle between 15° and 60° and average I/F bright-
ness higher than 0.004 have been considered. To
generate the maps discussed in this work, rather
than an average, the RC3 map has been used
only to fill the gaps in the Survey-based map.
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