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Figure 2.1: Picture of the SHADOWS instrument, showing all instrumentation and goniometer parts. 
 

 
 

Figure 2.2: Complete instrument scheme showing the optical table (see Fig. 2.3) where the 
monochromatic light is generated and the goniometer acquiring the spectra (see Fig. 2.1). 
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1. Infrared facilities @ IPAG

Thin to thick sample.

Optical constant 
determination.

See B. Schmitt and E. Quirico.
Some are published but not all…see part 7 6



Reflectance setups
SHINE (1998-) SHADOWS (2017-)

Both are located in a cold Room (-10°C)

Large samples= 1 g - 1 kg
Bright samples

Small samples= 1 mg - 1 g
Dark samples
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Measurement conditions
Spectral range
0.4 to 4.75 µm, 4.75 to 5 µm lower SNR  
Down to 1 nm spectral resolution, 10 nm typical
Geometries
Incidence 0° to 75° 
Emergence 0° to 85° 
Azimuth 0° to 180° 
Phase angle 5° to 160° 
(Phase angle 0° in the Near Future) 
Angular resolution 2.8°

Size of the illuminated area
Minimum= 1 mm 
Maximum= 20 cm

Polarimetric studies
SHADOWS will provide a fully depolarized illumination and enable 
measurement of linear polarization of reflected light 8
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Environmental chambers
SERAC CARBONIR

Quantified humidity chamber
Pommerol et al., Icarus 2009

T=70-300 KT=235-400 K

Cryogenic chamber
3.1. OBJECTIFS ET COMPOSANTS DU MONTAGE 65

bars,
- mesure et suivi à mieux que 0,1 mbar près.

Figure 3.1 – Schéma des éléments de CarboNIR. Vue en coupe, illustration par Olivier
Brissaud.

En réponse au cahier des charges, la création de CarboNIR s’est articulée autour du projet
d’une cellule environnementale contenant l’échantillon, liée sous sa base à un cryostat, et placée
dans une enceinte à vide. Un schéma détaillé en donné en Figure 3.1.

Les conditions de température demandées ont montré le besoin d’utiliser un cryostat de
puissance su�sante pour refroidir sur une large gamme thermique (120 à 250 K) un échantillon
de plusieurs centaines de centimètres cubes. Elles ont aussi imposé d’utiliser un matériau à
grande conductivité thermique pour la cellule environnementale et d’isoler l’échantillon des
émissions thermiques ambiantes. Les considérations de pressions ont conduit à la mise en place
d’un tuyau connecté à la cellule, raccordable à une bouteille de gaz et à une pompe, ainsi que
l’utilisation de capteurs de pression. Aussi, afin de connaître le bilan de gaz dans le système
lors d’apports par ce tuyau, un système de mesure molaire du gaz injecté dans la cellule doit
être mis en place (il permet des mesures de volume et de pression).

Basses pressions et basses températures entraînent de facto de nombreuses contraintes
techniques. Ainsi, il faut des matériaux résistants à des di�érences de pressions de plusieurs
bars (en particulier des fenêtres qui doivent aussi transmettre le rayonnement visible et proche-
infrarouge et bonnes conductrices de surcroît), des joints qui résistent au froid et ne dégazent
pas ou peu, il faut contrôler la localisation des points froids, etc. Aux impératifs du cahier
des charges se sont ajoutés successivement des options supplémentaires qui sont présentées au
cours de la description des di�érents éléments ci-dessous. Cette présentation détaillée des com-
posants du système créé est suivie d’une description des améliorations empiriques principales

3.1. OBJECTIFS ET COMPOSANTS DU MONTAGE 67

A. C.

B. D.

Figure 3.2 – Photographies du dispositif expérimental. A. : le spectrogonio-radiomètre avec
l’enceinte à vide à sa position d’acquisition spectrale ; B. : vue latérale de l’enceinte, la partie
au premier plan appartient au cryostat, au-dessus se trouve la bride d’une fenêtre latérale, on
aperçoit sur la gauche le tuyau qui relie la cellule au dispositif SERAC (non visible). C. : la
cellule environnementale (sortie de l’enceinte et ici retournée) avec une bride latérale, le tuyau
de la cellule est visible sur la gauche, on voit que sous la cellule l’aire connectée thermiquement
au cryostat ne prend pas toute la surface de la base ; D. : la même cellule, et une de ses vitres
latérales ; le joint est en indium.

Grisolle, PhD; Phillipe PhD

Cryostat Cu Cell

Sapphire 
window

Vacuum 
chamber
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You want to come?
Discuss the proposal with us 

Spectral acquisition time calculator 
Submit a proposal to Europlanet
https://cold-spectro.sshade.eu/

IPAG

Ski resort
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2. Airless bodies; the impact of vacuum
Very minor on absolute reflectance.  

But signatures are sensitive to vacuum exposure.

Water-related signatures 
We see the maxima of absorption

to desorb at moderate temperature (<100 !C), while the
high-temperature fraction is almost certainly interlayer
water within phyllosilicates.

3.2. High-T spectra of CI and CM chondrites in the 3 lm
region

The infrared spectra of CM and Orgueil (CI) chondrites
measured at 300 !C and under primary vacuum are pre-
sented in Fig. 4. Among CM chondrites, two end-member
spectral signatures were identified with type samples Mur-
chison and Cold Bokkeveld.

The spectrum of Murchison shows a broad asymmetric
feature with a maximum around 3580 cm!1, while the spec-
trum of Cold Bokkeveld reveals a sharp asymmetric feature
with a well-defined peak at 3675 cm!1 (Fig. 4). Among CM
chondrites, there appears to be a continuous evolution be-
tween those two end-members. But some variability within
a sample is also encountered (Fig. 4). The spectra of CI
chondrites look similar to some of the CM chondrites, in
particular Cold Bokkeveld and Nogoya. Although the
room temperature spectra might have a contribution from
ferrihydrite, it should be negligible at high temperature
due to decomposition of this metastable phase (Michel
et al., 2007). The 3-lm band is thus likely to be controlled
by phyllosilicates only. The strong absorption maximum at
3675 cm!1 observed in Cold Bokkeveld like meteorites sug-
gests the presence of Mg-rich serpentines that display sharp
OH stretching absorptions in the near-IR spectral region
(Ryskin, 1977; Salisbury et al., 1991). Indeed, the strongest
absorption of terrestrial lizardite, chrysotile and antigorite
are, respectively, found at 3686, 3691 and 3674 cm!1 (Salis-
bury et al., 1991; Post and Borer, 2000). The absorption
maximum for the Cold Bokkeveld-type spectra observed
at 3675 cm!1 most closely corresponds to antigorite
(Fig. 5). However, the 10-lm region reveals that the phyl-
losilicate phases encountered in the CM and CI chondrites

are spectroscopically distinct from commonly encountered
terrestrial serpentines (see Section 3.3). Previous TEM
and XRD studies show that there is no single poly-type

Fig. 3. Transmission spectra of Orgueil obtained during a dehy-
dration experiment, showing both the 3 and 6 lm features. The
disappearance of the 6-lm feature upon heating is indicative of
H2O loss. Residual peaks at 300 !C above 6 lm are likely due to the
presence of organics.

Fig. 4. High-T (300 !C), low pressure spectra of the CM and CI
chondrites. Spectra are shifted vertically for clarity. There is a clear
evolution from a Murchison-type to an Orgueil-type spectrum, that
appear to be related to the classification of Rubin et al. (2007). The
vertical black line corresponds to the absorption maximum of the
Orgueil spectra. In the case of multiple measurements of a given
sample, the different spectra are presented.

Fig. 5. IR spectra of various serpentine minerals (Salisbury et al.,
1991) and Cold Bokkeveld (this study). Spectra are shifted
vertically for clarity. The vertical dashed lines correspond to the
absorption maximum of antigorite and chrysotile.

IR spectroscopy of CI and CM chondrites matrices 4885

Beck et al., GCA 2010
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IR spectroscopy of CI and CM chondrites matrices 4885
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2.5 µm 5 µm

CM and CI chondrites
The 3-micron region

CM chondrites
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Transmission Reflectance
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3. The impact of low-T on minerals
TEMPERATURE-DEPENDENT SPECTRAL PROPERTIES 173

FIG. 6. Spectra of olivine (Fo86) with 20–63 µm grain size obtained at
sample base temperatures from 80 to 400 K in 20 K increments.

the temperature series spectra themselves). At 1.4 µm there is a
strong anticorrelation between temperature and reflectance, with
almost a 10% difference in reflectance over 100 K. Other wave-
lengths show lesser dependence, with some showing no cor-
relation at all. Below 150 K all wavelengths show rolloff in
reflectance that we attribute to light source radiative heating.

We parameterize these data as a function of wavelength by
fitting the temperature–reflectance curves at each wavelength
with straight lines and report the slope of the curve as a function
of wavelength. The curves are the thermo-reflectance spectra,
in units of !R (relative to 300 K)/!T . The thermo-reflectance
spectra of the three samples are shown in Fig. 8. In all cases there

FIG. 7. Fo89 green sand beach olivine reflectance relative to 300 K spectra.
Diamonds are 0.8 µm, asterisks are 1.0 µm, triangles are 1.4 µm, squares are
1.5 µm, and plus signs are 2.0 µm.

FIG. 8. Thermo-reflectance spectra of three olivines: (a) Fo89 of <45 µm,
(b) Fo86 of 20–63 µm, (c) Fo88 of 32–63 µm.

is a strong wavelength-dependent variation in the sensitivity of
reflectance to temperature, varying from no sensitivity, to slight
positive correlation, to strong negative correlation.

3.2.2. Pyroxene. We measured an orthopyroxene (En86)
wet-sieved to 45–90 µm grain size. The sample was split from a
larger sample also measured by Roush (1984). Detailed chemi-
cal analysis can be found in Singer (1981). Figure 9 shows the
temperature series. As reported by Singer and Roush (1985),
the 1-µm band broadens on the long-wavelength wing, and the
2-µm band both broadens and distinctly shifts to longer wave-
lengths. The thermo-reflectance spectrum is shown in Fig. 10
and displays a sharp negative peak at 1 µm, a relatively broad
maximum near 1.7 µm (indicating that this sample increases in
reflectance with increasing temperature at these wavelengths),

FIG. 9. Spectra of orthopyroxene (bronzite, En86) from 100 to 400 K.
Note the broadening of the 1-µm band and the broadening and shift to longer
wavelengths of the 2-µm band.
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FIG. 13. Temperature series for H5 ordinary chondrite Allegan. The top
spectrum was collected with the sample at 400 K. Spectra below are for sam-
ple temperatures decreasing at 20 K intervals. Each spectrum is offset by .01
reflectance units from the one above it (top spectrum is not offset). Note that
this offset display obscures the fact that some wavelengths are completely inac-
tive with respect to temperature. The corresponding thermo-reflectance spectra
quantify how the spectrum of the sample varies with temperature.

spectral signal. Both meteorites have thermo-reflectance spec-
tra reminiscent of pyroxene, with minima near 1 and 2 µm, and
maxima near 1.7 µm. There is a suggestion of distortion of the
1-µm micron minimum which may be due to the presence of
olivine. In contrast, the thermo-reflectance spectrum of the LL6
chondrite Manbhoom is similar to that of olivine, with a max-
imum, rather than a minimum, near 1 µm, though a minimum
attributable to pyroxene is still evident near 2 µm. More evidence
of olivine in Manbhoom is consistent with the higher ratios of

FIG. 14. Temperature series for LL6 ordinary chondrite Manhboom. The
top spectrum was collected with the sample at 200 K. Spectra below are for
sample temperatures decreasing at 20 K intervals. Each spectrum is offset by
.01 reflectance units from the one above it (top spectrum is not offset). Note that
this offset display obscures the fact that some wavelengths are completely inac-
tive with respect to temperature. The corresponding thermo-reflectance spectra
quantify how the spectrum of the sample varies with temperature.

FIG. 15. Thermo-reflectance spectra of ordinary chondrites H5 Allegan (a),
H5 E1 Hammammi (b), and LL6 Manbhoom (c). Spectrum (a) has been offset
2 units upward and spectrum (b) has been offset 1 unit upward. The contrast
on these spectra is 3–4 times less than that of the thermo-reflectance spectra
of minerals, but they exhibit similar structure. The presence of pyroxene in
the spectra of the H5 chondrites is indicated by the strong and narrow negative
feature near 1 µm whereas olivine is indicated in the LL6 meteorite by the strong
positive feature just beyond 1 µm.

olivine to pyroxene in LL chondrites relative to H chondrites
(McSween and Bennett 1991).

3.3.2. Carbonaceous chondrites. Warrenton (CO3) and
Murchison (CM2) were measured and both show some depen-
dence of their spectra on temperature (Figs. 16 and 17). Because
they were dark, signal-to-noise ratios are relatively low. In the
case of Warrenton, the presence of the olivine, known to occur

FIG. 16. Temperature series for carbonaceous chondrite Warrenton. The
top spectrum was collected with the sample at 400 K. Spectra below are for
sample temperatures decreasing at 20 K intervals. Each spectrum is offset by
.01 reflectance units from the one above it (top spectrum is not offset). Note that
this offset display obscures the fact that some wavelengths are completely inac-
tive with respect to temperature. The corresponding thermo-reflectance spectra
quantify how the spectrum of the sample varies with temperature (dual mea-
surements at 300 K and 220 K).

Ordinary chondrites

Olivine

Pyroxene

Fe-related features 
Crystal-field transition

Hinrichs and Lucey, Icarus 2002
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446 S. De Angelis et al. / Icarus 281 (2017) 4 4 4–458 

Fig. 1. Spectra of hexahydrite at different temperatures, in the range 93 ÷ 298 K. 
Top: grain size 20–50 µm. Center: grain size 75–100 µm. Bottom: grain size 125–

150 µm. Above 93 K spectra are up-shifted in reflectance by 0.05 for clarity. 

the band minimum, and taking the resulting minimum of the fit 
as the band center value. The depth is computed, following Clark 
and Roush (1984) , as D = (R C −R B )/R C , where R B and R C are the re- 
flectance of the band and the spectral continuum at the band cen- 
ter, respectively. The width has been computed by intersecting the 
continuum-removed band with a horizontal line passing through 
half depth. In the case of multi-peak bands ( Fig. 4 b), the con- 
tinuum line for background removal is drawn between the edges 
of the whole band, and each single peak is fitted with second- 
order polynomials. The 3 µm feature, as schematized in Fig. 4 c, 
is very asymmetric, and is indeed due to the overlapping of two 
absorptions, a narrow one centered at 2.7 µm (O –H stretching) 
and a much broader one centered near 3 µm (overtone of H –O –H 
bending occurring near 6 µm) [Clark et al., 1990] . We decided to 
focus on the 3 µm absorption and modeled the minimum with 
a second- order polynomial, because of high instrumental noise 
around 2.7 µm. It should be noted that, in principle, the whole 
band could be fitted by the sum of two Gaussians, with higher 
spectral resolution and higher signal-to-noise data. 
3. Results: spectral parameters analysis 
3.1. Spectral variability 

Measured spectra are shown in Fig. 1 (hexahydrite) and Fig. 2 
(epsomite). The spectra of these hydrated minerals are very simi- 
lar in the overall profile, although several subtle differences arise 
when looking at the absorption bands in detail. A test was per- 
formed by measuring a given sample (hexahydrite, 125–150 µm) 
both during the temperature-increasing and the decreasing phase: 
no major changes have been observed neither in the spectral pro- 
files nor in the band positions ( Fig. 3 ). Spectra of both hexahydrite 
and epsomite are characterized by several absorption bands in the 
range 1.0/3.7 µm. The main features are centered at 1.0, 1.2, 1.35, 
1.5, 1.9, 2.2, 2.5, 2.7 and 3.0 µm. Essentially all these features are 
due to transitions in O –H groups and in H 2 O molecules. The bands 
at 1.0, 1.2, 1.35, 1.5 are overtones and combinations of the stretch- 
ing fundamental transition in OH groups present in the crystal lat- 
tice, occurring near 2.75 µm ( Hunt, 1977; Clark et al., 1990; Dalton 
et al., 2005 ). 

The features near 1.9 and 3.0 µm are due to O –H stretching 
and H –O –H bending vibrations in the H 2 O molecule. The funda- 
mental modes of these transitions occur near 2.9, 3 and 6 µm, 
and overtones and combinations are observable in the VNIR range 
near 0.94, 1.14, 1.38, 1.45 and 1.9 µm ( Hunt, 1977; Clark et al., 
1990 ). Association of SO 4 2 − groups and H 2 O molecules could be 
responsible of the features appearing at 2.2 µm (in hexahydrite) 
and 2.5 µm (in both samples) ( Gendrin et al., 2005; Cloutis et al., 
2006 ) rather than metal-OH bond vibrations ( Hunt, 1977; Clark et 
al., 1990; Clark, 1999 ). Bending and stretching vibrations in S-O 
groups could be observed here, because overtones of fundamental 
vibration modes occurring in the 8–24 µm region are expected in 
the 4–5 µm region and in the 2.1–2.7 µm region, which falls within 
our range of sensitivity ( Cloutis et al., 2006 ). 

According to Cloutis et al. (2006) , the absorption feature at 
2.55 µm could be related to OH/H 2 O content. The OH band in the 
1.5 µm region is broad and has edges at 1.3 and 1.8 µm approx- 
imately. In the case of hexahydrite (6 · H 2 O), the fine structure 
of the band is constitued by a triplet that becomes more and 
more defined as temperature decreases. The first two features of 
the triplet occur at 1.47 and 1.55 µm; the third is weak (with a 
width of about 20 nm) and is visible only at very low tempera- 
tures, therefore it has not been considered here. At higher tem- 
peratures only the band centered at 1.47 µm is evident. In the 
case of epsomite (7 · H 2 O), this band is constitued by a doublet; 
the two absorptions centered at 1.5 and 1.62 µm become more 

De Angelis et al., Icarus 2016
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Figure 1 | Linear mixing model results for the near-infrared reflectance
spectrum of Ceres. a, Laboratory reflectance spectra of brucite, magnesite,
dolomite, cronstedtite and ammoniated saponite were scaled to one at
their maximum reflectance point as inputs to the model. The reagent-grade
brucite spectrum shows weak spectral features indicative of minor
contamination by carbonate (black arrows; Supplementary Information).
b, Models that used subsets of the endmember spectra produced slightly
different results, showing that Ceres’ major spectral features can be
modelled by the presence of brucite, carbonates and an opaque phase
(sloped line). Including cronstedtite in the model improved the fit near
3.4 µm and at wavelengths <3.0 µm, whereas including ammoniated
saponite had a negligible effect. See Supplementary Information for
sources of spectra.

spectra for brucite, carbonate, magnetite and cronstedtite powders
(Fig. 2). Absorptions in the Ceres data can be modelled remarkably
well by these components, including features at ⇠6.4 and ⇠11 µm
that are indicative of carbonates, confirming our results from the
near-infrared data. The Ceres spectrum shows a broad absorption
feature from ⇠8–11 µm that is consistent with the presence of
brucite and/or cronstedtite. Either phase can model this absorption
as long as magnesite and a dark component such as magnetite are
also included in the model. Unlike Mg serpentines, cronstedtite
shows a strong decrease in reflectance from 7.5–9.5 µm, whereas
brucite shows weak features at ⇠8.3 and ⇠9.9 µm (ref. 19)
that are capable of fitting the observed data when appropriately
scaled (Fig. 2). Therefore, Ceres’ mid-infrared spectral features
can be explained by the presence of carbonate, magnetite and
brucite/cronstedtite, whereas spectra of saponite and other smectite
clays show trends opposite to those observed for Ceres (Fig. 2).
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Figure 2 | Linear mixing model results for the mid-infrared reflectance
spectrum of Ceres. a–c, Laboratory reflectance spectra of saponite and
ammoniated saponite (a) are inconsistent with the Ceres data, whereas
linear combinations of brucite, magnesite, cronstedtite, and magnetite
reflectance spectra (b) fit the major features in the Ceres spectrum (c).
Model results show that the broad absorption centred near ⇠10 µm
can be fitted by either cronstedtite or brucite, but carbonate is required
to fit absorptions near ⇠7 and ⇠11 µm. Differences in the strength of
absorption features between the Ceres and model spectra are probably
caused by differences in the particle size ranges and scattering properties
between Ceres and the laboratory samples. The mid-infrared Ceres
spectrum and associated uncertainties are those published and described
in detail in ref. 22.
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has been interpreted in a variety of ways, and the most recent sug-
gestion, which generates an excellent fit from 2.80 to 4.00 lm, is a
mixture of carbonates and brucite (Milliken and Rivkin, 2009).
Such a mineral assemblage has not been observed in carbonaceous
chondrites and requires very specific environmental conditions
including a high water–rock ratio (Zolotov, 2014). In this paper,
in order to gain insight into the possibility that brucite occurs at
the surface of Ceres, which has strong implications for Ceres exter-
nal cycles, we measured the reflectance spectra of brucite under
temperature relevant for Ceres surface, i.e. down to 93 K.

2. Sample and methods

All spectra were measured at the Institut de Planétologie et
d’Astrophysique de Grenoble (IPAG) with a home made
spectro-gonio-radiometer (Brissaud et al., 2004). This instrument
measures bidirectional reflectance spectra in the range
0.40–4.80 lm. Spectra were acquired from 0.50 to 4.00 lm using
an incidence angle of 0!, and an emission angle of 20!, at a spectral
sampling of 20 nm. Spectralon" and Infragold" (Labsphere Inc.)
were used as references. Corrections were applied to take into
account the standards’ spectral behavior and photometry.

The spectro-gonio-radiometer was coupled with the CARBONIR
environmental chamber (Grisolle et al., 2014; Philippe et al., 2014).
This chamber is made of a large closed isothermal copper cell
(diameter of 8 cm) inserted in a stainless steel chamber. The cop-
per cell is cooled with an He-cryostat and optical access is permit-
ted through sapphire windows. This setup enables measurement of
reflectance spectra at temperatures down to 50 K. In order to
ensure efficient thermal coupling of the sample, a few mbar (mon-
itored during the experiment) of air were kept in the cell. The cell
temperature is monitored during the experiment and the error on
sample temperature is estimated to be of the order of 1 K.

In order to minimize undesired water vapor absorption and to
improve our SNR in the infrared, the whole setup
(CARBONIR + spectro-gonio-radiometer) was kept within a cold
chamber at 265 K.

About 5 g of natural brucite (Mg(OH)2) from Texas, Lancaster
Co. PA, were ground in an agate mortar. The sample was ground
vigorously to achieve a fine grain size (<50 lm) in order to
minimize possible crystallographic orientation effects. Indeed,
transmission spectra measured on brucite shows a profound
dependence on crystallographic orientation (Dawson et al., 1973).
The powder was gently poured into the sample holder, and the sur-
face was not compacted.

3. Results

At room temperature, the reflectance spectrum of brucite shows
numerous absorption features between 0.50 lm (20,000 cm!1) and
4.00 lm (2500 cm!1) (Fig. 1). A triplet of relatively narrow absorp-
tions is found at 1.30, 1.36 and 1.395 lm, while at higher wave-
length features occur around 2.10 lm, 2.47 lm, 2.70 lm, 2.84
and 3.06 lm (Fig. 1). As will be discussed later all these absorptions
are likely related to –OH fundamental stretching, or its combina-
tion with lattice modes. Possible feature observed above 3.20 lm
are explained by the presence of carbonates, which on Earth can
form very rapidly by gas–solid reaction between atmospheric
CO2 and brucite surfaces (Garenne et al., 2014).

With decreasing temperature, a significant evolution is found in
the reflectance spectrum of brucite (Fig. 1). In the case of the triplet
around "1.4 lm, the relative intensity of the features at 1.36 and
1.39 lm is changed (the 1.36 lm band increasing while the
1.39 lm band decreases). This is possibly related to a modification
of the position of the modes.

Changes are also observed at higher wavelength. At 2.10 lm,
2.48 and 2.70 lm, with decreasing temperature, subtle changes
appear to occur in the shape of these bands attributable to narrow-
ing. The most visible change in the reflectance spectra of brucite
observed under low-T is a modification of the 3.06 lm band. The
band broadens under low-T and its depth decreases by about a fac-
tor of two. The evolution of this feature is shown in more details in
Fig. 1b, where a linear baseline was subtracted between the two
local reflectance maxima surrounding the band.

Fig. 1. Reflectance spectra of natural brucite (Mg(OH)2) measured under decreasing temperature. The left panel shows almost the full spectral range (1.00–4.00 lm) and
individual spectra were offset for clarity. The right panel is a zoom on the 3.06 lm feature, and a linear baseline has been subtracted. The gray line in the right panel
correspond to Ceres spectra digitized from Milliken and Rivkin (2009). The equilibrium temperature of Ceres is 164 K while the maximum temperature measured is 234 K
(Saint-Pe et al., 1993).
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4. Discussion

4.1. The nature of the 3.06 lm feature

The first infrared spectrum of brucite was measured more than
a century ago (Coblentz, 1905) and followed by decades of discus-
sion on the origin of the numerous absorption features observed. In
this debate, the effect of temperature on the transmission spectra
was a major pivot in understanding the spectroscopy of brucite
(Petch and Megaw, 1954). Most of the discussions arose from the
fact that –OH groups have a unique location in the structure as
determined by X-ray diffraction, while the 4000–2500 cm!1 region
shows several absorption features.

When plotted in wavenumber (i.e. in energy scale), the symme-
try of the spectra with respect to the strongest feature at
3665 cm!1 is remarkable (Fig. 2). Also remarkable is the similarity
between the IR absorption spectra of brucite in this region, and the
density of state of brucite as measured by neutron scattering
(Pelah et al., 1965; Dawson et al., 1973). This is a strong argument
favoring the fact that this spectral region is populated by –OH fun-
damental stretching and its combination with lattice vibration
modes (Fig. 2). The modes at 4310 cm!1 ("3665 + 645),
4040 cm!1 ("3665 + 375), 3950 cm!1 ("3665 + 285) and
3795 cm!1 ("3665 + 130) are summation bands (mOH + mlatt) while

the bands at 3535 cm!1 ("3665–130), 3380 cm!1 ("3665–285),
3290 cm!1 ("3640–375) and 3020 cm!1 ("3665–645) are differ-
ence band (mOH ! mlatt).

This band attribution is confirmed by our observed behavior of
the reflectance spectrum of brucite, measured under low tempera-
ture. The features corresponding to summation bands (at 2.32 lm,
2.47 lm, 2.53 and 2.64 lm) are only marginally affected by
decreasing temperature (Fig. 2) while difference bands (2.82 lm,
3.00 lm, 3.06 lm and 3.31 lm) show a major decrease in their
intensity (Fig. 2). Such a behavior reveals the nature as combina-
tions bands of these modes, since difference bands require transi-
tion from an excited state. Excited states, being less populated at
lower temperature, the modes at 2.82 lm, 3.00 lm and most
importantly at 3.06 lm, are weak under low temperature. On the
contrary, the features at 2.47 lm, 2.53 and 2.64 lm remain intense
in the low-temperature spectra since they are summation modes,
which are transitions from the ground state. They show some more
subtle evolution with temperature in their position and width,
probably related to elastic changes in the lattice, thus in the lattice
modes and their combination with the OH stretching fundamental.

4.2. Brucite on Ceres?

The dataset acquired here has some implications for the nature
of Ceres surface. First, the strong temperature dependence of the
reflectance spectra of brucite will enable to test the brucite
hypothesis during the DAWN mission. In order to validate the pres-
ence of brucite, it will be interesting to search for possible spectral
evolution of surface reflectance with temperature (same region
observed under different local time for example), and comparison
with our observations, which predicts a decrease of the 3.06 lm
band depth with surface temperature, and simultaneous broaden-
ing of the feature.

In Fig. 1b, the 3.06 lm feature of Ceres is compared to that of
brucite under different temperature. For a distance to the Sun of
2.72 a.u. and given its low geometric albedo (0.09 ± 0.03 in the
V-band, Li et al., 2006), the equilibrium surface temperature is
about 164 K. Direct measurements of the thermal flux arising from
Ceres has shown that the maximum temperature achieved on
Ceres is about 235 ± 4 K (Saint-Pe et al., 1993). This implies that
the quality of the match which was found between Ceres
3.06 lm feature and that of brucite measured at ambient temper-
ature (Milliken and Rivkin, 2009) could possibly decrease if the
effect of temperature is taken into account. Again, in situ measure-
ment at various local time and then surface temperature will
provide a major test for the brucite hypothesis.

A major challenge for the attribution of the 3.06 lm feature to
brucite resides in the spectroscopic nature of this band. Since it
is a combination mode, and being a difference mode, the corre-
sponding summation modes should be also present in the spectra
of Ceres, with at least the same intensity. In Fig. 3, the spectra of
brucite and that of 1-Ceres are compared in the VNIR and in the
3-lm regions. The spectra have been scaled so that the depths of
the 3.06 lm band are equivalent. While Ceres is ‘‘spectrally’’ rich
in the 3-lm region, the VNIR observations of Ceres and especially
the 2–3 lm region are devoid of any absorption features, as
pointed out by Zolotov (2014). In particular, the 2.47 lm band of
brucite is absent (the summation band corresponding to the same
lattice mode the 3.06 difference band). The presence of atmo-
spheric absorption could perturb the higher wavelength wing of
this feature, but it should still be detectable given its expected
band depth. The surface of Ceres is certainly not made of brucite
alone, and other phases could mask this feature. However, this
would require very specific spectral properties (i.e. opaque up to
2.60 lm and then transparent above) for those, and is considered
unlikely at present.
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has been interpreted in a variety of ways, and the most recent sug-
gestion, which generates an excellent fit from 2.80 to 4.00 lm, is a
mixture of carbonates and brucite (Milliken and Rivkin, 2009).
Such a mineral assemblage has not been observed in carbonaceous
chondrites and requires very specific environmental conditions
including a high water–rock ratio (Zolotov, 2014). In this paper,
in order to gain insight into the possibility that brucite occurs at
the surface of Ceres, which has strong implications for Ceres exter-
nal cycles, we measured the reflectance spectra of brucite under
temperature relevant for Ceres surface, i.e. down to 93 K.

2. Sample and methods

All spectra were measured at the Institut de Planétologie et
d’Astrophysique de Grenoble (IPAG) with a home made
spectro-gonio-radiometer (Brissaud et al., 2004). This instrument
measures bidirectional reflectance spectra in the range
0.40–4.80 lm. Spectra were acquired from 0.50 to 4.00 lm using
an incidence angle of 0!, and an emission angle of 20!, at a spectral
sampling of 20 nm. Spectralon" and Infragold" (Labsphere Inc.)
were used as references. Corrections were applied to take into
account the standards’ spectral behavior and photometry.

The spectro-gonio-radiometer was coupled with the CARBONIR
environmental chamber (Grisolle et al., 2014; Philippe et al., 2014).
This chamber is made of a large closed isothermal copper cell
(diameter of 8 cm) inserted in a stainless steel chamber. The cop-
per cell is cooled with an He-cryostat and optical access is permit-
ted through sapphire windows. This setup enables measurement of
reflectance spectra at temperatures down to 50 K. In order to
ensure efficient thermal coupling of the sample, a few mbar (mon-
itored during the experiment) of air were kept in the cell. The cell
temperature is monitored during the experiment and the error on
sample temperature is estimated to be of the order of 1 K.

In order to minimize undesired water vapor absorption and to
improve our SNR in the infrared, the whole setup
(CARBONIR + spectro-gonio-radiometer) was kept within a cold
chamber at 265 K.

About 5 g of natural brucite (Mg(OH)2) from Texas, Lancaster
Co. PA, were ground in an agate mortar. The sample was ground
vigorously to achieve a fine grain size (<50 lm) in order to
minimize possible crystallographic orientation effects. Indeed,
transmission spectra measured on brucite shows a profound
dependence on crystallographic orientation (Dawson et al., 1973).
The powder was gently poured into the sample holder, and the sur-
face was not compacted.

3. Results

At room temperature, the reflectance spectrum of brucite shows
numerous absorption features between 0.50 lm (20,000 cm!1) and
4.00 lm (2500 cm!1) (Fig. 1). A triplet of relatively narrow absorp-
tions is found at 1.30, 1.36 and 1.395 lm, while at higher wave-
length features occur around 2.10 lm, 2.47 lm, 2.70 lm, 2.84
and 3.06 lm (Fig. 1). As will be discussed later all these absorptions
are likely related to –OH fundamental stretching, or its combina-
tion with lattice modes. Possible feature observed above 3.20 lm
are explained by the presence of carbonates, which on Earth can
form very rapidly by gas–solid reaction between atmospheric
CO2 and brucite surfaces (Garenne et al., 2014).

With decreasing temperature, a significant evolution is found in
the reflectance spectrum of brucite (Fig. 1). In the case of the triplet
around "1.4 lm, the relative intensity of the features at 1.36 and
1.39 lm is changed (the 1.36 lm band increasing while the
1.39 lm band decreases). This is possibly related to a modification
of the position of the modes.

Changes are also observed at higher wavelength. At 2.10 lm,
2.48 and 2.70 lm, with decreasing temperature, subtle changes
appear to occur in the shape of these bands attributable to narrow-
ing. The most visible change in the reflectance spectra of brucite
observed under low-T is a modification of the 3.06 lm band. The
band broadens under low-T and its depth decreases by about a fac-
tor of two. The evolution of this feature is shown in more details in
Fig. 1b, where a linear baseline was subtracted between the two
local reflectance maxima surrounding the band.

Fig. 1. Reflectance spectra of natural brucite (Mg(OH)2) measured under decreasing temperature. The left panel shows almost the full spectral range (1.00–4.00 lm) and
individual spectra were offset for clarity. The right panel is a zoom on the 3.06 lm feature, and a linear baseline has been subtracted. The gray line in the right panel
correspond to Ceres spectra digitized from Milliken and Rivkin (2009). The equilibrium temperature of Ceres is 164 K while the maximum temperature measured is 234 K
(Saint-Pe et al., 1993).
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(magnetite), antigorite and carbonate (Fig. 4). Mixtures with differ-
ent ammoniated clays (Fig. 4) can match the Ceres spectrum, but the 
specific clay mineral cannot be determined. Carbonates are always 
needed in the fit but the specific carbonate mineral is not fully con-
strained because dolomite, magnesite and calcite produce equivalent 
matches to the observed Ceres spectrum (Extended Data Fig. 5 and 
Extended Data Table 2).

Ammoniated clays on Ceres have been suggested previously4, pos-
sibly formed by reaction with ammonia ice. Recent observation of 
substantial amounts of ammonia contained in organic compounds 
in some CI, CM and CR chondrites20 suggests another mechanism 
for the formation of ammoniated clays on Ceres. The consistent 
15N-enrichment of carbonaceous chondrite organic matter may indi-
cate that enrichment occurred in the solar nebula before star forma-
tion20, although ammonia was also likely to have been processed into 
more complex molecules in the protoplanetary disk and parent bodies. 
Modest heating to 300–400 °C of NH4-bearing organic matter in car-
bonaceous chondrites releases ammonia20, and a similar process on 
Ceres could have plausibly produced ammoniated phyllosilicates. The 
ability of smectite, especially montmorillonite, to incorporate ammo-
nia by cation exchange is well documented21.

Ceres’ surface enrichment in ammoniated phyllosilicates and rela-
tively low bulk density pose significant challenges to understanding 
its origin and formation. One view holds that Ceres and most C-type 
asteroids could have formed close to their current locations, inferred to 
be near the water snow line22. However, CI/CM meteorites have bulk 
water contents of 15%–20% at most, whereas Ceres is inferred to be 
~30% water by mass, on the basis of its bulk density. This may indicate 
that Ceres retained more volatiles than objects represented in the mete-
orite collection, or that it accreted from more volatile-rich material.

We have shown here that the altered CM and CI carbonaceous chon-
drites do not offer a good spectral match for Ceres, nor do all carbo-
naceous chondrites show evidence of exposure to significant amounts 
of ammonia. Therefore, it seems unlikely that a substantial population 
of ammonia-rich planetesimals could have formed locally at Ceres’ 
current location in the main belt, even if the water snow line episodi-
cally migrated about 1 au during the evolution of the protoplanetary 
disk22–24. However, it is possible that Ceres grew close to its present 
position by accreting pebble-sized objects, some of which could have 
drifted inward from larger heliocentric distances25 where ammonia 
was stable. If the source of NH3 for ammoniated phyllosilicate was 
ammonia-bearing organic matter, Ceres could have accreted organics 
originally formed by irradiation of N2 ices condensed near or beyond 
the orbit of Neptune.

Alternatively, Ceres may itself have formed further out in the Solar 
System, presumably in the trans-Neptunian disk, before being subse-
quently implanted in the main belt26. This view is corroborated by the 
presence of ammonia ice on other large trans-Neptunian objects, such 

as Orcus and Charon27,28. The implantation of Ceres in the main belt 
could have taken place during a migratory phase of the giant planets, 
either during their growth in the protoplanetary disk29, or at a later 
time as a result of an orbital instability30.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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has been interpreted in a variety of ways, and the most recent sug-
gestion, which generates an excellent fit from 2.80 to 4.00 lm, is a
mixture of carbonates and brucite (Milliken and Rivkin, 2009).
Such a mineral assemblage has not been observed in carbonaceous
chondrites and requires very specific environmental conditions
including a high water–rock ratio (Zolotov, 2014). In this paper,
in order to gain insight into the possibility that brucite occurs at
the surface of Ceres, which has strong implications for Ceres exter-
nal cycles, we measured the reflectance spectra of brucite under
temperature relevant for Ceres surface, i.e. down to 93 K.

2. Sample and methods

All spectra were measured at the Institut de Planétologie et
d’Astrophysique de Grenoble (IPAG) with a home made
spectro-gonio-radiometer (Brissaud et al., 2004). This instrument
measures bidirectional reflectance spectra in the range
0.40–4.80 lm. Spectra were acquired from 0.50 to 4.00 lm using
an incidence angle of 0!, and an emission angle of 20!, at a spectral
sampling of 20 nm. Spectralon" and Infragold" (Labsphere Inc.)
were used as references. Corrections were applied to take into
account the standards’ spectral behavior and photometry.

The spectro-gonio-radiometer was coupled with the CARBONIR
environmental chamber (Grisolle et al., 2014; Philippe et al., 2014).
This chamber is made of a large closed isothermal copper cell
(diameter of 8 cm) inserted in a stainless steel chamber. The cop-
per cell is cooled with an He-cryostat and optical access is permit-
ted through sapphire windows. This setup enables measurement of
reflectance spectra at temperatures down to 50 K. In order to
ensure efficient thermal coupling of the sample, a few mbar (mon-
itored during the experiment) of air were kept in the cell. The cell
temperature is monitored during the experiment and the error on
sample temperature is estimated to be of the order of 1 K.

In order to minimize undesired water vapor absorption and to
improve our SNR in the infrared, the whole setup
(CARBONIR + spectro-gonio-radiometer) was kept within a cold
chamber at 265 K.

About 5 g of natural brucite (Mg(OH)2) from Texas, Lancaster
Co. PA, were ground in an agate mortar. The sample was ground
vigorously to achieve a fine grain size (<50 lm) in order to
minimize possible crystallographic orientation effects. Indeed,
transmission spectra measured on brucite shows a profound
dependence on crystallographic orientation (Dawson et al., 1973).
The powder was gently poured into the sample holder, and the sur-
face was not compacted.

3. Results

At room temperature, the reflectance spectrum of brucite shows
numerous absorption features between 0.50 lm (20,000 cm!1) and
4.00 lm (2500 cm!1) (Fig. 1). A triplet of relatively narrow absorp-
tions is found at 1.30, 1.36 and 1.395 lm, while at higher wave-
length features occur around 2.10 lm, 2.47 lm, 2.70 lm, 2.84
and 3.06 lm (Fig. 1). As will be discussed later all these absorptions
are likely related to –OH fundamental stretching, or its combina-
tion with lattice modes. Possible feature observed above 3.20 lm
are explained by the presence of carbonates, which on Earth can
form very rapidly by gas–solid reaction between atmospheric
CO2 and brucite surfaces (Garenne et al., 2014).

With decreasing temperature, a significant evolution is found in
the reflectance spectrum of brucite (Fig. 1). In the case of the triplet
around "1.4 lm, the relative intensity of the features at 1.36 and
1.39 lm is changed (the 1.36 lm band increasing while the
1.39 lm band decreases). This is possibly related to a modification
of the position of the modes.

Changes are also observed at higher wavelength. At 2.10 lm,
2.48 and 2.70 lm, with decreasing temperature, subtle changes
appear to occur in the shape of these bands attributable to narrow-
ing. The most visible change in the reflectance spectra of brucite
observed under low-T is a modification of the 3.06 lm band. The
band broadens under low-T and its depth decreases by about a fac-
tor of two. The evolution of this feature is shown in more details in
Fig. 1b, where a linear baseline was subtracted between the two
local reflectance maxima surrounding the band.

Fig. 1. Reflectance spectra of natural brucite (Mg(OH)2) measured under decreasing temperature. The left panel shows almost the full spectral range (1.00–4.00 lm) and
individual spectra were offset for clarity. The right panel is a zoom on the 3.06 lm feature, and a linear baseline has been subtracted. The gray line in the right panel
correspond to Ceres spectra digitized from Milliken and Rivkin (2009). The equilibrium temperature of Ceres is 164 K while the maximum temperature measured is 234 K
(Saint-Pe et al., 1993).
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(magnetite), antigorite and carbonate (Fig. 4). Mixtures with differ-
ent ammoniated clays (Fig. 4) can match the Ceres spectrum, but the 
specific clay mineral cannot be determined. Carbonates are always 
needed in the fit but the specific carbonate mineral is not fully con-
strained because dolomite, magnesite and calcite produce equivalent 
matches to the observed Ceres spectrum (Extended Data Fig. 5 and 
Extended Data Table 2).

Ammoniated clays on Ceres have been suggested previously4, pos-
sibly formed by reaction with ammonia ice. Recent observation of 
substantial amounts of ammonia contained in organic compounds 
in some CI, CM and CR chondrites20 suggests another mechanism 
for the formation of ammoniated clays on Ceres. The consistent 
15N-enrichment of carbonaceous chondrite organic matter may indi-
cate that enrichment occurred in the solar nebula before star forma-
tion20, although ammonia was also likely to have been processed into 
more complex molecules in the protoplanetary disk and parent bodies. 
Modest heating to 300–400 °C of NH4-bearing organic matter in car-
bonaceous chondrites releases ammonia20, and a similar process on 
Ceres could have plausibly produced ammoniated phyllosilicates. The 
ability of smectite, especially montmorillonite, to incorporate ammo-
nia by cation exchange is well documented21.

Ceres’ surface enrichment in ammoniated phyllosilicates and rela-
tively low bulk density pose significant challenges to understanding 
its origin and formation. One view holds that Ceres and most C-type 
asteroids could have formed close to their current locations, inferred to 
be near the water snow line22. However, CI/CM meteorites have bulk 
water contents of 15%–20% at most, whereas Ceres is inferred to be 
~30% water by mass, on the basis of its bulk density. This may indicate 
that Ceres retained more volatiles than objects represented in the mete-
orite collection, or that it accreted from more volatile-rich material.

We have shown here that the altered CM and CI carbonaceous chon-
drites do not offer a good spectral match for Ceres, nor do all carbo-
naceous chondrites show evidence of exposure to significant amounts 
of ammonia. Therefore, it seems unlikely that a substantial population 
of ammonia-rich planetesimals could have formed locally at Ceres’ 
current location in the main belt, even if the water snow line episodi-
cally migrated about 1 au during the evolution of the protoplanetary 
disk22–24. However, it is possible that Ceres grew close to its present 
position by accreting pebble-sized objects, some of which could have 
drifted inward from larger heliocentric distances25 where ammonia 
was stable. If the source of NH3 for ammoniated phyllosilicate was 
ammonia-bearing organic matter, Ceres could have accreted organics 
originally formed by irradiation of N2 ices condensed near or beyond 
the orbit of Neptune.

Alternatively, Ceres may itself have formed further out in the Solar 
System, presumably in the trans-Neptunian disk, before being subse-
quently implanted in the main belt26. This view is corroborated by the 
presence of ammonia ice on other large trans-Neptunian objects, such 

as Orcus and Charon27,28. The implantation of Ceres in the main belt 
could have taken place during a migratory phase of the giant planets, 
either during their growth in the protoplanetary disk29, or at a later 
time as a result of an orbital instability30.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 28 July; accepted 29 October 2015.

1. Chapman, C. R. & Salisbury, J. W. Comparisons of meteorite and asteroid 
spectral reflectivities. Icarus 19, 507–522 (1973).

2. McCord, T. & Gaffey, M. J. Asteroids: surface composition from reflectance 
spectroscopy. Science 186, 352–355 (1974).

3. Lebofsky, L., Feierberg, M., Tokunaga, A., Larson, H. & Johnson, J.  
The 1.7–4.2 µ m spectrum of asteroid 1 Ceres: evidence for structural water in 
clay minerals. Icarus 48, 453–459 (1981).

4. King, T., Clark, R., Calvin, W., Sherman, D. & Brown, R. Evidence for ammonium-
bearing minerals on Ceres. Science 255, 1551–1553 (1992).

5. Rivkin, A. S., Volquardsen, E. L. & Clark, B. E. The surface composition of 
Ceres: discovery of carbonates and iron-rich clays. Icarus 185, 563–567 
(2006).

6. Milliken, R. E. & Rivkin, A. S. Brucite and carbonate assemblages from altered 
olivine-rich materials on Ceres. Nature Geosci. 2, 258–261 (2009).

7. Küppers, M. et al. Localized sources of water vapour on the dwarf planet (1) 
Ceres. Nature 505, 525–527 (2014).

8. De Sanctis, M. C. et al. The VIR spectrometer. Space Sci. Rev. 163, 329–369 
(2011).

9. Russell, C. T. & Raymond, C. A. The Dawn Mission to Vesta and Ceres.  
Space Sci. Rev. 163, 3–23 (2011).

10. Nathues, A. et al. Sublimation in bright spots on (1) Ceres. Nature http://dx.doi.
org/10.1038/nature15754 (this issue).

11. Helfenstein, P. & Veverka, J. in Asteroids II (eds Binzel, R. P., Gehrels, T. & 
Matthews, M. S.) 557–593 (Univ. Arizona Press, 1989).

12. Li, J.-Y. et al. Photometric analysis of 1 Ceres and surface mapping from HST 
observations. Icarus 182, 143–160 (2006).

13. Takir, D. et al. Nature and degree of aqueous alteration in CM and  
CI carbonaceous chondrites. Meteorit. Planet. Sci. 48, 1618–1637  
(2013).

14. Takir, D. & Emery, J. P. Outer main belt asteroids: identification and distribution 
of four 3-µ m spectral groups. Icarus 219, 641–654 (2012).

15. Beck, P., Schmitt, B., Cloutis, E. A. & Vernazza, P. Low-temperature reflectance 
spectra of brucite and the primitive surface of 1-Ceres? Icarus 257, 471–476 
(2015).

16. Bishop, J. L. et al. Reflectance and emission spectroscopy study of four groups 
of phyllosilicates: smectites, kaolinite-serpentines, chlorites and micas. Clay 
Miner. 43, 35–54 (2008).

17. Hapke, B. Theory of Reflectance and Emittance Spectroscopy (Cambridge  
Univ. Press, 2012).

18. Howard, K. T., Alexander, C. M. O’D., Schrader, D. L. & Dyl, K. A. Classification of 
hydrous meteorites (CR, CM and C2 ungrouped) by phyllosilicate fraction: 
PSD-XRD modal mineralogy and planetesimal environments. Geochim. 
Cosmochim. Acta 149, 206–222 (2015).

19. Bishop, J. L., Banin, A., Mancinelli, R. L. & Klovstad, M. L. Detection of soluble 
and fixed NH4

+ in clay minerals by DTA and IR reflectance spectroscopy: a 
potential tool for planetary surface exploration. Planet. Space Sci. 50, 11–19 
(2002).

20. Pizzarello, S. & Williams, L. B. Ammonia in the early Solar System: an 
account from carbonaceous meteorites. Astrophys. J. 749, 161–167  
(2012).

Figure 4  | Spectral fits of the spectrum of Ceres with ammonia-
bearing species. a, Results of the spectral fitting model (red curve) using 
NH4-montmorillonite, antigorite, Mg-carbonate, and dark component; 

b, results of the spectral fitting model (red curve) using NH4-annite, 
antigorite, Mg-carbonate, and dark component. Grey bars as in Fig. 3. 
Ceres’ spectrum is in black. Error bars as in Fig. 3.
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Figure 3.24 – Morphologie de la glace polycristalline de CO2 formée à la surface de la
couche de poussière au bout d’une semaine de condensation. Cette morphologie correspond
au spectre utilisé pour la comparaison avec le spectre martien. A) Vue verticale de l’échan-
tillon avec éclairage rasant. La glace déposée sur le fond de la cellule est très transparente et
le fond poussiéreux peut être distingué sans difficulté. B) vue latérale de l’échantillon. Les
vues C) et D) sont aquises en biais par rapport à la surface de l’échantillon et permettent
d’apprécier la taille multi-millimétrique des grains.

au matériau un caractère plus lambertien (Andrieu et al. , 2016). La lumière préférentiel-
lement diffusée aux grands angles par la neige de glace d’eau est plus facilement réfléchie
à l’interface de la plaque de glace polycristalline supérieure. Les corrections lambertiennes
effectuées sur l’observation OMEGA et sur le spectre expérimental (ainsi que lors de la
génération des spectres synthétiques) sont donc validées par des mesures expérimentales
et permettent ici la comparaison satisfaisante entre les deux spectres.

3.9 Conclusion

A partir de la sélection des données OMEGA, j’ai mis en évidence la formation de glace
polycristalline de CO2 à la surface de Mars, pendant l’automne martien. Cette observation
a été validée à l’aide de l’inversion des données via la modélisation en transfert radiatif.
La texture et le spectre dans le proche-infrarouge est ensuite comparé avec un spectre
expérimental d’un échantillon créé dans la cellule CarboN-IR. Les conclusions suivantes
peuvent être déjà tirées :

Cryogenic chamber
3.1. OBJECTIFS ET COMPOSANTS DU MONTAGE 65

bars,
- mesure et suivi à mieux que 0,1 mbar près.

Figure 3.1 – Schéma des éléments de CarboNIR. Vue en coupe, illustration par Olivier
Brissaud.

En réponse au cahier des charges, la création de CarboNIR s’est articulée autour du projet
d’une cellule environnementale contenant l’échantillon, liée sous sa base à un cryostat, et placée
dans une enceinte à vide. Un schéma détaillé en donné en Figure 3.1.

Les conditions de température demandées ont montré le besoin d’utiliser un cryostat de
puissance su�sante pour refroidir sur une large gamme thermique (120 à 250 K) un échantillon
de plusieurs centaines de centimètres cubes. Elles ont aussi imposé d’utiliser un matériau à
grande conductivité thermique pour la cellule environnementale et d’isoler l’échantillon des
émissions thermiques ambiantes. Les considérations de pressions ont conduit à la mise en place
d’un tuyau connecté à la cellule, raccordable à une bouteille de gaz et à une pompe, ainsi que
l’utilisation de capteurs de pression. Aussi, afin de connaître le bilan de gaz dans le système
lors d’apports par ce tuyau, un système de mesure molaire du gaz injecté dans la cellule doit
être mis en place (il permet des mesures de volume et de pression).

Basses pressions et basses températures entraînent de facto de nombreuses contraintes
techniques. Ainsi, il faut des matériaux résistants à des di�érences de pressions de plusieurs
bars (en particulier des fenêtres qui doivent aussi transmettre le rayonnement visible et proche-
infrarouge et bonnes conductrices de surcroît), des joints qui résistent au froid et ne dégazent
pas ou peu, il faut contrôler la localisation des points froids, etc. Aux impératifs du cahier
des charges se sont ajoutés successivement des options supplémentaires qui sont présentées au
cours de la description des di�érents éléments ci-dessous. Cette présentation détaillée des com-
posants du système créé est suivie d’une description des améliorations empiriques principales
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Figure 3.2 – Photographies du dispositif expérimental. A. : le spectrogonio-radiomètre avec
l’enceinte à vide à sa position d’acquisition spectrale ; B. : vue latérale de l’enceinte, la partie
au premier plan appartient au cryostat, au-dessus se trouve la bride d’une fenêtre latérale, on
aperçoit sur la gauche le tuyau qui relie la cellule au dispositif SERAC (non visible). C. : la
cellule environnementale (sortie de l’enceinte et ici retournée) avec une bride latérale, le tuyau
de la cellule est visible sur la gauche, on voit que sous la cellule l’aire connectée thermiquement
au cryostat ne prend pas toute la surface de la base ; D. : la même cellule, et une de ses vitres
latérales ; le joint est en indium.
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Growth and metamorphism of CO2 ice

(,200K). An optically thick aerosol layer is not consistent with the
low temperature or with Mars Orbiter Laser Altimeter (MOLA)
observations11.
We have modelled a representative spectrum observed in the

cryptic region (Fig. 3, black curve) with a surface covered by two
layers of CO2 ice, each with different grain sizes and amounts of dust
and H2O ice inclusions (see Supplementary Information). As little as
1mm of clear CO2 ice at the surface would absorb most photons at
2.65 mm. The best fit (Fig. 4b) is obtained with very high dust
contamination in a thin granular upper layer above a nearly pure
layer of CO2 ice, so that most photons are scattered back by
superficial dust while a few penetrate deep into CO2 ice. The areal
fraction occupied by dust in the upper layer (65% to 70%) and its
albedo are the most strongly constrained parameters of the model. A
lower limit of ,100mm can be derived for the thickness of the
underlying clean CO2 slab. The size of dust particles in the upper
layer and the albedo of the underlying surface are only weakly
constrained.
The cryptic region exhibits drastic changes in spectral reflectance

in spring. Thirty days after equinox (L s 197.38, Fig. 4a), the reflec-
tance factor at 1.08 mm (33%) is already lower than that of most of
the seasonal cap (albedo .40%) and CO2 ice signatures are also
weaker than that of bright regions of the cap. This requires significant
surface contamination by dust. The maximum albedo contrast and
weakest CO2 signatures are observed at L s 223.28 (Fig. 4b). At L s

241.98 (Fig. 4c), the albedo and CO2 ice band depths are much larger
than at L s 223.28 (and even larger that at L s 1978), with a significant
contribution from sub-pixel ice-free areas. At L s 2528, CO2 ice has
sublimated. The sequence of events in the cryptic region as observed
by OMEGA is therefore as follows: (1) one month after the southern
spring equinox, in the cryptic region, the surface layers of the
seasonal CO2 ice slab become contaminated by dust. A contribution
from precipitation of atmospheric dust is plausible, as this period
corresponds to storm season, and circulation models predict large
inflows southeast of Hellas5, where the cryptic region lies. Another
contribution could be provided by venting of sub-ice bubbles
formed by CO2 ice sublimation12,13. This contamination reaches a
peak at L s 2208 to 2258. (2) After L s 2308, dust contamination in the
top few millimetres decreases. One possibility is that CO2 sublima-
tion carries away the smallest dust particles, while large dust
particles become embedded in CO2 ice

14. (3) During the last stages
of CO2 ice sublimation in the cryptic region (L s 2358–2608), patches
of ice-free areas grow until the whole area is ice-free. The rapid
recession of the seasonal cap in this area from L s 2308 to 2608 is
consistent with the increased fraction of solar energy in surface
layers due to dust contamination. This leads to the well known
asymmetry of the south seasonal cap in late spring and early
summer3,4,15.
The OMEGA results set important constraints for the models

proposed for the formation of martian surface features such as dark
spots, ‘spiders’ and ‘fans’, which are observed at high southern
latitudes12. Recent observations in the visible and thermal infrared
provide new insights on these processes13. In these models, dark
spots, spiders and fans are formed by the venting of sub-ice gas
bubbles, which result from solar heating of the surface through a
transparent CO2 ice layer. This process can contribute to contami-
nation of the surface of CO2 ice with dust13. However, the heavily
dust-contaminated upper layer, which is required above a coarse-
grained CO2 ice layer for interpreting near-infrared spectra in the
cryptic region at L s 2238, reduces by a factor of at least 3 the solar
energy reaching the surface compared to clear CO2 ice. This should
hamper the formation of sub-ice gas bubbles at that stage. Spots,
spiders and fans are only observed over part of the cryptic region,
but the link between the geographic distribution of these features
and that of the CO2 ice signatures (and hence dust contamination of

Figure 3 | Reflectance spectra of representative regions within the
southern seasonal cap. The representative regions are those identified in
Fig. 2 (orange, region a; red, region b; blue, region c; black, region d). Spectra
are corrected for aerosol contributions and atmospheric absorption. CO2 ice
absorption bands are much deeper in region b (mean path length ,10 cm)
than in region a (mean path length ,10mm), hence region b is covered by
much coarser CO2 ice than region a. Strong water ice absorptions dominate
the reflectance spectrum of region c. The weak CO2 absorption bands in
spectra from the cryptic region (black curve, region d) cannot correspond to
a surface covered by a slab of nearly pure CO2 ice, such as that observed by
OMEGA in mid-winter, which is provided for reference (green spectrum,
from Fig. 1).

Figure 2 | Albedo of the southern seasonal cap in mid-spring at 1.08mm
(continuum). Thismap is amosaic from tenOMEGAobservations between
L s 221.68 and 224.48. The albedo is evaluated assuming a perfectly diffusive
surface (Lambert albedo). The grey scale extends from 10% (black) to 80%
(white). The seasonal cap appears similar to that observed byMGS at L s 2208
in 19993,4,15. Over part of the image, a false colour scheme is implemented,
with each of the three colour channels remaining proportional to the
reflectance factor at 1.08mm; the red channel is enhanced proportionally to
the CO2 band depth at 1.43 mm; and the blue and green channels are
enhanced proportionally to the H2O ice band depth at 1.5 mm. The low
albedo region within the cap very closely matches the cryptic region
observed by TES4. Most of the seasonal cap is spectrally dominated by CO2

ice (reddish tones), with very bright regions (‘a’: 3458E, 86.28 S, albedo
,80%) and less bright regions with much stronger CO2 ice signatures (‘b’:
688E, 738 S, albedo ,42%). The seasonal cap is compositionally very
heterogeneous between longitudes 608E and 2208E. Relatively bright streaks
(albedo .40%) are spectrally dominated by either CO2 ice (reddish tones)
or H2O ice (bluish tones; for example, region ‘c’ at 2008E, 72.88 S). Within
the cryptic region itself, defined by albedos ,30% at latitudes higher than
708 S, signatures of both CO2 ice and H2O ice are much weaker than those
observed in other areas of the seasonal cap. A representative area (808E,
82.58 S), with an albedo of ,25%, is labelled ‘d’.
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5.1 Sublimation de glace de CO2 granulaire avec poussière 193

Figure 5.3 – Évolution morphologique de neige de CO2 enrichie en poussière lors de sa
sublimation à l’aide d’une lampe de type solaire. L’image A représente l’état inital de
l’échantillon. L’image B représente l’aspect de la surface après 30 minutes de sublimation.
L’image C représente l’état final de l’échantillon après 1h20 de sublimation (dernier spectre
sur la Fig. 5.2). Il reste encore un peu de glace de CO2 granulaire sur les côtés de la cellule
et les réflections spéculaires du fond sont générés par les facettes de glace polycristalline
de CO2 s’étant formée par métamorphisme.

5.2 Métamorphisme de glace granulaire de CO2 vers un état polycristallin avec une
contamination poussiéreuse 199

Figure 5.7 – Même évolution que dans la figure 5.6 mais l’échantillon est observé latéra-
lement à travers les fenêtres présentes sur les côtés de la cellule. L’éclairage sur ces photos
est dans le même sens et la même direction que la prise de vue. Les images correspon-
dant aux prises de vue J et K de la Fig. 5.6 ne sont pas représentées, car l’échantillon est
complètement métamorphisé au bout de 9 jours à cette profondeur.

156 Condensation du CO2 sous forme de glace polycristalline

Figure 3.26 – Échantillon de glace de CO2 formée en présence de gaz non condensable,
d’après Grisolle (2013).

3.9 Conclusion 151

Figure 3.24 – Morphologie de la glace polycristalline de CO2 formée à la surface de la
couche de poussière au bout d’une semaine de condensation. Cette morphologie correspond
au spectre utilisé pour la comparaison avec le spectre martien. A) Vue verticale de l’échan-
tillon avec éclairage rasant. La glace déposée sur le fond de la cellule est très transparente et
le fond poussiéreux peut être distingué sans difficulté. B) vue latérale de l’échantillon. Les
vues C) et D) sont aquises en biais par rapport à la surface de l’échantillon et permettent
d’apprécier la taille multi-millimétrique des grains.

au matériau un caractère plus lambertien (Andrieu et al. , 2016). La lumière préférentiel-
lement diffusée aux grands angles par la neige de glace d’eau est plus facilement réfléchie
à l’interface de la plaque de glace polycristalline supérieure. Les corrections lambertiennes
effectuées sur l’observation OMEGA et sur le spectre expérimental (ainsi que lors de la
génération des spectres synthétiques) sont donc validées par des mesures expérimentales
et permettent ici la comparaison satisfaisante entre les deux spectres.

3.9 Conclusion

A partir de la sélection des données OMEGA, j’ai mis en évidence la formation de glace
polycristalline de CO2 à la surface de Mars, pendant l’automne martien. Cette observation
a été validée à l’aide de l’inversion des données via la modélisation en transfert radiatif.
La texture et le spectre dans le proche-infrarouge est ensuite comparé avec un spectre
expérimental d’un échantillon créé dans la cellule CarboN-IR. Les conclusions suivantes
peuvent être déjà tirées :

Large CO2 crystals

Dirty CO2 snow Thick CO2 slab

Thin CO2 slab
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In situ reflectance spectra of CO2 ice
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210
La poussière dans les dépôts saisonniers martiens : métamorphisme, sublimation

différentielle et remontée d’albédo

Figure 5.16 – Évolution morphologique et spectroscopique de la glace polycristalline sou-
mise à un éclairage par la lampe. a) aspect de l’échantillon avant l’éclairage, b) aspect de
l’échantillon après l’éclairage et c) spectres en réflectance acquis au cours de l’expérience :
le spectre en noir représente échantillon en a), le spectre en rouge l’échantillon en b) et le
spectre bleu représente un test additionel réalisé sans pompage dans la cellule (non montré
sur les photographies).
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3.1. OBJECTIFS ET COMPOSANTS DU MONTAGE 67

A. C.

B. D.

Figure 3.2 – Photographies du dispositif expérimental. A. : le spectrogonio-radiomètre avec
l’enceinte à vide à sa position d’acquisition spectrale ; B. : vue latérale de l’enceinte, la partie
au premier plan appartient au cryostat, au-dessus se trouve la bride d’une fenêtre latérale, on
aperçoit sur la gauche le tuyau qui relie la cellule au dispositif SERAC (non visible). C. : la
cellule environnementale (sortie de l’enceinte et ici retournée) avec une bride latérale, le tuyau
de la cellule est visible sur la gauche, on voit que sous la cellule l’aire connectée thermiquement
au cryostat ne prend pas toute la surface de la base ; D. : la même cellule, et une de ses vitres
latérales ; le joint est en indium.
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4.5	±	2.5	μm 67	±	31	μm

≈2-100	μm

Poch	et	al.	(in	preparation)	
− ice/dust	sample	production	by	University	of	Bern	(N.	Thomas,	A.	Pommerol)	
− IR	spectroscopy	by	IPAG	Grenoble	(B.	Schmitt,	E.	Quirico,	P.	Beck)

Pure	water	ice	particles	surfaces

25

Experimental	reflectance	spectra	of	icy-dust	surfaces	
(Uni	Bern/IPAG)



Anthracite

inter-mixture intra-mixture

Water	ice	+	dust	particles	surfaces

Poch	et	al.	(in	preparation)	
− ice/dust	sample	production	by	University	of	Bern	(N.	Thomas,	A.	Pommerol)	
− IR	spectroscopy	by	IPAG	Grenoble	(B.	Schmitt,	E.	Quirico,	P.	Beck)

Experimental	reflectance	spectra	of	icy-dust	surfaces	
(Uni	Bern/IPAG)
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Calculation phase function or albedo for a given object shape. 

Band depth variation with observation geometry.

Beck et al., Icarus 2012

in the relative intensity of the opposition effect with decreasing
reflectance in standard geometry (Fig. 6). This asymptotic curve
appears to tend towards a ratio equal to unity at high reflectance
values, which means the disappearance of the opposition effect
for very bright samples. This behavior can be explained by an in-
crease of the contribution of multiple scattering, which tends to
decrease the shadow-hiding component of the opposition effect
(SHOE).

When observed as absolute (the difference of the reflectance
factor at (hi = 0!, he = 3!) to that in standard geometry (hi = 0!,
he = 30!)), the intensity of the opposition effect does not appear
to correlate with reflectance. As we will discuss in Section 4.3, this
observation also agrees with a shadow-hiding component for the
opposition effect we measure.

4. Discussion

4.1. The spectral reddening

In order to characterize possible geometric effects on spectral
slopes and band intensity, we calculated spectral ratios from val-
ues of reflectance factor obtained at different wavelengths
(Fig. 7). With the exception of the color ratio involving the deep
absorption at 900 nm (900/750 nm), all samples appear to show
a spectral reddening with increasing phase angle. This effect can
be substantial since an increase of the color ratio of 25% at 150!
phase angle is found in the case of the lunar sample. This behavior
is not related to the presence of a slope in the spectra since it is
found for samples having either a blue or a red slope.

(a)

Fig. 4. Reflectance factor of the meteorite samples in the principal plane (azimuth = 0!). Measurements were performed for emergence angles between !80! and +80! by
steps of 5! and for incidence angles: 0!, 30!, 50! and 70!, at five different wavelengths. Violet: 450 nm, blue: 550 nm, green: 650 nm, yellow: 750 nm, red: 900 nm. (a)
Incidence angle = 0! (solid lines) and incidence angle = 50! (dotted lines). (b) Incidence angle = 30! (solid lines) and incidence angle = 70! (dotted lines). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

370 P. Beck et al. / Icarus 218 (2012) 364–377
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A great opportunity to understand  the optical 
properties of a comet and related D-type objects.

Capaccioni et al., 
Science 2015

VIRTIS

67P by VIRTIS

C-type

D-type
DeMeo et al, 2009

DeMeo et al, 2009

Capaccioni et al., 2015

6. Analogue preparation
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We need tiny grains

The Astrophysical Journal, 780:174 (12pp), 2014 January 10 Merouane, Djouadi, & Le Sergeant d’Hendecourt

Figure 1. Scanning electron microscope (SEM) image of each particle after
crushing. Scale and voltage used are shown in each image. No image was taken
for IDP L2021 D7. SEM data for L2021 C5 can be found in Brunetto et al.
(2011). Particle L2021 Q3 and IDP L2083 E15 exploded into many pieces
during the crushing step, as shown in the first and in the last images.

L2021 C5 by Brunetto et al. (2011). The diamond substrate
used here has specific IR signatures that do not superimpose on
those of silicates and organics (at least aliphatic and aromatic).
However, a reference spectrum of the diamond alone was
obtained and removed from each particle’s spectrum in order
to dispose of its contribution.

2.3. Raman Micro-spectroscopy

Raman spectroscopy was also performed at SOLEIL with a
DXR spectrometer from Thermo Fischer with a 532 nm laser
focused with an objective ×100 on a 0.7 µm spot. Similar to IR
spectroscopy, Raman is a non-destructive technique, but because
the laser can locally heat the sample and damage it, we always
used a power lower than 1 mW. This technique, complementary
to IR, probes the surface of the sample; unfortunately, Raman

spectroscopy does not allow any quantitative measurements.
Raman data for IDP L2021 D7 were acquired by Raynal et al.
(2000a) and for L2021 C5 by Brunetto et al. (2011).

The diamond substrate does not contribute to the particles’
spectra when they are thick enough; however, some particles
that broke apart during the crushing step were so thin that the
diamond could be excited by the laser beam. In these cases, the
contribution from the substrate could easily be removed since
the diamond has a very sharp main peak around 1333 cm−1.

2.4. Scanning Electron Microscopy (SEM)—Energy
Dispersive X-Ray Spectroscopy (EDX)

Scanning electron microscopy was performed at the national
facility CTU IEF-MINERVE2 (Orsay, France) using an SEM
Hitachi 3600N, a dispersive X-ray spectrometer ThermoNoran
System SIX and an Si(Li) detector cooled with liquid nitrogen.
The maximum accelerating voltage used was 15 kV, allowing
the detection of all elements from carbon (Z = 6) to nickel (Z =
28). All SEM measurements could be performed directly onto
the diamond substrate without any deposition of a conductive
layer on the samples. No information concerning carbon can be
derived since the excitation volume is generally larger than the
sizes of our samples, implying a contribution from the diamond
substrate that cannot be neglected.

In this work, no quantitative analyses were made, the com-
positional information is being used here as complementary
information, in particular to infer the presence or absence of Fe
and/or Ca in the silicates (see Sections 3.1 and 4).

3. DATA PROCESSING

3.1. Silicates IR 10 µm features

The principal signatures of silicates in the range used are
found around 1000 cm−1 (10 µm) and are due to the stretching
vibration of the Si—O bonds. The position and shape of each
feature in that region depend on the nature of the silicates
(e.g., olivine: (Mg, Fe)2SiO4–, pyroxene: (Mg, Fe)SiO3–),
their chemical composition (e.g., forsterite: Mg2SiO4–, fayalite:
Fe2SiO4–), and their structure (amorphous or crystalline).

To infer quantitatively the silicate composition in each par-
ticle, we developed a numerical code on the basis of the fit
of the 10 µm band of our particles’ spectra after a local linear
baseline correction in the 800 cm−1 to 1200 cm−1 range and
a normalization at the peak with maximum absorbance in the
same frequency range. The fit consists of a numerical linear
combination of IR spectra of silicate standards; the best fit is
given by minimizing the χ2 value.

The standards used in our numerical procedure are the
silicates commonly found in IDPs.

1. Fe and Mg end members of olivine (forsterite: Mg2SiO4
and fayalite: Fe2SiO4, noted as Fo and Fa, respectively, in
the following sections).

2. Mg end member and Ca–Mg solid solution of pyroxene
(enstatite: MgSiO3 and diopside: CaMgSi2O6 noted as En
and Di, respectively, in the following sections).

3. Amorphous compounds of Fe and Mg olivine end members
compositions and an amorphous compound of pyroxene Mg
end member composition.

The IR signatures of silicates can be influenced by their porosity
(Koike et al. 2010) or by the substrate on which they are

2 http://www.ief.u-psud.fr/ief/ief.nsf/CTU/CTU_presentation.html

3

IDP: Merouane et al.,  ApJ 2014
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Compact particles A and C are both approximately 5.6 µ m in  effective 
diameter (hereafter size; see Methods) and are built from grains in the 
size range . µ− .

+ .1 93 m1 22
0 10  to . µ− .

+ .3 31 m1 23
0 06  (where the errors are given as  

the linear addition of the 1σ statistical uncertainty and the systematic 
 uncertainty; see Methods). The compact grain B is . µ− .

+ .2 76 m0 61
0 07  in size, 

comparable to the dust grains of particles A and C. In fact, the topographic 
image suggests that grain B was originally part of particle C, but detached 
on impact with the target. Particle D is . µ− .

+ .1 09 m0 25
0 01  in size, again similar 

to the grains in A–C. However, the higher resolution reveals that this 
micrometre-sized particle is itself an aggregate of smaller units; seven 
grains can be resolved, with sizes ranging from −

+260 nm120
50   to −

+540 nm250
20  . 

The visible part of particle E has a  maximum extent of 14 µ m in the  
x direction and 37 µ m in the y direction. Analysis of its component grains 
(Fig. 3d) shows sizes in the range from . µ− .

+ .0 58 m0 20
0 15  to . µ− .

+ .2 57 m0 51
0 04  , with 

the grain heights ranging between 0.2 µ m and 3 µ m and with 90% smaller 
than 1.7 µ m. These measurements are evidence for a continuation of the 
aggregate nature of dust particles below the size range observed by the 
COSIMA (Cometary Secondary Ion Mass Analyser) instrument 
on-board Rosetta (tens to hundreds of micrometres)15.

Particle E also shows a morphology that is strongly reminiscent of strat-
ospheric, chondritic porous interplanetary dust particles (IDPs), which 
have long been suspected of having a cometary origin. This link is con-
sistent with observations by COSIMA for larger dust particles, which also 
measured similar compositions for dust at comet 67P and IDPs15,16. One 
notable difference to IDPs is the extremely flat nature of particle E, which 
has a height that is an order of magnitude lower than its (minimal) lateral 
dimension. Indeed, all of the particles  presented here have flattened shapes 
to some degree (see Table 1). It is not yet clear if this is an intrinsic property 
of cometary dust or the result of a  rearrangement of grains on impact. 
COSIMA has observed that sub-millimetre aggregate particles undergo 
rearrangement of their grains on impact, producing flattened shapes15. 
Additionally, COSIMA collected small, apparently compact particles that 
are also flat, but the resolution is insufficient to determine if they are sin-
gle grains or  aggregates. On the other hand, cluster–cluster aggregation 
with rotating grains can form elongated structures with very high aspect 
ratios17, and laboratory experiments have produced dust “flakes”18.

Investigation of the size distribution of chondritic porous IDPs and 
fine-grained material returned by the Stardust mission19,20 showed 
that the majority of their component grains are smaller than 500 nm  
(refs 20, 21). Figure 3d shows that 90% of the grains in particle E are 
smaller than 2 µ m, comparable to the size of particle D, which is itself 

built from grains smaller than about 500 nm. This result  suggests that 
the grains of the fluffy aggregate particle E are also aggregates of sub- 
micrometre components similar to those in chondritic porous IDPs, 
and points towards a hierarchical structure. Hierarchical growth (that 
is, aggregates of smaller aggregates) has been proposed as a growth 
mechanism in the protoplanetary disk when fragmentation of larger 
particles provides a population of smaller aggregates available for 
 agglomeration10. The sticking probability of such particles can be higher 
than that of homogeneous dust for a given mass and  velocity and need 
to be accounted for in models of dust particle growth11. Hierarchical 
aggregates have also been invoked to produce a surface layer of cometary 
dust with sufficiently low tensile strength to allow for dust release12.

Figure 2 | AFM topographic images of particle D and its sub-units.  
a, A 5 µ m ×  5 µ m overview image with a pixel resolution of 80 nm and the 
colour scale representing the height, z. b, As in a, but with the sub-units  
of particle D outlined in cyan. c, A three-dimensional (rotated) image of 
the particle with two-times height exaggeration to aid visualization.

Figure 3 | AFM topographic images of particle E, showing its sub-units 
and their size distribution. a, A 14 µ m ×  37 µ m overview image with a pixel 
resolution of 210 nm and the colour scale representing the height, z.  
b, As in a, but with identified grains outlined in cyan. c, A three-dimensional 
14 µ m ×  34 µ m view (corresponding to region indicated by the red dashed 
box in a; rotated and cropped). d, Cumulative distribution of the equivalent 
diameters of the grains (red circles), with error bars in grey (where the errors 
are given as the linear addition of the 1σ statistical uncertainty and the 
systematic uncertainty; see Methods). The left scale shows the cumulative 
number of grains and the right scale shows the probability that particles have 
equivalent diameters below the specific values.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

67P: Bentley et al., Nature 2016

Individual grain are sub-µm
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Olivine 
(<500 nm)

Organic+ sulfide mixture
(<500 nm)

Tiny grains produced at IPAG

To be used for VNIR and MIR studies
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We need to mix three 
components:

Can we try to reproduce VNIR signatures of comets 
with the constituents of IDPs?

J.P. Bradley, Treatise on 
Geochemistry, 2007

• Silicates
• Fe-rich opaques
(sulfides + (Fe,Ni)-metal)
• Organics
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7. GHOSST-SSHADE database
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The	SSHADE	database	infrastructure	 
and	the	GhoSST	database

"Solid	Spectroscopy	Hosting	Architecture	of	Databases	and	
Expertise"		

Interoperable	set	of	databases	of		spectra	of	solids	(+	products)	
from	laboratory	experiments,	terrestrial	analogs	and	cosmo-

materials	
for	astrophysics,	planetary	sciences	and	Geosciences	

➔ For	analysis,	modeling	and	Interpretation		
of	spectroscopic	observations	(X	to	mm)	

of	planetary	surfaces	&	aerosols,	inter-	&	circumstellar	grains,	…	

Service	National	d’Observation	of	CNRS	–	INSU	
hosted	by	OSUG	Data	Center	in	Grenoble,	France 35



✓ 2002-2006	 Idea	...			Concept		+	Content	demonstrator	
✓ 2007-2008:	 First	“solid	spectroscopy”	data	model		+	technical	demonstrator	(OSUG,	...)	
✓ 2009-2012:	 Full	developments	(Europlanet	+	VAMDC	programs)	of:	

	 	 ●			SSDM	(Solid	Spectroscopy	Data	Model)		 	 	 	
	 	 ●			GhoSST	database	infrastructure	
✓ 25	Sept.	2012:	 GhoSST	opened	to	the	public	

✓ 4	Feb.	2014:	major	GhoSST	upgrade	

✓ 2015-2019:	 Development	of	SSHADE	infrastructure	under	EPN@2020-RI	(VESPA	WPs)	

	 	 ●			SSHADE	database	infrastructure	&	interface	
	 	 ●			20	spectroscopy	databases	

✓ 31st	Jan.	2018:		 SSHADE	will	be	online	with	11	databases	(including	GhoSST)	

	 	 SSHADE	will	be	a	service	of	several	Virtual	Observatories	(VESPA-VO,	VAMDC,	...)

From	GhoSST	@	IPAG			to		SSHADE	@	Europe:			a	long	story	!
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Consortium	of	21	solid	spectroscopy	experimental	groups		
	 	 in	8	European	countries	(F,	PL,	D,	GB,	CH,	E,	I,	HU)	+	India	
	 	 ~75	researchers	

Each	with	particular	expertise	on:	

	 -	some	wavelength	ranges	
	 -	specific	techniques	
	 -	type	of	materials	and	physico-chemical	conditions	
	 -	type	of	data	and	products,	…		

SSHADE	blog	:		 http://blog.sshade.eu

SSHADE		European	Consortium	of	Data	Providers
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• Spectral	ranges:	
• from	X-ray	to	mm		(through	UV-Vis-IR)	

• Solids	(naturals	and	synthesized):	
• Ices	(low/high	T-P,	mixtures,	...),	clathrates	hydrates,	…	
• Minerals,	rocks		
• Organic	matter,	polymers,	…		
• Extraterrestrial	matter:	meteorites,	micrometeorites,	IDPs,	...	
• also	some	liquids	

• Data	types:	

➢			Spectra	
• Transmission	spectra,	absorption	coefficients,	optical	constants	…	
• Raman	spectra	&	micro-spectroscopy,	Fluorescence,	…	 	
• Reflectance	spectra		of	surfaces,	spectro-photometric	functions,	…	

➢			Bandlist	
• position,	width,	intensity,	vibration	modes	...	for	molecular	solids

The	data	of	the	20	SSHADE		Data	bases
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GhoSST ➔  SSHADE Web interface

  Public version of ‘current’ GhoSST       SSHADE accessible after 1st January 2018 at: 
  http://ghosst.osug.fr    https://www.sshade.eu 
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