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Abstract. The modelling and the interpretation of infrared spectra exhibited by astronomical dusty objects require fair acquain-
tance with complex refractive indices, the so-called “optical constants”, of cosmic analog materials. It turns out that the spectra
of the latter, in case of a crystalline granular material, depend on the size and the shape of the grains afidrrfrayndihe

spectra of the same material but in bulk form. This phenomenon can be very elegantly accounted for by considering optical
lattice excitations specific to small particles, the so-called “surface modes”. We present a study of the spectral behaviour, in the
1.5-62.5:um range, of the optical constants of a particulate sample of limestone, a typical carbonate material mainly composed
of calcite (CaCQ). Shape ffects have been accounted for by considering a collection of randomly oriented ellipsoids with var-
ious continuous distributions of shape parameters. It is shown that in the spectral region around the bamosaaid324.m,

whose assighment to surface modes raises no doubt, the optical constants derived for various shape distributions are markedly
different from each other. We find that the best agreement between laboratory and theoretical spectra is obtained for spheres
while for two continuous distributions of ellipsoids the fits are slightly worse. In other words the optical constants, that describe
best the interaction between electromagnetic radiation and our limestone sample, are those derived by using Mie theory (valid
for spheres); this is in agreement with SEM analysis which indicates a spheroidal shape of the particles.

Such conclusions, valid for limestone particles, cannot be extrapolated directly to other partighesraatdrials, since every

case hasto be treated independently. They should nevertheless be helpful in avoiding the possible error of interpreting absorption
spectra of particulate crystalline fitsiwithout taking into account thefects of particle size and shape.
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1. Introduction within the last billion years (Sawyer et al. 2000). According to

: : . . this hypothesis, on the surface of Mars, in the past, large bod-
In spite of a great amount of information recently received from . S )

- ) ies of standing water, very similar to terrestrial lakes or seas,
several space missions (Golombek et al. 1997; Albee et

&uld be present (Baker et al. 1991; Scott et al. 1995; Cabrol

2001), there are still unanswered questions about the climafic., . ; )
evolution of Mars (Haberle 1998: Carr 1999) and its Conn:g_c(;nn 1999). In these aqueous environments carbonate de

tion with the possible development of some form of life on th osits should have been produced. The identification of such
lanet (M Kp t al. 1996- Tph mas-Kebrta et al. 2000 eposits, which could have survived in some regions of the
planet (Mc Kay et al. , Thomas-rieprta et al. )- lanet, should indicate that the ancient climate of Mars was

Many indications seem to sugge_st _that the Martian CI'.ma?%ry different from the present one. For this reason the search
has not always been so harsh as it is today and that in %

: OF carbonate deposits on Mars is a very important topic in the
past the surface temperature and atmospheric pressure allowséy of the paleoclimate of the Red Planet

the stability of liquid water on the surface of the Red Planet. on the other hand. b fot inds blowi h
This hypothesis, supported by climatic models (Pollack et al. n the other hand, because of strong winds blowing on the

1987; Forget & Pierrehumbert 1997; Yung et al. 1997) arﬁi'rface’ it is reasonable to search for carbonate compounds also
morphological studies of the surface of Mars (Masursky et a the atmospheric QUSI' Despite extensive work on this sup—
1977; Malin & Carr 1999), has been strengthened by the glect: however, no evidences about the spectroscopic detection

covery, in the Martian meteorites, of weathering deposits pr%f— carbonates on the surface and in the atmosphere of Mars

duced by liquid water filling the cracks and voids in the rocR2V€ been found., SO that the question is stiII.(_)pen (Fonti et al.
yla 9 001). The possible presence and detectability of coated par-

Send gprint requests toV. Orofino, e-mailorofino@le.infn.it ticles produced by the photodecomposition of the outer layer
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of carbonate grains have been discussed in a previous pdheBulk optical constants versus particulate

(Orofino et al. 2000). According to the results of this work, the optical constants

photodecomposition of carbonates, if possible on Mars at all

(Jurewicz et al. 2001), should not prevent spectroscopic detégere exists convincing experimental evidence that character-
tion of these minerals on the surface and in the aerosol of {tiC spectral structures which show up in the IR reflection

Red Planet, and more likely at particular sites on its surface.Or transmission spectra of a crystalline material, depend on
whether the studied sample appears in bulk or particulate form

In this context a fairly precise knowledge of the frequen%onm 1969; Hunt & Logan 1972: Himan 1977). Indeed, in
depen'f:ient complex refractive index (“complex optical corgqition to the frequency dependent complex refractive index
stants”) of a typical carbonate, such as limestone, may helpher for the bulk stff, also the size and shape of the grains
to elucidate the problem of_ the presence of this kind qf Milan be singled out among the factors whidieet the aspect of
erals on Mars. Limestone, in fact, is a carbonate-bearing masa iculate spectrum (Hunt & Logan 1972). The bulk refrac-
terial mainly composed of calcium carbonate (Caf:@ener- e index is well defined in the realm of electromagnetic waves
ally in t_he form of very_small calcite grains. For the purpose ¥escribed by Maxwell equations, and in principle can be eas-
modelling the synthetic spectra of Martian atmospheric dug, ye|ated to the optical properties, e.g., of a large crystalline
to be compared with observations, the optical constants mepy, \when, however, granular crystalline samples are studied,
sured for bulk st have been generally used until now. It i§yq is in general not true, in spite of several, often successful
however important to note that, when bulk optical constants gfempts to describe the optical properties of particulate ma-
various materials are used in theoretical calculations, the agrger, s in the IR. Refractive indices derived for bulk materials
ment between laboratory and computed spectra can be VEiYe often inadequate when used to explain the interaction of
poor (Hufman 1988). On the contrary, the experimental eXg y4djation with granular samples of composition identical to
tinction spectra of submicron particles can be well reproducgdy parent stff, especially when particles are small compared
by using optical constants directly obtained in the laboratogy e wavelength of radiation (Hitnan 1988). A legitimate
for particulate materials. Caution must therefore be exercisggl pt may then be raised whether the concept of a unique, fre-
in extrapolating laboratory results concerning bulk sampleg,ency dependent complex refractive index giving full account

to physical conditions where particles smaller than the wavgr e optical properties of a crystalline gturrespectively of
length of the radiation are expected to occur. The d'sagreemﬁé‘bhysical form, is acceptable indeed.

has genuine physical roots, and in Sect. 2 we outline an expla-I the followi tt t to clarifv this i . q
nation of the issue. In fact, the incoming radiation can induce n the following, an attempt to clarify this issue is under-

lattice vibrations in the particulate material, the so-called “sutt@ken' Actually it turns out that, under some limitations per-

face modes’, specific to the shape and size of the grains.t'f}]em to the size of the grains, the phenomena pointed out in

a first attempt infrared (IR) transmission spectra measured EB? f‘?tﬁgci'g‘g fhave smcI;(e Ifotr;g beenl velr y e!egla tnht ly acc?unted
particles with an average radius of 0,0@®, were used in pre- or within the framework of the purely classical theory of op-

vious works to retrieve optical constants of submicron grai%al lattice vibrations—optical phonons (Huang 1951; Born &

(Orofino et al. 1998, 2002). In these cases the dispersion t gg_gR1954; EnEglmlan &1R;L;|c())p|r_1I_1968(; thfp'_n & Enlglma}[?]
ory, under the assumption of the spherical shape of the grains uppin ngiman ). To render ihe issue ¢ ear, the
and hence according to Mie theory, was applied to this purpo 8.”°epts and cqnclusmns of the theory reIevanF to the ams (.Jf
The data were also used for a tentative identification of cap'> Paper are d_|scussed here for the case of S|_mp!e diatomic,
bonates on Mars. However, a Scanning Electron Microsco gle-mode ionic crystals as e.g. NaCl. Gen(_erallsatlon to com-
(SEM) analysis of these limestone grains has shown that xsystem_s, however, does _not alter the main _conclus;Imt
particle shapes areftiérent from spheres. As a matter of fac theory \.Nh'Ch does not takg Into account the siz€ and shap_e of
the real grains, whether on Mars or in laboratory samples,t ¢ specimen can only partla_lly explain absorption and emis-
general are not spherical and for this reason Mie theory canB" resulty(Engiman & Ruppin 1968).

used in principle only as an approximation for the derivation of Under consideration are then infinite diatomic crystals with
the optical constants. optical isotropy, satisfying the so-called periodic boundary

) _conditions, meaning that eachion is considered to be equivalent

In the present paper we want to examine whether Mie &@-eyery other ion of the same species. The macroscopic equa-
proximation is séficient to derive particulate optical constant§gons for phonons of wavelength large compared with the lattice
able to reproduce the spectra of small real limestone particlggnstant, when considered in conjunction with Maxwell equa-
or the dfects of particle shape may be better mimicked by pafpns (j.e. including retardation but with attenuation neglected),
ticulate optical constants obtained considering a collection gfqy in this case for three types of vibrational solutions for the

randomly oriented ellipsoids with various continuous distri|ative displacement of the iorfgr) in the coupled phonon-
butions of shape parameters (Rouleau & Martin 1991; ZUbb?loton (so-called polariton) system:

et al. 1996). Two shape distributions, a flat continuous distribu-

tion of ellipsoids (CDE) with equal single volumes (Bohren &

Huffman 1983), and a modified CDE, will be discussed in mor®) longitudinal modes with real frequeney = w, the so-
detail in Sect. 3. In Sect. 4 we present and discuss the resultscalled longitudinal optical frequency of the infinite crystal;
of the best fits to the experimental spectra by comparing theth transverse modes with real frequencies w, or w < wr,
with previous data. wherewr is the so-called transverse optical frequency of
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the infinite crystal, such as the condition > wr holds the amplitude of vibration decreases here%s with increas-

(Lyddane et al. 1941); ing distance from the surface what justifies the naming surface
3) modes of diterent type, later named surface modes, wittmodes.
real frequenciesr < w < wy . The answer to the doubt expressed at the beginning leads

then to the important conclusion that the concept of a frequency

In the infinite crystals under discussion the normal modes @pendent complex refractive index for a given material makes
the system are plane waves. This follows from the solution génse only if the expression fe(w) proper for a sfficiently
the Helmholtz equation fof (r) and applies to the modes ofjarge (“infinite”) bulk stuf is completed with terms following
type 1 and 2. The essential point about type 3 solutions is th@m the boundary conditions relevant to a given sample.
the Helmholtz equation allows then only for solutions with spa- Some remarks to the formulation of this concept are due.
tial exponential dependence. Therefore in the case of an IanI'Tm@e mathematical Comp|exity of the genera| theory of the
lattice with periodic boundary conditions, type 3 solutions regtelmholtz equation (Morse & Feshbach 1953) makes the con-
ular everywhere in the crystal do not appear at all. For finitept éfectively applicable only to a very limited class of sim-
specimens however, when conditions on their confining sygtest forms of the grains. Yet, nothing prevents using it as a
faces have to be imposed difr), way is given to non-trivial basic conceptual guide in interpreting the spectra of crystalline
results. The presence of a boundary, in fact, breaks the tranglgmples. Furthermore, the relevance of the possible surface
tional symmetry of the crystal what finally leads to the appeajorrections to the shaping of the spectra for particulates may
ance of physically meaningful type 3 solutions — the surfage dificult to be assessed a priori, but certainly depends on the
modes. Their number is roughly proportional to the number ehemical and physical properties of the grains. It is known, in
surface cells in the crystal. Consequently the polariton eige&gct, that bulk optical constants for e.g. palagonite (Roush et al.
functions and frequency eigenvalues, and in turn characterigto 1) reproduce properly the features of the spectra for granu-
features of the IR spectrum, become dependent on the shgp&pecimens (Muci et al. 1997).
and size of the crystal. When damping is taken into account, we go back now to small grains, such that the character-
the frequencies corresponding to these vibrational modes tisiic IR radiation wavelength is comparable to, or larger than,
out complex but close to them at real (physical) frequencigfe particle size. In this case retardation is negligible, and the
an enhancement in absorption or, equivalently, a resonanc&iyleigh approximation based on the equations of electrostat-
absorption shows up (Hiiman 1977). ics gives full account of the interaction of electromagnetic ra-

There exist several thorough discussions of bulk and sidiation with the lattice. Only the lowest surface modes are then
face transverse modes that develop in crystal samples of Vaiportant. In the case of spheres this is theHfich mode

ious shapes. One approach used to this purpose has beeffRfghlich 1949), obtained from Eq. (1) with= 1:
so-called dielectric continuum theory where the grain material

is characterised by a bulk, frequency dependent dielectric fugg = wgw. 2)
tion e(w) (Englman & Ruppin 1966; Fuchs et al. 1966; Fuchs & (€ + 26m)

Kliewer 1968; Fuchs 1975, 1987). Formally, the task of findingor tri-axial ellipsoids the lowest surface modes corresponding

out the surface modes consisted here in solving the Helmha#izsibrations along thith principal semi-axis have a frequency

equation with appropriate boundary conditions for the fiel@iven by (Grindlay 1965):

imposed on some surfaces representing the grain shapes. In the

other approach, based on lattice dynamical calculations, aaf% = w%M, (3)

nite crystal is considered to be a large molecule. In this way € + em(1/Li — 1)

the atomicity of the medium is taken into account (Genzel &here L; is a geometrical factor depending on the relative

Martin 1972a,b; Martin 1975; Chen et al. 1978). A comparisgangths of the three main semi-axes (Bohren &firan 1983).

of the two types of calculations was carried on for a thin crys- A comparison of the eigenfrequencies as given by Egs. (2)

tal slab (Fuchs 1973) and for cubic microcrystals (Fuchs 1978@hd (3) evidences the potential relevance of the grain shape in

The relevance of this comparison to our study of surface modfg studied medium on its spectrum in the IR.

will be discussed later in this section. An important point to be considered is the grain size at
As a particular case of a dielectric continuum theory faghich surface modes become dominantin experimentally mea-

spherical grains of radius Mie theory was shown (Ruppin & surable quantities, such as e.g. the spectral absorptidfi-coe

Englman 1970) to give full account of the boundary conditiongent. In laboratory work with granular samples, well known

and to describe properly both the retardation and the surfageéhe apparent “shift” of absorption peaks from their positions

modes. The eigenfrequencieg of the system are then givenfor bulk material to frequencies higher thar. The dfect ap-

by the expression pears atvurd/c ~ 1 whered denotes the characteristic dimen-
e+ en(d+ 1 sion of the grain (Bryksin et al. 1974). Our earlier considera-
w? = wzw g=123,.. (1) tions make it clear that in fact, this is not a “shift” but surface

T >

! € +em(a+1)/q modes begin to be detected instead of bulk modes. The latter
where ¢ denotes the dielectric constant for static fieldslways have frequencies belaw, and are insensitive to the
while e, is the dielectric constant for frequencies higldielectric properties of the surrounding medium. As the num-
above w_, but below the frequencies of electronic transibers of surface and bulk polaritons are approximately propor-
tions. The frequencieaq do not depend on the radius, butional to the number of surface cells, and to the whole of cells in



1058 A. Jurewicz et al.: Optical constants of powdered limestone

the crystal, respectively, the ratio of surface to bulk absorpti
increases with shrinking crystal size. According to Bohren §
Huffman (1983) surface modes at wavelengthre dominant
at grain sizes satisfying the conditia/A < 0.1 which con-
straints the upper limit for the sizes byd/c < 0.2. The case
of NaCl, the crystal used already here as an example, mig
in this respect be quite instructive. Bryksin et al. (1971) repo
an experimental study on the development of surface mod
with decreasing grain size of particulate NaCl samples in t
far IR transmission spectrum. In this casg/c = 0.10 um™*
what corresponds to the wavelength = 611 um. Atd ~
30 um, andwtd/c ~ 3 a broad absorption band spans ove
the bulk and surface frequency ranges from well belgwup
to w.. With decreasing grain sizes the band narrows and b

m ncentr in the ran whend € 2um _ . .
comes concentrated in the ranger [ | end H Fig.1. SEM image of our limestone sample taken by means of a

S < . .
Co_rre_spondlng indeed tord/c 5 0.2, in agree_'ment with the Philips XL 20 electron microscope. The mean size of the particles
criterion of Bohren & Hidfman (1983). In calcite crystals, theg 0.12um.

fundamental mode of interest to us hag/c = 0.098 um™?
(Landolt-Bornstein 1955), so that the same criterion is setting

againd < 2 um as the particle size when surface modes alfeeory in order to directly obtain particulate optical constants.
becoming fully éfective in the IR spectrum. We are going to discuss this procedure in the following section.

Another very interesting issue concerns the applicability of
the continuum theory to the grain size as discussed above. Bhéptical constants retrieving procedure

studies of Fuchs (1973, 1978) mentioned before, show that qp- o .
: : . ; . ct%e procedure of retrieving the optical constants for powdered
tical absorption by microcrystals of size corresponding even,io

. : ) limestone presented here is similar to the approach followed
~10 atomic layers+0.002um) obtained independently from y Long et al. (1993) and Orofino et al. (1998, 2002). In

continuum and lattice dynamics calculations, still are in qual: . .
o . . e present case, however, it becomes important to have the
itative agreement! The discrepancies take the form of excess . : . . .

X ; : .~ whole procedure subjected to the main conclusion outlined in
broadening of the resonance peaks in continuum calculatiogs, . . R

ect. 2. The SEM analysis of our limestone grains indicates
It was shown by Duley (1976) that th&ect could be caused by . .
; . at the particles have an average size of Quir® In other
the existence of surface stresses, because the fraction of surface - .
words our particles have size greater than the above-quoted

cells in the particle is large, and changes in the forces aCtingIPrﬁit (0.0005 4m) for the applicability of the continuum the-

the atoms become important. The continuum theory becomes .
. : o : . ogy and, at the same time, they are small enough to allow the
inadequate if the characteristic size of the particles is compara-

ble to the interatomic distance, typically less than 0.0005 presence of surfacefects. This means that the correct repro-

; o . ction of the spectral structures belonging to surface modes in

At t.h's stage the de.SCi’IptIO.n. of the material by means of.a bLﬂ\kje fitting procedure is expected to be sensitive to the shape of
Opt'cal constant (W't.h additional bc_)undary conditions) is n l!\e particles. In particular SEM images (see Fig. 1) show that

possible any more. Simultaneously it appears (Genzel & Mar Wough nearly spheroidal, the grains are not perfectly spher,-
1972b) that calculated lattice vibrations of microcrystals . L . :
- iICal. For this reason it is necessary to examine whether Mie

containing only 64 atoms ¢ atoms along the edge}) closely ap; pproximation is sflicient to reproduce the spectra of small

proximate the lattice vibrations of a crystal when cyclic boundPP"c . .
" . _Teal limestone particles, or théfects of particle shape may be
ary conditions are assumed, and also those measured in

ex- o S . .
periments. This is really surprising if one realises that 56 (l:))]e)iter mimicked by considering a collection of randomly ori-

the whole 64 atoms are on the surface. Classical lattice calgtr}-ted ellipsoids with various continuous distributions of shape
) arameters (Rouleau & Martin 1991; Zubko et al. 1996).

Isa(;c;opr;(s:, :;;:E;?:ﬁg&?esrmgfézr)t;glsslt'on from large macro- The interest in the possibil_itiesﬁered by a (_:ollectio_n qf
’ such forms has a two-fold motivation. For the first, a distribu-

In the light of the preceding remarks, the object of th#on of ellipsoids comprising a variety of forms from needles
present study, namely the calculation of complex optical coto spheres, to thin disksffers a chance to approximate fairly
stants in the IR for grains of limestone with non-uniformvell the real shapes in a collection of particles. For the second,
shapes, certainly does not represent a task that could be solmeeéllipsoid allows for a formally exact treatment in the frame-
by strict application of the outlined analytic procedures. Thigork of the Rayleigh approximation. In particular, the lowest,
is essentially because of thefitiulty with accounting for the mostimportant surface mode frequency is easily calculable for
complicated boundary conditions on the surface of the rembmall ellipsoidal particle, as mentioned in Sect. 2.
grains. For this reason we decided to use a semi-empirical ap- The quantity to be fitted now, by a superposition of Lorentz-
proach which implicitly takes into account the boundary cotiype profiles, is the extinction cross section per unit vol-
ditions on the surface of the grains. Our procedure consigsthe Cey(w)/V taken from our transmission measurements
in fitting the experimental spectra by using Lorentz dispersi@amd expected to depend explicitly on the shape of the grains.
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The ethnCthn Cross SeCthn per unlt Volume averaged Over2.5><10‘ L

all orientations, and over all shape distributions of ellipsoidal
grains with the volumé&/, takes the well known form (Bohren I 1
& Huffman 1983): 2x104 - -

3
<< Cex(w) >> /V = %klm ;} li(w), 4)

_1.5x10* = -

. . . £
where the summation goes over the three main semi-axes of tiie
ellipsoids and denotes the length of the wave vector, while: <

_ ew)-1
||(0J) = ff P(L]_, LZ)WdleLQ (5)

104 -

The shape probability functioR(L,, L,) defines the relative 5x10° |-
weight of the geometrical factots over the integration range I
{0 <L <10< L < 1—L1}With L, + Lo + Ly = 1.
Alternatively, it determines the probability of finding, in the RNV S S TP PP Pevvovews-==
collection, the ellipsoids with given ratios of lengths of the 0 10 20 30 40 50 60
three semi-axes. In general then, the choice of a particular dis- vavelength (i)

tribution could be either motivated a priori by e.g. a micrd=ig. 2. Best fits to the experimental extinction spectrum of limestone
scopic analysis of the sample or justified a posteriori by tiparticles (solid curve) obtained in this work for the flat CDE (dashed
quality of the fit. curve) and the peaked CDE (dot-dashed curve) and by Orofino et al.

Various shape distributions have been proposed in the p 2) for spherical grains (dotted curve)._ Seventeen Lorentz 0s-
. . . o . . cillators have been used to carry out the fits to the thréerdnt

for the just defined continuous distribution of ellipsoids. ngistributions.

of them have been taken into consideration in the present

study. The first, hereinafter named “flat CDE”", is defined b

the conditionP(Ly,L,) = 2, meaning that this distribution

does not favour any particular shape, with the consequence that 1 3

e.g. spheres and needles are equally probable. It was used ycex(w) >> /V = Zkim Z li(w)

Bohren & Hufman (1983) to explain the IR extinction spec- i=1

tra of quartz, SiC and MgO particles. The second, hereinafter — 3K €lw)-1 (8)

named “peaked CDE”, obtained by assumiR(1,L,) = €(w) +2

120L4LoL3, is maximum atli = 1/3 and vanishes dti = 0 a5 presented in the paper by Orofino et al. (1998).

(i = 1,2,3). It favours therefore the almost spherical particles The |R transmission spectra of our limestone particles

and minimises the contribution of disks and needles. Ossenkgg{e heen obtained in the wavelength range 1.5-6& %y

etal. (1992) used such a distribution to retrieve the optical cQfjpans of the usual pellet technique, using both Potassium

stants of interstellar silicate grains. Bromide (KBr) and Cesium lodide (Csl) as transparent ma-
The task is now to fit our experimental data by a properfyices in which limestone grains have been dispersed. The ex-

chosen set of Lorentzian profiles by using Egs. (4) and (5) witherimental procedure has been described in more details in a

= previous work (Orofino et al. 2002).
€(w) = €0 + Z - (6)
7w - w?-

en

iyjw .
4. Results and conclusions
whereF; denotes the so-called line strength of fftie oscilla- The approach outlined in Sect. 3 has been applied first to the
tor, w; its jth eigenfrequency ang its damping factor. flat CDE. As initial input parameters for the fitting proce-
Finally, one can derive the refractive index of the grain mature, we have used the best-fit values for the 17 contributing
terial, m= n+ik from the dielectric constamtusing the relation |orentzian oscillators obtained by Orofino et al. (2002), by as-

m = +/e (where the dependence on frequencig implicit). ~ suming the spherical shape of the grains. The minimization was
The retrieved values of the spectral refractive index are thegry fast: even if the fitting procedure typically converged after

compared with those obtained for spherical particles. 90 iterations, the CPU time was only of a few seconds. The re-
For a collection of such particlef(L;,L2) = 6(Ly — sulting best-fit parameters have been then used as input data for

$)6(Lz - 3), hence the peaked CDE. Also in this case the minimization was very

fast (convergence reached after 26 iterations), producing a new
oy 1 1 e(w)-1 set of best-fit parameters.
li(w) = ffé(l'l 3)6(L2 3) 1+ L (e(w) - 1)dL1dL2 Figure 2 reports the best fits to the experimental extinction
e(w) -1 spectrum of our limestone particles obtained for the two shape
= W) +2 (7)  distributions (flat and peaked CDE) over the whole spectral
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2.5x10* T T T T T T 9x103

8x10% — —

2x10% ‘
7X108 N
6x108 - ] -

1.5x10*
5x10% — —

Con/V (cm™)

Cone/V (em™)

4x10% — i —

3x108

2x103
5x108%

3 4 5 6 7 8 9 10 11 12 13 14 15 16
Wavelength (um) Wavelength (um)

Fig. 3. Same as in Fig. 2 but for the particular spectral rangei8r9  Fig. 4. Same as in Fig. 2 but for the particular spectral range 1@#1.6

1.5x10*

range under consideration. In the same figure it is also shown
the best fit obtained for spheres with the same number of oscil-
lators (Orofino et al. 2002). In Figs. 3-5 are shown, addition-
ally, the details of the best fits in three separate spectral ranges:
3-9 um (Fig. 3), 16-16 um (Fig. 4), and 2650 um (Fig. 5).
As it can be seen, up to 20n the fits, obtained with the three
shape distributions, almost overlap. Some remarkable discrep-
ancies appear, on the contrary, beyong20 In order to under- s
stand the reasons of suclffdrences it is important to note that <
the third spectral range is dominated by lattice surface modes.
In particular the two bands shown up by our limestone samples ..
at about 32um and 44um are very close to the so-called
andvyg lattice modes of the CaCGGtructure (White 1974). Itis
therefore obvious that thefects of the dierent shape distri-
butions of the grains are evident mostly in the region of these
bands.

For all the three shape distributions the fits are quite good 0 - N e :

. 20 25 30 35 40 45 50

and the chi-squared values are very close to each other. If, how- Wavelength (um)
ever, we consider the ability of reproducing the height of t
bands as a criterion of the quality of the fit, then the best fit 9
obtained for spheres, while for peaked CDE and for flat CDE
the fits become increasingly worse (see Fig. 5). This may in-
dicate the relevance of quasi-spherical particles in the speminstants, derived by Long et al. (1993) for pressed pellets of
men. Such a conclusion is in agreement with SEM imagesa#Icite grains, are also shown.
our samples (Fig. 1), where it is possible to note that most of It is difficult to assess the errors on both the real and the
the isolated grains are approximately spheroidal in shape. Tihginary parts of the refractive index. Actually, they can be
SEM image shows also the presence of clusters, composedefived from a fitting procedure able to reproduce the measured
smaller particles, having more irregular shapes. However, dgktinction dficiencies within their relative experimental errors.
ing the pellet production needed for the IR spectroscopy, theRgese have usually two main causes: a) the uncertainty on the
clusters are disaggregated, resulting in isolated grains dispenggal mass of the embedded particles and b) tifieinces in
over the matrix. the spectral behaviour of the embedding matrices relative to

Figure 6 reports the spectral dependence of the three setdifferent samples. Since these experimental errors, depending
optical constants derived from the best fits to the experimental the wavelength rangeffact to diferent extent the uncer-
spectrum and obtained with the thre&elient shape distribu- tainty onn andk, it is practically impossible to determine ex-
tions. For the sake of the forthcoming discussion the opticadtly these uncertainties. However, the errors@mdk are of

5.Same as in Fig. 2 but for the particular spectral range 2@#%0
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The similarity of the spectral behaviour of the three sets of
optical constants at the short-wavelength range indicates that in
those spectral regions, where surface modes areffeattiee,
the shape distribution is not relevant to the derivation of optical
constants. For this reason Mie theory iffigient to this goal.

In Fig. 6 it is also shown the comparison between our par-

5 E - 1 ticulate optical constants and those obtained for the same ma-
I S N NI FTEU U NI SRR I terial by Long et al. (1993). These authors obtained their data
10 20 Wav:flngth " nj)" 50 60 from reflection measurements on pressed pellets of randomly
oriented calcite grains. This experimental method produces op-
tical constants intermediate between bulk and particulate ones,
as already pointed out in an earlier work (Orofino et al. 1998).
Figure 6 clearly indicates what was previously found for the
case of spheres (Orofino et al. 1998, 2002), namely that the
optical constants of particulate samples of limestone are dif-
ferent from those obtained by Long et al. (1993) for their
“semi-bulk” samples. In the present study the most important
differences with respect to semi-bulk optical constants appear
for particles with flat CDE. These discrepancies are remark-
able both inn andk for the two bands around 32 and 4.
Fig. 6. Real (top panel) and imaginary (bottom panel) part of the r¢ynfortunately, a similar comparison cannot be carried through
fractive index of particulate limestone samples obtained in this woyk, optical constants obtained by Querry et al. (1978) for bulk

for the flat (solid curve) and the peaked CDE (dotted curve), com: . . " .
pared with those calculated for spheres (dashed curve) by Orog%mples of limestone. This is because these quantities, derived

et al. (2002) and for the semi-bulk sample (dot-dashed curve) by Lo 8m reflection measuremen.ts for pOI!Sheq pieces of rock hav-
etal. (1993). ing more than 99.7% of calcite, are given in the spectral range

0.2-32.8um. However, on the basis of the results obtained in

the same spectral region by Orofino et al. (1998), we can expect
the order of a few percent within the band regions and sonthat the discrepancies between our particulate optical constants
thing more in the continuum. and those pertaining bulk limestone should be even more pro-

Figure 6 clearly shows that, starting from the same exp@ounced than the fierences existing between particulate and

imental extinction spectrum, it is possible in general to obtagemi-bulk quantities.
different sets of optical constants depending on the adoptedThe results presented here have strong implications for
shape distribution. In particular the three sets of particulatee calculations of synthetic spectra of Mars, whenever parti-
optical constants shown in Fig. 6 are almost the same in ttles smaller than the wavelength are involved in radiative pro-
short-wavelength range, while they are markedly distinct in tieesses. This pertains to transmission spectra of airborne parti-
long-wavelength range. The discrepancies in the retrieved afes (aerosol) present in the Martian atmosphere as well as to
tical constants are even stronger than thedénces among emission spectra of the smallest grains present in the regolith of
our three fits presented in Figs. 2-5. This pertains especialyme bright areas of Mars. In fact nearly all the aerosol grains
to the bands at about 32n and 44um which originate from have sizes smaller than 3@ (Toon et al. 1977; Clancy et al.
lattice surface modes. The most importattetiences in both  1995), with an averageffective radius ranging from 0.2m
andk obtained for the three shape distributions appear arouf@hylek & Grams 1978) to 2.7bm (Toon et al. 1977) depend-
32 um and concern both the profile and position of the banithg on the epoch of observation, the location of the observed
We recall that, while in the peaked CDE the spherical shapeaia on Mars and the assumed dust composition (see Pollack
privileged, in the flat CDE all shapes are equally distributedt al. 1995 for a review on the subject). Also, the thermal iner-
In other words, of the two CDE distributions, the flat one ida of the regolith present in some areas of the Martian surface,
“more different” from pure spheres than the peaked. The opsch as Tharsis, Arabia and Elysium, has been recently found
cal constants obtained for spherical grains and those for pattibe less than 60 JThAs*> K~1 (Jakosky et al. 2000; Mellon
cles with flat CDE show up, for this reason, the major discrept al. 2000), that corresponds to particle sizes smaller tham 1
ancies. These fferences strongly indicate the importance of afPresley & Christensen 1997).
adequate treatment of the boundary conditions in the Maxwell For such kinds of particles bulk optical constants have until
theory of interaction between radiation and matter. Both tm@w been generally used in order to produce synthetic spec-
SEM analysis and the best fit of the experimental extinctidra of Mars. As found by Orofino et al. (1998), this approach
spectrum would give us the best shape distribution among twuld lead, however, to wrong results regarding in particular the
shape distributions used in the fitting procedure, and, as a cband intensities and therefore the abundance of carbonate ma-
sequence, the best set of optical constants. In our case the teg#ls expected on Mars. Such results strongly suggested that
optical constants are those derived by using Mie theory, siffioe a reliable evaluation of the Martian spectra produced by
both SEM analysis and best fit seem to indicate a spheroidaiall grains, particulate optical constants are necessary. The
shape of our limestone particles (see discussion above). new data presented here confirm those previous and clarify

Real Index (n)

Imaginary Index (k)

Wavelength (um)
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the possible spectral influence of the size and shape of linGelombek, M. P., Cook, R. A., Economou, T., et al. 1997, Science,
stone grains on their transmission gmdemission spectra. At 278, 1743
short wavelengths, synthetic Martian spectra for small lim&indlay, J. 1965, Can. J. Phys., 43, 1604
stone particles can be calculated by using particulate opti€@Perle, R. M. 1998, J. Geophys. Res., 103, 28467
constants derived for spheres by Mie approximation, indepdifand. K. 1951, Proc. Roy. Soc. A, 208, 352
dently of the real shape distribution of the Martian dust. dj-fiman. D. R. 1977, Adv. Phys., 26,129 =
. . Huffman, D. R. 1988, in Experiments on Cosmic Dust Analogues, ed.
the other hand, however_, n t.he s_pectral region where _SurfaceE. Bussoletti et al. (Dordrecht: Kluwer Academic), 25
modes appear, for materials like I|mesfcone, the synthetlc_: SPEEint, G. R., & Logan, L. M. 1972, Appl. Opt., 11, 142
tra have to be calculated using the optical constants derivedj@¥osky, B. M., Mellon, M. T., Kiffer, H. H., et al. 2000, J. Geophys.
taking into account the real shapes and sizes of the particles.res., 102, 9643
Finally, it is worthwhile to note that the conclusion reacheglrewicz, A., Blecka, M. 1., Blanco, A., Fonti, S., & Orofino, V. 2001,
here for limestone particles cannot be extrapolated directly to Adv. Space Res., 28, 1191
other particles andr materials. Indeed, every case should Heandolt-Bornstein 1955, Zahlenwerte und Funktionen, 6 Aufl. B4l. |
treated independently. (Berlin, Gottingen, Heidelberg: Springer), 604
Long, L. L., Querry, M. R., Bell, J. R., & Alexander, R. W. 1993,
Infrared Phys., 34, 191
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