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a b s t r a c t 

Carbonates and clay minerals are present in Solar System bodies such as Mars and asteroid (1) Ceres. 

Brucite has been proposed in the recent past to fit absorption features in spectra of Ceres. In this 

study Visible-Near Infrared reflectance spectroscopic measurements have been performed on brucite–

carbonate–clay minerals mixtures, in the 0.2–5.1 μm spectral range. Different sets of three- and two- 

components mixtures have been prepared using these three fine powdered endmembers, by varying the 

relative proportions of carbonate, clay and brucite. Spectra have been acquired on the endmembers com- 

ponents separately and on the mixtures. Absorption features diagnostic of the carbonate, clay and brucite 

phases have been analyzed and band parameters (position, depth, area, width) determined. Several trends 

and correlations with mineral phase content in each mixture have been investigated, with the aim to de- 

termining how endmember components influence the mixture spectra and their minimum detectability 

threshold. Our results indicate that brucite is detectable in mineral mixtures with carbonates and clays, 

based on its main absorption features at 0.95, 2.45–2.47 and 3.05 μm. While the 0.95 and 3.05 μm fea- 

tures are only discernible for very high brucite contents in the mixtures, the ∼2.45 μm band turns out 

to be highly diagnostic, also for very small amounts of brucite (of the order of 10 wt%). These experi- 

ments, together with DAWN observations of Ceres, substantially rule out the presence of great amounts 

of brucite globally distributed on the surface of Ceres. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

In the last years space missions to different Solar System ob-

ects have evidenced the presence of both carbonates and clay

inerals of a wide range of types, on planetary bodies such as

ars ( Ehlmann et al., 2008; Michalski and Niles, 2010; Ehlmann

nd Edwards, 2014; Fairen et al., 2010; Mustard et al., 2008;

urchie et al., 2009; Vaniman et al., 2014 ). Carbonate–clay mix-

ures ( Rivkin et al. 2006; Carry et al. 2008 ), and carbonate–brucite

ixtures ( Milliken and Rivkin, 20 09 a,b; Zolotov, 20 09 ) have been

o far proposed in order to explain the surface composition of

he Asteroid 1-Ceres, as derived by ground-based telescopic re-

ectance spectra in the near-infrared range. In particular brucite

Mg(OH) 2 ) has been invoked in order to explain the absorption

eature at 3.05 μm observed in Ceres telescopic reflectance spec-

ra ( Milliken and Rivkin, 2009 a,b), although the same feature has

een tentatively explained in the past also with the presence of

ater ice frost ( Lebofsky et al., 1981 ), ammonium-bearing minerals
∗ Corresponding author. 
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uch as NH 4 -saponite ( King et al., 1992 ), ion-irradiated organic ma-

erial ( Vernazza et al., 2005 ), hydrated iron-bearing phyllosilicates

 Rivkin et al., 2006 ). New data from VIR spectrometer ( De Sanctis

t al., 2011 ) on-board DAWN mission ( Russell et al., 2004 ) provided

urther insights and constraints about the Ceres surface composi-

ion confirming the presence of phyllosilicates, ammoniated phyl-

osilicates, carbonates and a dark component, likely magnetite ( De

anctis et al., 2015 ). 

Brucite is not very common on Earth and in the Solar System as

ative mineral phase; it mainly occurs as aqueous alteration prod-

ct of periclase (MgO) in presence of Mg-carbonates ( Frost and

loprogge, 1999 ) or alteration of Mg-rich peridotites. For example

he hydration of Mg-rich olivine is given by the reaction of produc-

ion of serpentine and brucite ( Frost and Beard, 2007 ): 

 Mg 2 SiO 4 + 3 H 2 O = Mg 3 Si 2 O 5 (OH) 4 + Mg(OH) 2 

The brucite layered structure consists of two sheets of hydroxyls

ontaining a sheet of Mg cations between them; each Mg ion is in

he center of an octahedron of OH anions. Brucite sheets also typi-

ally constitute the intimate structure of phyllosilicates containing

ivalent cations such as Mg 2 + or Fe 2 + . 
clay–carbonate mixtures: Implications for Ceres surface composi- 
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Table 1 

Chemical compositions of the endmembers used for the mixtures. 

Component Constituent wt% 

Brucite Brucite [Mg(OH) 2 ] 90 

Lizardite [Mg 3 Si 2 O 5 (OH) 4 ] 2 

Rodolicoite [Fe 3 + PO 4 ] 1 

B-Mullite [Al 4 + 2x Si 2-2x O 10-x ] 1 

Magnesite [MgCO 3 ] 1 

Quartz [SiO 2 ] 1 

Dolomite [CaMg(CO 3 ) 2 ] 3 

Carbonate (GPR18) Dolomite 92 

Ankerite [Ca(Mg,Fe 2 + ,Mn) (CO 3 ) 2 ] 8 

Clay (MLA4) Illite [(K,H 3 O) •(Al,Mg,Fe) 2 ] •[(Si,Al) 4 O 10 ] •[(OH) 2 ,(H 2 O)] 37.6 

Quartz 47.5 

Calcite [CaCO 3 ] 12.9 

Magnetite [Fe 3 O 4 ] 1 

Birnessite [(Na 0.3 Ca 0.1 K 0.1 )(Mn 4 + ,Mn 3 + ) 2 O 4 ∗1.5H 2 O] 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I  

D  

V  

S  

r

1  

c  

r  

t  

e

 

a  

a  

9  

a  

p  

w  

l  

t  

t  

u

2

 

d  

s  

c  

(  

G  

s  

b  

g  

m  

t  

v  

t  

a  

a  

s  

t  

t

 

s  

a  

b  

a

For what concerns Ca-carbonates, on Earth the primary mech-

anism of formation is given by sedimentation of pelagic skele-

tals organisms in deep-water (calcite) or shallow-water (arago-

nite and Mg-rich calcite) marine environments, mostly at low to

middle latitudes ( Morse, 2003 ). Another mechanism is evaporation

in saline lakes ( Jones and Deocampo, 2003 ). However if carbon-

ates occur on other Solar System bodies, such as asteroids, dif-

ferent formation mechanisms have to be invoked. Calcium (but

also Mg-, Mn-, Fe-) carbonates and clay minerals found in CI and

CM chondrite meteorites ( Fredriksson and Kerridge, 1988 ; Endress

and Bischoff, 1996; Tonui et al., 2014 ) are supposed to have been

formed by low-temperature aqueous alteration of primary mafic

minerals on meteorites parent bodies regoliths ( Fredriksson and

Kerridge, 1988 ; Johnson and Prinz, 1992; Endress and Bischoff,

1996 ). The process of condensation of carbonates directly in the so-

lar Nebula is instead generally ruled out because of the observed

high degree of elemental fractionation ( Fredriksson and Kerridge,

1988 ), although they have been more recently found in interstel-

lar medium ( Toppani et al., 2005 ). Aqueous alteration of olivines

can also produce carbonates ( D’Amico et al., 1989 ; Staudigel, 2003 ).

The heat source necessary for circulation of fluids within aster-

oidal regoliths and subsequent aqueous alteration is justified as

induced by impact processes or radiogenic heating ( Endress and

Bischoff, 1996 ). Chemical variations among the different cation

concentrations (Fe 2 + , Mn 

2 + , Ca 2 + , Mg 2 + ) imply different conditions

and regimes of circulating fluids ( Johnson and Prinz, 1992 ). Other

formation mechanisms are for example carbonation reactions, in

which carbonate is produced by interaction of calcium hydrox-

ide with CO 2 , or Mg-carbonate is produced by reaction of brucite

with CO 2 ( Garenne et al., 2013 ). More generally Mg- or Fe-rich

olivines and Ca-rich pyroxenes can react with CO 2 to form mag-

nesite, siderite or calcite, respectively ( O’Connor et al., 2005 ). 

In this work we perform spectroscopic analyses in the VIS-

IR on brucite–carbonate–clay mineral particulate mixtures, which

have relevance for Ceres; two- and three-component mixtures have

been investigated varying each of the components in different

proportions. Spectral parameters of endmembers and all mixtures

are retrieved and analyzed in order to derive detectability thresh-

olds of each component, and to fix constraints for Ceres’ surface

composition. 

2. Experiment 

2.1. Experimental setup 

Spectroscopic measurements have been performed with the

Spectral Imaging (SPIM) facility in use at the laboratory of IAPS-
Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–

tion, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.07.002 
NAF. The facility is described in detail in Coradini et al. (2011 ) and

e Angelis et al. (2015 ). It is an imaging spectrometer spare of the

IR instrument onboard the Dawn mission to Vesta and Ceres (De

anctis et al., 2010). It operates in the visible and infrared spectral

ange 0.2–5.1 μm, using a CCD detector in the VIS channel (0.2–

.0 μm) and a HgCdTe detector in the IR channel (1.0–5.1 μm). It is

haracterized by high spatial resolution of 38 μm/pixel and spectral

esolution of 2 nm in the VIS and 12 nm in the IR channels, respec-

ively. The radiation sources are a QTH lamp in the VIS and an IR

mitter that is used in 2.5–5.1 μm range. 

The light scattered by the observed target is conveyed through

n optical system constituted by both flat and parabolic off-

xis mirrors to an Offner spectrometer, whose entrance slit is

 ×0.038 mm 

2 in size. The diffraction grating allows then to an-

lyze the spectral components of light on the VIS and IR focal

lanes. An image strip of 9 ×0.038 mm 

2 is acquired on the target

ith a single acquisition: a motorized three-axes sampleholder al-

ows to acquire a two-dimensional scan of the target, thus permit-

ing the construction of a data-cube, having the spectral informa-

ion along the third dimension. All samples have been measured

nder ambient P-T conditions. 

.2. Analyzed samples 

Three different end-member samples have been chosen in or-

er to simulate mixtures: (i) a carbonate sample, micritic lime-

tone from Italian Apennines (GPR18; Ernici Mountains); (ii) a

lay sample, from Italian Apennines (ML-A-4; Lepini Mountains);

iii) brucite, that is magnesium hydroxide, Mg(OH) 2 (commercial,

arrison Minerals). The carbonate and clay were ground and dry

ieved, starting from fragments, at a grain size d < 20 μm; the

rucite was provided by the company in fine powder form with

rain size d > 10 μm. Four sets of mixtures have been prepared by

anually mixing these end-members in different weight propor-

ions: (i) the carbonate proportion is kept fixed at 10 wt%, while

arying the amounts of clay and brucite; (ii) the carbonate propor-

ion is kept fixed at 40 wt%, while the amounts of clay and brucite

re varied; (iii) the carbonate proportion is kept constant at 70 wt%

nd the amounts of clay and brucite are then varied; (iv) the fourth

et consists of two-components mixtures with no carbonate con-

ent. For all mixtures it has been assumed an amount of 10 g as

he 100 wt% reference. 

X-Ray Diffraction analyses have been performed at the Univer-

ity of Bari on all endmember samples, brucite, GPR18 and MLA4,

lthough the chemical composition of brucite was also provided

y the seller company. XRD analyses have been performed with

 Diffrattometer Empyrean, Panalytical, at 40 kV/40 mA and CuK α
clay–carbonate mixtures: Implications for Ceres surface composi- 
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Fig. 1. Spectra of the three end-members used to prepare the mixtures. The curves 

are shifted in reflectance for clarity. 
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adiation. The compositions are listed in Table 1. For what concerns

he clay-mineral with illitic composition, we have to note that the

mounts of quartz and magnetite do not add absorption features;

hey only have an impact on the reflectance level of the sample.

oreover their contributes likely compensate each other, because

uartz rises the reflectance level while a few percent of magnetite
ig. 2. A comparison of brucite spectra between SPIM measurements (blue curve) and RE

pectral region. Data at 1.4 μm not shown for instrumental artifact. The emission peak a

olor in this figure legend, the reader is referred to the web version of this article). 

Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–

tion, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.07.002 
owers the reflectance considerably. The 12 wt% calcite add carbon-

te bands visible in the spectra (see Sections 4.2 and 4.3). 

. Results 

.1. Reflectance spectra: end-members 

The spectra of end-members are shown in Fig. 1 . The spec-

rum of the dolomitic limestone sample (GPR18) is characterized

y a weak H 2 O absorption near 2 μm, by a broad H 2 O feature

t 3 μm, and by CO 3 absorption bands near 3.4, 3.9 (very deep)

nd 4.6 μm. In the case of GPR18 sample, H 2 O-related features are

ikely due to some adsorbed water in ambient conditions. The il-

itic clay spectrum shows absorption features near 1.9 μm (H 2 O),

wo bands at 2.2 and 2.45 μm (Al–OH), a very broad water absorp-

ion band at 3 μm, and a CO 3 feature at 3.9 μm. Other weak fea-

ures attributable to some minor CO 3 content appear at 3.4 μm (as

 shoulder) and 4.6 μm. The spectrum of brucite ( Fig. 2 ) is charac-

erized by the very narrow OH absorption appearing at 1 μm and

y Mg–OH absorption features occurring at 2.1 and 2.3 μm. The

.45–2.47 μm feature can also be due to Mg–OH, as measured by

eck et al. (2015) on brucite spectra. The band near 3 μm is at-

ributable to water; a feature at 2.75 μm is due to OH and the

ther one at approximately 3.05 μm is related to combination of

H and lattice bands in brucite (Beck et al. 2015). A few carbon-

te content in this sample is seen by weak absorptions at 3.4 and

.9 μm: magnesite (Mg-carbonate) is indeed readily produced af-

er reaction of brucite with CO . Carbon dioxide in the room could
2 

LAB spectral library (green and red, two different grain sizes). B: zoom on the 3 μm 

t 4.25 μm is due to CO 2 in the laboratory. (For interpretation of the references to 

clay–carbonate mixtures: Implications for Ceres surface composi- 
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Fig. 3. A spectra of the mixture Mix-1, with carbonate (GPR18) content of 10 wt%. 

B: spectra of mixture Mix-2, with carbonate content of 40 wt%. The spectra are 

shifted in reflectance for clarity. Instrumental artifacts near 1.4 are not shown. (For 

interpretation of the references to color in this figure, the reader is referred to the 

web version of this article). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. A spectra of Mix-3, with carbonate content equal to 70 wt%. B: spectra of 

Mix-4, containing no carbonate. The spectra are shifted in reflectance for clarity. 

Instrumental artifacts near 1.4 μm are not shown. 

Fig. 5. Spectra of 2-components mixtures. A: brucite + carbonate (GPR18) mixtures. 

B: clay (MLA4) + carbonate (GPR18) mixtures. The spectra are shifted in reflectance 

for clarity. Instrumental artifacts near 1.4 μm are not shown. 
also be responsible for the small feature at 4.2 μm appearing in

all spectra, although matching with a similar feature in carbon-

ate spectra. Data at 1.4 μm are not shown due to an instrumental

artifact. 

3.2. Reflectance spectra: mixtures 

3.2.1. Mix-1: carbonate content 10 wt% 

The first set of mixtures is defined by a carbonate content equal

to 10 wt%. The spectra are in Fig. 3 A. The end-member spectra of

clay and brucite are also plotted. The spectral profiles show sev-

eral gradual variations as the relative amounts of brucite and clay

vary. At high brucite content the narrow OH absorption at 1 μm re-

mains visible; the 2.45 μm feature seems to get more deeper as the

brucite content increases, confirming that this band is real. The in-

creasing brucite content also produces a more negative blue slope.

The 2.7 μm OH feature in brucite is discernible in the mixtures

containing very small amounts of MLA4-clay ( < 20 wt%), while it

persists in mixtures with high GPR18-carbonate content ( < 70 wt%).

The 3.05 μm band is visible only in the mixture with high content

of brucite and tends to disappear in the large 3 μm feature of the

clays for lower brucite abundance. 

3.2.2. Mix-2: carbonate content 40 wt% 

In the ternary mixtures with a fixed carbonate content (40 wt%,

spectra in Fig. 3 B), the OH 1 μm band is still visible for the

mixtures with brucite content higher than 90%. The 2.1, 2.3 and

2.45 μm Mg–OH brucite bands tend to increase in strength at in-

creasing brucite content, while the 1.9 μm H 2 O band tends to dis-

appear. All the spectra of the mixtures show carbonate bands at

3.4 and 3.9 μm, while the 4.6 μm feature is very weak. 
Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–clay–carbonate mixtures: Implications for Ceres surface composi- 

tion, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.07.002 
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Fig. 6. Band parameters (center, depth, area) of the 0.95-micron OH-band of brucite. Parameters are plotted as functions of brucite and clay content (wt%), for each fixed 

value of carbonate in the mixture. 
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.2.3. Mix-3: carbonate content 70 wt% 

The third set of three-components mixtures (spectra in Fig. 4 A)

as an even higher carbonate content (70 wt%). The brucite OH

arrow feature at 1 μm is no longer visible in the spectra of mix-

ures. The 2.2 μm Al-OH band in clay disappears and the 2.3 μm

g-OH band of brucite appears, as the content of the latter in-

reases; The 3.05 μm band typical of brucite is not recognizable in

he spectra of the 70 wt% mixtures, while the 2.45 μm remains vis-

ble even with only 10% of brucite in the mixture. The spectra are

ominated by intense bands of carbonate at 3.4, 3.9 μm, superim-

osed on the broad H 2 O band near 3 μm. 

.2.4. Mix-4: carbonate content 0 wt% 

The last set consists of two-component mixtures, containing no

arbonate ( Fig. 4 B). The 1.9 μm H 2 O band of clay is still visible

or clay content down to 30 wt%; for brucite content of 70 wt%

nd higher the 2.3 μm Mg–OH band is clearly discernible. Some

mount of carbonate material within clay is evidenced by the fea-

ure at 3.9 μm. Also in this case, the 3.05 μm band typical of brucite

s broadly recognizable in the spectra of the mixtures with high

rucite content ( > 70 wt%), while the 2.45 μm remains visible even

ith only 30% of brucite in the mixture. 

The other two sets of 2-components mixtures, extracted from

ll the ones measured, are show for clarity in Fig. 5 . Brucite–

arbonate (GPR18) mixtures are shown in Fig. 5 A. In the absence

f clay, the diagnostic features of brucite in the 2.7–3 μm region

re still visible for a minimum brucite content of 30 wt%. In MLA4-

PR18 mixtures ( Fig. 5 B) the carbonate features in the 3.4–4 μm

egion are clearly discernible for a minimum limestone content of

0 wt%. 
Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–

tion, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.07.002 
. Analysis and trends 

Spectral band parameters have been computed for several diag-

ostic absorption features for the three endmembers and for the

our sets of mixtures. All spectra have been scaled at 1 in re-

ectance, prior to perform any further data analysis, thus neglect-

ng any albedo information. A smoothing of order 2 has been ap-

lied in the 1–5 μm range, in order to reduce odd-even noise. Sub-

equently, for each analyzed band the background continuum has

een removed dividing the reflectance by the straight line joining

he band edges, at each wavelength. After continuum removal, the

arameters position, depth, area and width have been computed.

he band position (center) has been retrieved selecting a region

ear the minimum, and then computing the center with a 2nd or-

er polynomial fit after having resampled with a denser number of

oints. The depth has been calculated as B D = 1 −R B / R C ( Clark and

oush, 1984 ), where R B is the reflectance at the band center and

 C is the reflectance at the continuum, at band center. The area

as been computed as the integral of the band between the edges.

he width has been calculated at half of the band depth. 

.1. Brucite 

Concerning the absorption bands related to brucite, the features

t 0.95 μm (O–H), 2.1 μm, 2.3 μm and 2.45 μm (MgOH), 2.7 μm (O–

) and 3.05 μm (O–H) have been analyzed as a function of brucite

t% content in the mixtures. The O–H brucite band in the 1.4 μm-

egion has not been considered because an instrumental artifact

ompletely overlaps this feature in the same region. 

The narrow O–H feature at 0.95 μm tends to disappear, de-

reasing in depth, area and width as the clay content becomes

reater ( Fig. 6 ). In the mixture set-1 (carbonate 10 wt%) this
clay–carbonate mixtures: Implications for Ceres surface composi- 

http://dx.doi.org/10.1016/j.icarus.2016.07.002


6 S. De Angelis et al. / Icarus 0 0 0 (2016) 1–13 

ARTICLE IN PRESS 

JID: YICAR [m5G; July 21, 2016;14:58 ] 

Fig. 7. A center of the 2.1 μm feature of brucite; this band rapidly disappears, while 

the clay 1.9 μm feature appears, as the clay content increases. B: center of the 

2.2 μm feature of clay. C: center of the 2.3 μm feature of brucite. This band dis- 

appears while the clay 2.35 μm feature appears as the clay content increases. 
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diagnostic feature is clearly discernible for brucite content in the

range 100–50 wt%. The band depth decreases of a factor 50% when

the brucite content decreases from 100 to 80 wt%; the band area

decrease of a factor 50% when the brucite decreases from 100 to

90 wt%. In the mixture set-2 (carbonate 40 wt%) this feature is still

recognizable for a minimum brucite content of 60 wt%. In the mix-

ture set-3 (carbonate 70 wt%) this narrow diagnostic feature is no

longer identifiable. Finally in the set-4 of mixtures (two compo-

nents, no carbonate) this band is recognizable for a brucite content

in the range 100–70 wt%. The band center doesn’t show significant

shift in wavelengths in the different mixtures. 

The brucite Mg–OH feature near 2.1 μm rapidly disappears,

while the feature near 1.9 μm appears, at high values of clay con-

tent in the mixture ( Fig. 7 ). The Mg–OH feature near 2.3 μm tends

to decrease both in depth and area, as the brucite proportion be-

comes smaller, and the clay content increases ( Figs. 7 and 8 ). At

the same time this feature gradually disappears, as the clay content

increases: a band gradually appears centered near 2.2 μm for clay

content in the range 60–100 wt%, and could be related to Al-OH in

the clay phase (see also Clark et al., 1990 , for bands assignment). 
Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–
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A similar analysis has been carried out also on the feature near

.45 μm that, although occurs near the instrumental artifact, shows

 correlation with the brucite content in the mixtures. Looking

t the plot in Fig. 2 indeed the measured brucite spectral profile

n the 2.1–3.3 μm region appears very similar to library spectra

RELAB database). The retrieved trends are shown in Fig. 9 . Both

and depth and area are characterized by a general decrease as the

rucite content increases. The band position again shifts towards

horter wavelengths with increasing clay content. 

The brucite feature at 2.7 μm has also been studied. Band pa-

ameters have been determined in two ways, both considering only

he relative peak-minimum at 2.7 μm ( Fig. 10 ), and considering the

hole 3 μm feature ( Fig. 11 ). The 2.7 μm feature maintains its

ndividuality for brucite content in mixtures of at least > 50 wt%.

or brucite < 40–50 wt% the minimum at 2.7 μm is no longer dis-

ernible ( Fig. 10 ). The addition of small amounts of clay ( < 20 wt%)

n the mixtures causes the feature rapidly to disappear (band depth

nd area increase), because of the presence of water 3 μm feature

 Figs. 10 and 11 ). 

The absorption band at 3.05 μm is clearly discernible in 3-

omponents mixtures containing an amount of brucite of at least

 60–70 wt% or more ( Figs. 3,4 and 12 ); for smaller amounts of

rucite, the presence of this feature results in a weak distortion

f the 3.0 μm water band. When only carbonate is added in the

ixture with brucite, the 3.05 μm feature shifts towards longer

avelengths, because of increasing and broadening of the carbon-

te 3.4 μm band; at the same time the computed depth decreases.

hen only clay instead is added in the mixture with brucite, the

ncreasing and broadening of 3 μm clay water band causes the

.05 μm feature to shift towards longer wavelengths and to rapidly

ose its distinctness, below a threshold brucite content of about

0 wt% ( Fig. 12 ). In both cases adding carbonate or clay to brucite

2-component mixture), the increasing of 3.4 μm or 3.0 μm ab-

orption bands, respectively, essentially causes a modification of

he continuum line and of the whole band. 

.2. Clay (ML-A-4) 

Concerning the clay component, the H 2 O band near 1.9 μm has

een evaluated ( Fig. 13 ). The water absorption feature maintains its

ndividuality for clay amounts from 100% down to about 20 wt%.

or lesser amount of clay in the mixture this band disappears and

 weak feature near 2.1 μm due to brucite appears. For high brucite

ontents, both depth and area decrease monotonically, while the

idth shows a more irregular behavior. The 1.9 μm band is also

nfluenced by the presence of carbonate in the mixture, which also

hows an absorption in the same region (see next section). 

.3. Carbonate (GPR18) 

The H 2 O 1.9 μm feature in mixtures is due to the presence of

oth clay and carbonate. In Fig. 14 it is shown how the carbonate

ontent influences the band area; the areas corresponding to clay

ontents of 30 wt% and 60 wt% in the mixtures containing no car-

onate (MIX-4, Fig. 4 B) assume values of about 0.02 and 0.04 μm,

espectively. The band areas increase linearly after the addiction of

ome amount of carbonate in the mixtures (for carbonate contents

qual to 10, 40 and 70 wt%). 

Then for each analyzed set of mixtures, corresponding to a

xed value of carbonate wt% content, the average band depth for

he carbonate features at 3.4, 3.9 and 4.6 μm has been computed.

and depth and area values have been averaged over the different

ixtures (with variable clay/brucite proportions) correspond-

ng to each carbonate content, and then plotted vs. carbonate

ontent ( Fig. 15 A and B). The depth of each band increases as the

arbonate amount in the mixture increases. 
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Fig. 8. Band parameters (center, depth, area) of the 2.3-micron Mg–OH band of brucite. Parameters are plotted as functions of brucite and clay content (wt%), for each fixed 

value of carbonate in the mixture. 

Fig. 9. Band parameters (center, depth, area) of the 2.45-micron Mg–OH band of brucite. Parameters are plotted as functions of brucite and clay content (wt%), for each 

fixed value of carbonate in the mixture. 
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Fig. 10. Band parameters (center, depth, area) of the 2.70-micron OH band of brucite (peak). Parameters are plotted as functions of brucite and clay content (wt%), for each 

fixed value of carbonate in the mixture. 

Fig. 11. Band parameters (center, depth, area) of the 2.70-micron OH band of brucite (whole H 2 O band). Parameters are plotted as functions of brucite and clay content 

(wt%), for each fixed value of carbonate in the mixture. 
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Fig. 12. Band parameters (center, depth, area) of the 3.05-micron feature of brucite. Parameters are plotted as functions of brucite and clay content (wt%), for each fixed 

value of carbonate in the mixture. 

Fig. 13. Band parameters (center, depth, area) of the 1.9-micron H 2 O-band of clay (ML-A-4). Parameters are plotted as functions of clay and brucite content (wt%), for each 

fixed value of carbonate in the mixture. 
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Fig. 14. Band area of 1.9 μm water absorption feature, due to clay. The addition 

of carbonate in the brucite–clay mixture causes the 1.9 μm band area to increase 

linearly with the carbonate content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

End-members weight proportions used to construct the four 

sets of mixtures. The Mix-1, Mix-2 and Mix-3 are three- 

component mixtures, while the Mix-4 is a two-component mix- 

ture, containing no carbonate. 

Mix-1 Carbonate (GPR18) = 10 wt% 

Brucite (%) Carbonate (%) Clay (%) 

Cer1a 90 10 0 

Cer1b 70 10 20 

Cer1c 50 10 40 

Cer1d 30 10 60 

Cer1e 10 10 80 

Cer1f 0 10 90 

Mix-2 Carbonate (GPR18) = 40 wt% 

Brucite (%) Carbonate (%) Clay (%) 

Cer2a 60 40 0 

Cer2b 40 40 20 

Cer2c 20 40 40 

Cer2d 0 40 60 

Mix-3 Carbonate (GPR18) = 70 wt% 

Brucite (%) Carbonate (%) Clay (%) 

Cer3a 30 70 0 

Cer3b 20 70 10 

Cer3c 10 70 20 

Cer3d 0 70 30 

Mix-4 Carbonate (GPR18) = 0 wt% 

Brucite (%) Clay (%) 

Cer4a 90 10 

Cer4b 70 30 

Cer4d 30 70 

Table 3 

Band parameters of absorption features at 3.9 and 4.6 μm in the analyzed 

endmember samples. 

3.9 μm band Depth Area (μm) Position (μm) 

Carbonate (GPR18–dolomite) 0.83 0.24 3.94 

Clay (MLA4 – calcite) 0.54 0.09 3.96 

Brucite (dolomite) 0.14 0.02 3.94 

4.6 μm band Depth Area (μm) Position (μm) 

Carbonate (GPR18–dolomite) 0.42 0.059 4.62 

Clay (MLA4 – calcite) 0.049 0.005 4.66 

b  

r  

s  

e  

(  

1

The 3.9 μm absorption feature also occurs in clay and brucite. In

the case of clay this indicates a small amount of carbonate content

(calcite; see Table 1 and Section 2.2 ), while in the case of brucite it

likely implies some carbonation reaction of Mg(OH) 2 with ambient

CO 2 . In Fig. 16 A the 3.9 μm feature spectral profiles for the three

endmembers are shown, after continuum removal: they are cen-

tered at 3.94 (brucite), 3.94 (carbonate GPR18) and 3.96 μm (clay

MLA4) (see Table 2 ). The band depths are in the ratios D BRU /D CARB 

= 0.17 and D CLA /D CARB = 0.65, while the band areas are in the ra-

tios A BRU /A CARB = 0.10 and A CLA /A CARB = 0.39, that is the band area

at 3.9 μm in the clay MLA4 endmember is approximately 40% of

the band area at 3.9 μm in the limestone GPR18 endmember. The

band area trends at 3.4 and 3.9 μm ( Fig. 15 B) indicate that area val-

ues are not decreased by a factor of 10 when passing from 100 wt%

GPR18 (endmember) to 10 wt% (Mix-1), but by a factor 5 and 2.5,

respectively, indicating the contribution of clay and brucite. 

In Fig. 16 B the 4.6 μm absorption feature spectral profiles are

reported for the two endmembers carbonate (GPR18) and clay

(MLA4). The brucite endmember did not show any appreciable ab-

sorption feature at this wavelength. The band depth and area ra-

tios are D CLA /D CARB = 0.12 (consistent with 12 wt% content of calcite

within MLA4) and A CLA /A CARB = 0.08, respectively. The band is cen-

tered at 4.62 μm in the GPR18 sample and at 4.66 μm in the clay

MLA4 sample ( Table 2 ), suggesting some difference in the carbon-

ate composition (indeed, dolomite vs. calcite). The clay/carbonate

area ratio A CLA /A CARB = 0.08 at 4.6 μm indicates that this absorption

feature is nearly negligible in the clay MLA4 sample, with respect

to the feature appearing in the carbonate GPR18 sample. Thus

it is diagnostic and can be used to trace the content of GPR18-

carbonate within each mixture. The linear relation between 4.6 μm
Fig. 15. Average band depth (A) and area (B) of carbonate absorption features centere

Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–
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and parameters and GPR18-carbonate content in the mixtures is

eported in Table 3 . The carbonate endmember (GPR18 = 100 wt%)

hows indeed a 4.6 μm band area equal to 0.059 ( Table 2 ). The av-

rage band area at 4.6 μm computed for the set of mixtures MIX-1

GPR18 = 10 wt%) is instead about 0.007, that is lower than a factor

0 (Supplementary material, Table 32). 
d at 3.4, 3.9 and 4.6 μm, vs. carbonate wt% content (GPR18) in the mixture set. 
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Fig. 16. Absorption features at 3.9 μm (A) and 4.6 μm (B) occurring in carbonate, clay and brucite endmembers, after baseline subtraction. 

Table 4 

Numerical relationship between 4.6 μm band param- 

eters and GPR18-carbonate wt% content in the mix- 

tures. 

Feature wavelength: X = carbonate GPR18 wt% 

λ= 4.6 μm depth = 0.004 ∗X − 0.028 

area = 0.0 0 06 ∗X − 0.0 07 
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Fig. 17. Comparison between average spectrum of Ceres (Dawn-VIR, from De Sanc- 

tis et al., 2015 ) and endmembers. The spectrum has is also compared with a se- 

lected mixture, MIX-2A. The endmembers clay-MLA4 and brucite have been heated 

for 2.5 h at 250 °C, and then measured with FTIR, in order to reduce adsorbed wa- 

ter. The carbonate-GPR18 has been heated for 4.5 h at 150 °C and then measured 

with SPIM. 
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Carbonate–clay mixtures (with the addiction of forsterite) were

lso studied by Bishop et al. (2013) . They showed that the addic-

ion of carbonate (magnesite) to mixtures resulted in non-linear

ncreasing of band depths with increasing abundance of magne-

ite. This is consistent with our results, for what concerns the

.9 μm band. In fact, as we have seen above, the depth and area

f 3.9 μm feature in clay endmember are approximately 60% and

0% of depth and area of carbonate endmember, although the clay

LA4 contains only about 10% of calcite. Nevertheless in our study

 linear behavior is observed for the 4.6 μm feature ( Table 4 ). 

. Applications to Ceres 

These results can be useful in view of the interpretation of

ew data on Ceres from DAWN spacecraft. Ground-based spectra

f Ceres have been interpreted by invoking the presence of brucite,

n mixtures with carbonates and clay minerals, phyllosilicates, es-

ecially with the aim of justifying the presence of the 3.05 μm

bsorption feature ( Milliken and Rivkin, Nature Geoscience, 2009 ).

n Fig. 17 , we plot a comparison between Ceres (adapted from De

anctis et al., 2015 ) and the different end-members used in this

ork. A mixture of clay, brucite and carbonate is also reported.

eres spectrum shows clearly the carbonate band at 3.9 μm, the

H band at 2.72 μm and the band at 3.05 μm. A broad band is also

resent between 3.2–3.6 μm. However, Ceres spectrum lacks of ab-

orptions bands between 1 and 2.7 μm. 

Our results indicate that the presence of brucite, in mixtures

ontaining carbonates and clay minerals, is essentially revealed by

iagnostic absorption features at 0.95 μm, ∼2.45 μm and 3.05 μm

 Fig. 17 ). While the 0.95 and 3.05 μm bands are weak and rapidly

isappear in mixtures with a brucite content less than 50–70 wt%

depending on carbonate content), the 2.45 μm band is clearly dis-

ernible for a minimum brucite content of 10 wt% in mixtures.

hus this 2.45 μm band is the best indicator to reveal the pres-

nce of brucite in the mixtures. However, this band was not ob-

erved on Ceres surface ( Fig. 17 ), neither from ground based obser-

ations ( Vernazza et al., 2005 ; Rivkin et al., 2006 ) nor from space

 De Sanctis et al., 2015; Ammannito et al., 2016 ). The ∼2.45 μm

and of brucite is absent from Ceres spectra while we demon-
Please cite this article as: S. De Angelis et al., VIS-IR study of brucite–

tion, Icarus (2016), http://dx.doi.org/10.1016/j.icarus.2016.07.002 
trated that it is discernible in mixtures with clays and carbon-

tes, given its expected band depth, also in mixtures with small

mounts of brucite. 

Thus, large quantity of brucite on Ceres at global scale is not

upported by the telescopic observations neither by Dawn obser-

ation with the Visual and Near Infrared Mapping Spectrometer

 De Sanctis et al., 2011 ). VIR observed Ceres surface and the re-

orted average Ceres spectrum ( De Sanctis et al., 2015 ) lacks of

bsorption features at 0.95 and ∼2.45 μm indicating that brucite

s absent at global scale. Searching for these bands in the spectral

ata at higher resolution could be a good method for eventually

eveal the presence of brucite in small amount and localized areas

t Ceres surface. 
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6. Conclusions 

Four sets of mineral mixtures have been analyzed by means

of visible and infrared reflectance spectroscopy in the wavelength

range 0.2–5.1 μm. Three endmembers have been used: (i) lime-

stone, GPR18; (ii) clay, MLA4; (iii) brucite, in order to prepare four

different ensembles of mixtures. The first three sets are three-

component mixtures, characterized by carbonate (GPR18) content

equal to 10 wt%, 40 wt% and 70 wt%, and with variable relative

proportions of clay and brucite. The fourth set consists of two-

component mixtures, containing no limestone. 

The analysis of spectral parameters, such as depth and area, of

absorption bands both in endmembers and mixtures spectra, al-

lowed to identify several features and trends, and to determine

minimum thresholds of detectability of the components in the

mixtures. 

Brucite is recognizable by its narrow OH-absorption feature at

0.95 μm, with a minimum 50 wt% content in mixtures containing

10 wt% of carbonate (GPR18), or with a minimum 60 wt% content

in mixtures containing 40 wt% of carbonate (GPR18). In mixtures

containing 70 wt% of carbonate, this brucite feature is no longer

discernible. Finally in two-component brucite–clay mixtures, the

brucite phase is recognizable for a minimum content of at least

70 wt%. 

In the analyzed mixtures, a high content of brucite is also char-

acterized by very steep blue slope in the 1–2.5 μm spectral range.

The absorption band at 3.05 μm is clearly visible in mixtures con-

taining at least 70 wt% of brucite; for smaller amounts of brucite,

the presence of this feature results in a weak distortion of the

3.0 μm water band. Conversely the strong brucite band at 2.45 μm

is present even in mixture with much smaller amount of brucite

(10–20%) and is a good indicator of this mineral in the spectra. 

The narrow feature at 2.7 μm in brucite is visible in mixtures

with low clay content ( < 20 wt%) and a brucite amount of 60–

70 wt% minimum. Where no clay is present, this band is dis-

cernible for lower contents of brucite (30 wt% brucite + 70 wt% car-

bonate). 

The clay component (MLA4) in each mixture set is identified

by the absorptions near 1.9, 2.2 and 2.4 μm. These features slightly

weaken and disappear, as the brucite content increases, while at

the same time features at 2.1, 2.3 and 2.45–2.47 μm appear. Clay

weak absorption features are discernible for a minimum content

of 60–80 wt% (mixtures containing 10 wt% of carbonate), or 60 wt%

(mixtures containing 40 wt% of carbonate). In the mixtures con-

taining 70 wt% of carbonate, the 2.2 μm feature (indicative of Al–

OH) is no longer visible for a clay content of 30 wt%, that is an

upper limit. 

Finally the carbonate (GPR18) component is identified by the

very strong absorptions near 3.4 and 3.9 μm. These features are

also present, although much weaker, in the clay component (due

to small amount of carbonate in the sample), and so the bands

strengths are slightly influenced by the presence of clay. Neverthe-

less, the feature at 4.6 μm occurring in the carbonate GPR18 phase

is about a factor 10 stronger than in the clay phase, and so is diag-

nostic of the GPR18 component. The band area at 4.6 μm is 0.007,

in the mixtures containing 10 wt% of GPR18, while it is about 0.06

in the GPR18 endmember, thus they are in the ratio 1:10. 

By comparing these mixtures spectra with Ceres average spec-

trum, large quantity of brucite on Ceres surface at global scale

is clearly ruled out. The reported average Ceres spectrum ( De

Sanctis et al., 2015 ) lacks of absorption features at 0.95, 2.1–2.3

and ∼2.45 μm indicating that brucite is absent at global scale.

Searching for these bands in the spectral data at higher reso-

lution could be a good method for eventually reveal the pres-

ence of brucite in small amount and localized areas at Ceres

surface. 
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